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Chapter 1

Introduction

The Frascati National Laboratory (LNF) is the largest structure of INFN (Istituto Nazionale di
Fisica Nucleare), with 325 permanent positions (see Table 1.1), 50 temporary contracts, and 140
employees of Universities and other Research Institutions involved in the LNF projects. The
Laboratory nowadays is for various, important aspects the product of the efforts devoted to the
DA®NE project, started in the 90s.

Working in
Administration | Technicians | Technologists | Researchers | Total
Directorate 2 - - 1 3
LNF Administration 22 19 4 - 45
Accelerator Division 2 60 22 5 89
Research Division 12 76 18 82 188

Table 1.1: LNF Permanent Positions in year 2004

DA®NE experience has to be considered extremely positive. Not only it has revived a long
standing expertise in the field of building and running ete™ colliders, but it has also attracted a
wide community of high-energy and nuclear physicists.

Three detectors have been built and have taken data at DA®NE: a general purpose detector
for particle physics, KLOE, a hypernuclear physics detector, FINUDA, and a detector for the
investigation of low energy kaon-nucleon interaction, DEAR.

The ¢-factory is a source of monochromatic, correlated kaon pairs and the KLOE experiment
was optimized for the study of neutral kaons. Besides the measurement of neutral and charged
kaon decays, the versatility of the DA®NE project allows for a rich physics program, including
measurements of kaonic atoms, hadronic cross sections, radiative ¢ decays, and hypernuclei spec-
troscopy, among other topics. Many of the interesting processes have cross sections of O(10%) pb
or smaller. For such precision measurements the collider has been designed to achieve a luminosity
exceeding 10°2 cm~2s~! and the detectors to provide thousands of well measured events per sec-
ond. The enterprise, challenging from the point of view of the collider and the experiments as well,
gave the opportunity to learn and exercise different kind of professional skills, from the design and
the construction of the collider components, to the construction of large particle detectors and the
associated electronics, to the operation of huge computer farms, to the software development for
data acquisition, data processing and simulation. Many students from Italian and foreign univer-
sities had the opportunity in the LNF to experience the wide spectra of physics issues related to
the accelerator, to the experiments at DA®NE and to the Synchrotron Radiation Facility.
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The human resources and the structures allow relevant issues 1) of the programs carried out
in other Laboratories, like CERN, DESY, Fermilab, JLab, LNGS and SLAC to be pursued as
well. The balance between the activities related to DA®NE and the participation to the other
projects has been demonstrated in these years to be really fruitful for the scientific impact and the
international reputation of the LNF.

This document is centered on the physics cases that can suggest further developments of the
collider and on the question of which kind of facilities can be envisaged for the mid-term future in
the Lab.

The document is made up of other seven chapters. The next is devoted to a brief status report

on the current activities. More details can be found in the Annual Report 1) published yearly.
The main on-going projects in the world of interest for the LNF are summarized in Chapter 3. The
short, mid, and, in some cases, long-term plans are discussed in Chapters 4 and 5 separately for
the accelerators and the experiments at Frascati and for the participation to accelerator projects
and research activities in other Labs. The field of high-technologies such as particle detectors and
electronics is presented in Chapter 6. Chapter 7 gives a summary and some conclusions.

References

1. INFN-LNF 2004 Annual Report - LNF-05/05 (IR) - available on
http://www.lnf.infn.it/rapatt



Chapter 2

The INFN Frascati Laboratory

This chapter is intended as a status report of the wide range of research activities of interest for
the LNF, supporting the opinion of a lively, well experienced scientific community.

The first part is devoted to the Accelerator Activities, starting with the technical services
(Sec. 2.1) and discussing all the ongoing projects (Sec. 2.2, 2.3, 2.4, 2.5).

The second part is a status report of the Research Activities, including a brief description of
the Computing Center in Sec. 2.6 and of the other Technical Services, reported in Sec. 2.7. The
following sections are devoted to the experiments in High Energy Physics (Sec. 2.8), in Astroparticle
and Neutrino Physics (Sec. 2.9), and in Nuclear Physics (Sec. 2.10). The Synchrotron Radiation
activities are described in Sec. 2.11, while the topics of interest for the Theoretical Physics group
are presented in Sec. 2.12.

Accelerator Activities

The Accelerator Division (AD) involves 42 physicists and engineers, and 62 technicians. The
Division is organized into several technical services in charge for the design, the construction and
the maintenance of the accelerator components and for the machine operation. Technical services in
the AD include the electronic and diagnostics, the magnet engineering, the mechanical engineering,
the cryogenics, the radiofrequency and the vacuum. All of them are briefly presented in Sec. 2.1.

Beginning from 1991, the AD efforts have been focused on the design, construction and
commissioning of the ¢-factory, DA®NE, entirely conceived and realized at the LNF (Sec. 2.2).

In 2002 another machine project, the SPARC photo-injector for SASE-FEL experiments
was proposed and funded. The SPARC design has been finalized and the project is entering the
construction phase (Sec. 2.3).

Besides DA®NE and SPARC, the AD is involved in other accelerator projects, as the Italian
facility for hadron therapy CNAO (Sec. 2.4), and international projects (Sec. 2.5), such as the CTF3
and the TESLA-TTF programs, and collaborates to the R&D activities for the Free Electron Laser
and the future Linear Collider, i.e. EUROFEL, CARE, EUROTEV.

Moreover, the AD participates to the design of the PEP-II B-factory upgrade, at SLAC, and
to the study of new components for the Large Hadron Collider (LHC), at CERN.

9



10 CHAPTER 2. THE INFN FRASCATI LABORATORY

2.1 Technical services in the Accelerator Depart-
ment

2.1.1 Electronics and diagnostic

The group deals with the design, realization and maintenance of the electronics of the LNF ac-
celerators, including the power pulsers of the injection kickers, the beam diagnostics, the controls,
the feedback and timing systems. Specialized topics are covered by the “electronic” laboratory
with advanced instrumentation (including Radio Frequency) and CAD; the “power” laboratory for
development and maintenance of high-voltage/high-current power pulsers; the “diagnostic bench”
for the characterization of transfer and coupling impedance of the diagnostic devices and the vac-
uum chamber components; the workshop for the production of limited series of custom electronic
boards. The group is involved in the measurement and interpretation of beam characteristics, in
the experimental aspects of beam dynamics and in the handling of beam instabilities, using also
feedback systems.

2.1.2 Magnet engineering

The group has designed, realized and measured the ~ 350 magnets and 550 power supplies of the
DA®NE complex.

The group has the expertise to design conventional and superconducting magnets using the
most recent simulation codes like Poisson (2D) and OPERA (3D). The last one has been recently
updated also by TEMPO, the Vector Field code to simulate the thermal characteristics of the
magnets. Once the magnet is built, it can be magnetically and electrically tested in the Magnet
Measurement Hall, where different test-systems are available. An Hall-Plate-based measurement
system allows the scanning of a volume as large as 2.5x1.0x0.4 m? with positioning precision of
the order of 5 pm and a magnetic field measurement precision of 0.05 Gauss. A second system is
devoted to multipole magnets (like quadrupoles, sextupoles and so on) and allows the harmonic
analysis of the magnetic field using the method of the rotating coil. Many different, high precision,
power supplies are available in the hall to power magnets under measurement.

The group can also design the special power supplies for storage rings and synchrotrons,
simulating their performance and defining their characteristics and main components.

2.1.3 Mechanical engineering

The mechanical engineering group is able

to design any machine component (conventional or peculiar) using both, numerical codes to eval-
uate stresses or strains, and CAD solid modeling;

to perform the alignment of the accelerator components, realizing the necessary reference networks
and using advanced measurement techniques;

to manage all the installation phases of complex components;

to perform any specific mechanical measurement.

2.1.4 Cryogenics

The group is in charge of mechanical and cryogenic designs; of the operation of the superconducting
and the cryogenic systems for the KLOE magnet and for the two DA®NE compensating solenoids.
Software tools widely used include Hepak for TS He diagram on excel platform; Ansys for the
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structural and thermal finite-element analysis; Sinda/fluint for the thermofluidodynamics and the
radiative calculation by finite-difference analysis; Autocad; Inventor. The group is responsible for
the operation of the vacuum pumps (2 turbo, 1 big rotative); 1 small rotative with vapour pumping
option, 1 scroll); 1 leak detector; 1 LN2 evaporator; 4 cryogenic adsorbers; 2 He purity detector; 1
He purity detector with pyrolizer (oil detection); 2 LN2 dewars; the cryogenics plant constituted
by a Lind TCF 50 Refrigerator.

2.1.5 Radio-Frequency

The Radio Frequency (RF) group is in charge for the design, construction, operation and main-
tenance of the RF complex of the LNF storage rings. The complex includes the power plants,
the RF cavities and structures, the low-level electronics and the computer controls. The design
activity of the RF structures is based on the use of the best simulation codes presently available on
the market, such as the High Frequency Structure Simulator (HFSS) by Ansoft, and the MAxwell
Finite Integration Algorithm (MAFIA) by CST. The RF team has gained expertise in designing
reliable and efficient systems, with special care for all the aspects related to beam dynamics. This
approach, together with the implementation of dedicated feedback systems, is essential to store
huge beam currents, as demanded by modern colliders. The RF group is also involved in the design
and construction of the low-level and synchronization electronics of high pulsed power RF systems
for Linear Accelerators, which is a crucial piece of hardware to minimize the beam emittance. The
group is well-experienced as well in the design and construction of special devices for diagnostics
and beam manipulation, such as beam deflectors, kickers, stripline monitors, RF shields.

2.1.6 Vacuum

Challenging aspects of the group activity include ultra-high vacuum system and related mechanics
design for particle accelerators; vacuum brazing; realization of general and high vacuum systems.

Software packages widely used are Ansys for the structural and thermal finite-element analysis
and CAD (Autocad, Inventor, Solid Edge). The group deals with the oil free vacuum oven; 3 oil free
leak detectors; 1 standard leak detector; the cleaning facility for vacuum components (5 ultrasonic
baths, up to 2m long, 2000 1 distilled water tank, 2 drying ovens); 1 vacuum system for vacuum
gauge calibration; 1 vacuum system for residual gas analyzer calibration; 5 residual gas analyzers;
several vacuum gauges; several fore vacuum karts; sputter ion pumps; non-evaporable getter pumps;
turbo pumps; 2 laminar-flow work benches; 1 metallurgical microscope; 1 low-energy electron gun;
1 ion gun; 1 pyrometer.

2.2 DAOSNE

DA®NE 1) is an ete collider at the center of mass energy of the ¢ resonance, 1.02 GeV. The
beams circulate in two independent 97-m-long rings merging in two straight sections, the Interaction
Regions (IR1 and IR2) and colliding with a horizontal crossing angle. A maximum of 120 bunches
can be stored in the two rings; however a gap of 10 to 20 bunches is needed to get rid of the
ions produced by the electron beam. The injection system includes the Linac, the intermediate
damping ring and the 180-m-long transfer lines. The KLOE detector is permanently installed in
IR1, while the DEAR and the FINUDA detectors share IR2. Two synchrotron-light beam lines
for Infrared and X-rays are also operational. The history of DA®NE can be summarized through
its achievements in terms of peak luminosity, reported in Fig. 2.1.
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Figure 2.1: DA®NE peak luminosity in 2001-2004.

At present, typical DA®NE currents in collision are ~1.2 A for positrons and ~1.7 A for
electrons, in 105 bunches. With these values a peak luminosity of 1.4x103% cm—2 s~! has been
achieved.

This performance has been obtained thanks to the continuous work aimed at increasing beam
currents while keeping low background rates.

Simulations and machine measurements, an always progressing field, have been crucial to
understand beam dynamics and beam-beam interactions, among other issues affecting luminosity.
For the increase in beam currents a fundamental role is played by the longitudinal bunch-by-
bunch and transverse feedbacks. Both, optimization of beam parameters (e.g. orbit, linear and
nonlinear dynamics), and hardware modifications (e.g. scrapers and IR masks) are responsible for
background reduction. The colliding currents, in spite of the intrinsic sensitivity of beam dynamics
at low energy, are comparable to those obtained at the B-factories.

Coupling correction, tuning of the working point, lower IR beta functions and nonlinear
dynamics studies have all contributed to the DA®NE performance.

DA®NE is the only high-luminosity factory to operate at such a low energy and to allow data
taking for three experiments in two IRs, which has met thanks to the commissioning time devoted
to machine optimization in the three rather different configurations.

A brief history of the collider performance is reported hereafter.

DA®NE became operational in summer 2000 when KLOE started data taking at a peak
luminosity of 103! ¢cm—2 s~!. KLOE is the most demanding experiment at DA®NE in terms of
integrated luminosity and background level on the detector as well. Through an optimization of
the collider optics and the beam currents, a peak luminosity of 0.5x103? cm~2 s~! was reached in
autumn 2001 with 50 bunches.

Optics in IR2 were modified in 2002 in order to optimize the data taking of the DEAR
experiment. The new configuration provided 30% reduction in the horizontal beam size at the
first parasitic crossing and 20% increase in the horizontal crossing angle. This allowed DA®NE to
collide with 100 bunches, i. e. all RF (Radio-Frequency) buckets full except for the 20% ion gap,
with currents up to 1.3 A for positrons and 0.8 A for electrons routinely used in collision. DA®NE
is the collider working with the shortest inter-bunch distance (2.7 ns or 80 cm) in the world. In
four months an integrated luminosity of 68 pb~! has been delix;ered to DEAR, sufficient for the
2

experimental program, i.e. the observation of kaonic Nitrogen followed by the measurement of

the kaonic Hydrogen 3).
KLOE resumed operation in May 2002, running up to September 2002. The improvement

in the collider performance, reaching the peak luminosity of 0.75x103? cm~2 s~!, was achieved
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Experiment Lpear [cm?s™1] | Liu/day [pb™!] | Line [pb~!] | N. bunches
KLOE 2002 0.75x1032 4.8 300 49
DEAR 2002 0.7x1032 2.2 68 100
FINUDA 2003-2004 0.6x1032 4. 256 100
KLOE 2004 1.26x1032 7.6 780 105
KLOE Feb-Oct 2005 1.4x1032 9.0 1000 109

Table 2.1: DA®NE luminosities in the last 2 years

through continuous machine optimization.

During the shutdown in year 2003 FINUDA was installed in IR2, and in the meantime the
collider structure was upgraded. Relying on the experience gathered during the runs for the DEAR
experiment, the magnetic layout of IR1 was modified and all the quadrupoles were equipped with
independently rotating supports in order to improve the coupling correction efficiency and the ring
flexibility, making possible to work with arbitrary values of the KLOE solenoidal field, in particular
with the KLOE magnet switched off during FINUDA data taking. For wider operation flexibility
the new mechanical structure allowing for quadrupole rotation was installed in IR2 as well. The
upgrade of the eight wiggler magnets was also important: each pole profile was modified adding
longitudinally and horizontally reshaped plates on the poles to improve field quality. With these
modifications the wigglers showed a significant reduction of the 2nd and 3rd order terms in the field
around wiggling trajectories, thus improving dynamic aperture and consequently the integrated
luminosity. A peak luminosity of 0.6x103? cm™2 s~! and a total integrated luminosity of ~260
pb~!, with low background rates, was delivered to FINUDA, which has fulfilled the first part of
the physics program, that will be completed in 2006.

In spring 2004 FINUDA detector was rolled out and DA®NE restarted operation for the
KLOE experiment, which will continue data taking until the end of 2005. Continuous tuning of
machine parameters has allowed colliding currents, number of bunches and lifetimes to be increased,
and background rates to be kept lower than the level measured in 2002.

A summary of the delivered luminosities in the last two years is in Table 2.2, while Fig. 2.2
shows the time sharing between KLOE, DEAR and FINUDA.

2.2.1 DAOJNE Beam Test Facility

DA®NE Beam Test Facility (BTF) 4), operational since November 2002, is a beam transfer line
optimized for the production of pre-determined numbers of electrons or positrons in a wide intensity
range, from single particle to 10'° particles per pulse, and energy from few tens of MeV up to 750
MeV. The pulse width can also be changed, either 1 or 10 ns, at a maximum repetition rate of 50 Hz.
The facility in single electron mode is particularly suitable for testing particle detectors, allowing
energy calibration and efficiency measurements to be performed, while beam diagnostics devices
can be studied at high intensities. Operation is shared with the data taking of the experiments at
DA®NE thanks to the beam attenuation and energy selection system which allows for sharing the
accumulator ring transfer line. The facility showed a very good performance, both from the point of
view of operation reliability and flexibility in order to fulfill the experimental requirements. In the
last two years many experiments, like AGILE, AIRFLY, APACHE, BTeV, CaPiRe, CRYSTAL,
FLAG, LCCal, LHCb, MCAL, MEG, NANO, RAP, SIDDHARTA, carried out successfully the
study of detector prototypes at the test-beam with very different beam conditions in terms of
intensity and energy.
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Figure 2.2: Time sharing of the experiments at DA®NE .

2.3 SPARC

SPARC 9) project is an R&D activity proposed by ENEA, INFN, CNR, Roma Tor Vergata Uni-
versity and INFM-ST; it has been funded in June 2003 by the Italian Government with 11 MEuro
(70% from the Government and 30% from INFN) and a 3 years time schedule.

Main goal of this project is to build an advanced photo-injector for the generation of a high
brightness electron beam at 150 MeV, able to drive a self-amplified spontaneous free-electron laser
(SASE FEL) experiment in the green visible light (500 nm) and higher harmonics generation. This
activity aims at acquiring expertise in the construction, commissioning and characterisation of an
advanced photo-injector system and at performing experimental investigations on two theoretical
predictions recently conceived, namely the new working point 6) for high brightness RF photo-
injectors and the velocity bunching technique to achieve RF bunch compression through the photo-
injector with emittance preservation 7).

The injector is presently being built inside an available bunker of the LNF: the general layout
of the system is shown in Fig. 2.3. The system consists of a 1.6 cell RF gun operated at S-band and
high peak field on the cathode (120-140 MeV/m) with an incorporated metallic photo-cathode,
generating a 6 MeV beam to be properly focused and matched into 3 accelerating sections of SLAC
type (S-band, travelling wave).

The first planned experiment will be the test of the beam emittance compensation method by
means of the measurement of the emittance oscillation in the drift after the gun, where a double-
minima behavior is expected. For this purpose a dedicated movable emittance measurement station

has been designed 8). The characterization of the longitudinal and transverse phase space of the
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Figure 2.3: Layout of SPARC R&D project.

beam is another crucial point to establish the photo-injector performance.

The ultra-brilliant beam photo-injector will be used as a SASE FEL-based source. The
FEL SASE experiment will be conducted using a 15-m-long permanent magnet undulator built by
ENEA.

2.4 CNAO

High-energy ionising radiation has proved to be effective in the treatment of cancerous tumours
by causing double-strand breaks in the cell DNA. In particular, hadrons, i.e. protons and light
ions, have the useful property of penetrating the body at a depth which depends on their initial
energy. The primary aim of the CNAO (Centro Nazionale di Adroterapia Oncologica) project is
to design and build a machine for the proton and carbon ion cancer therapy with a high precision
active scanning, a technique that uses a pencil beam to localize the tumour with sub-millimetric
accuracy. Longer times with smoother beam spills are required for this treatment to facilitate
the on-line dosimetry and the accelerator has to produce a well focused beam with a high spatial
precision and well defined energy. A dedicated foundation has been instituted to build the CNAO

centre in Pavia (Ttaly) 9). A collaboration agreement signed in November 2003 made the INFN
co-responsible in CNAO for the construction of the accelerator complex. The collaboration will
cover the period 2004-2007, when the CNAO Centre will deliver the first dose to the first patient.
INFN funded the project for ~4 MEuro out of a total cost of ~70 MEuro. The sketch of the
accelerator complex is shown in Fig. 2.4.

The LNF AD is in charge for the design, construction and test of the conventional magnets
and their power supplies; for the magnetic measurements; for the design, construction and test
of the vacuum system; for the design, construction and commissioning of the electric and fluid
plants; for the installation and alignment of the accelerator components; for the design of the
radioprotection system.
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Figure 2.4: The CNAO accelerator complex.

2.5 International Projects

2.5.1 CTF3

The Compact Linear Collider (CLIC) is the international project for a multi-TeV eTe™ collider
based on a new two-beam acceleration concept: a high-intensity drive beam powers the main beam
of a high-frequency (30 GHz) linear accelerator with a gradient of 150 MV /m by means of transfer

structure sections 10). The aim of the CLIC Test Facility 3 (CTF3) is to make exhaustive tests of
the main CLIC parameters. INFN-LNF contributes to the realization of the recombination system,
consisting of two rings that multiply the bunch frequency and pulse current by a factor of ten.
CTF3 is being realized as an intermediate step to demonstrate the technical feasibility of producing
30 GHz RF power at the required intensity and pulse length, so that all 30 GHz components for
CLIC can be tested at nominal parameters. The facility is in the realization phase in the existing
infrastructure of the LPI (LEP Pre-Injector) as a collaboration between CERN, INFN-LNF, LAL
(France), SLAC (USA) and Uppsala University (Sweden).

LNF budget for years 2003-2006 is 2 MEuro. The AD is in charge for the design and the
realization of the transfer lines from the Linac and the first of the two rings of the compressor
system called Delay Loop (DL). At the exit of this ring the frequency of the bunches coming from
the Linac (1.5 GHz) will be doubled with an increase of the average current by a factor of two.

Two RF deflectors to be used in CTF3 combiner rings have been built and tested at LNF 1),
The first part of the CTF3 transfer line has already been installed: it includes a chicane in which,
because of the very flexible lattice and large aperture vacuum chamber, it is possible to change
the bunch length in a wide range by tuning the Rs¢ element of the transfer matrix. The magnetic
layout of the Delay Loop has been completed using existing dipole and quadrupole magnets of the
EPA (Electron-Positron Accumulator) complex at CERN, together with the injection/extraction
septum magnets. Vacuum chamber components and new magnets have been studied, designed and
built.

Prototype construction was completed in 2002, transfer line and chicane were installed and
commissioned in 2004, Delay Loop installation and commissioning are planned for 2005.
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2.5.2 TESLA/TTF

TESLA (TeV Energy Superconducting Linear Accelerator) is an international collaboration for
R&D on a superconducting e*e™ collider in the TeV energy range. In March 2001 TESLA has

published the Technical Design Report (TDR) 12) for a Linear Collider with integrated Free
Electron Laser for X-ray production. The accelerator consists of two 33-Km-long SuperConducting
Linacs, an Electron Gun, a Positron Source, two 17-Km-long Damping Rings (DR) with dog-bone
shape, and a Beam Delivery System to drive beams in the Final Focus where the beam sizes
are squeezed. For the TDR the LNF AD has chaired the realization by Ansaldo Ricerca of the

technical design and the cost estimate of the DR 13) | The DR are a critical part of the injector
complex responsible for producing the tiny vertical emittances needed to obtain high luminosities.
These rings require state-of-the-art designs for most systems. The 1 ms injected linac bunch train
corresponds to about 350 Km and ~ 3000 bunches with bunch distance of &~ 400 ns. The length of
the DR is determined by the capability of the injection system to reduce the bunch distance. With
a DR 17 Km long, the bunches has to be compressed by a factor 20, leading the bunch distance
at 20 ns. The inverse process of bunch decompression is necessary at the extraction point, before
the injection in the linac. An injection/extraction scheme for TESLA based on RF deflectors,
opening the possibility of obtaining a much shorter bunch distance and shorter ring circumference,
has been suggested by the LNF group and a solution for the present DR design has been worked

out 14). TESLA collaboration also operates a test facility at DESY (TTF), aimed to demonstrate
the feasibility of a SC Linac and SASE FEL. After the successful operation of TTF-I, which has
produced coherent radiation at 80 nm, a second generation test facility which will be used as
VUV FEL is now operational. The AD collaborates with TTF-II on the diagnostic, emittance
measurements, image elaboration and transfer, and on beam dynamics studies.

2.5.3 Other International Projects

SLAC and KEK Laboratories have studied upgrades to their B-factories with the aim to reach, in
a ten year span, peak luminosities of the order of 103 to 1036 cm—2 s~!. At PEP-II the possibility
to reach a 3x10%* cm™2 s™! peak luminosity with minor modifications of the present machine
layout is currently under study. The upgrade, having a small impact on the accelerator, could be
operational already in 2006-2007. In this framework LNF AD and PEP-II AD collaborate to the
design of a modified Interaction Region, with lower 3; and possibly a crossing angle (similar to the
DA®NE and the KEK-B design) to increase the number of colliding bunches while keeping small

parasitic crossing tune-shifts, and therefore increasing the luminosity 15) The design of a new
longitudinal feedback kicker for high beam currents, originally developed at LNF, has also been

applied to the PEP-II Low Energy Ring (LER) 16), and the kicker has been installed in September
2004. RF issues at high currents and assessment of longitudinal feedback and low-level RF, able
to cope with a higher number of bunches (1700) and higher currents are also under study at LNF.

A collaboration with CERN for the LHC project has been established to study vacuum
chamber components and to make impedance calculation and optimization, in particular for Beam
Position Monitors, Collimators, Recombination Chambers and the so-called “coldex” section of the
Super Proton Synchrotron SPS 17),

Finally, the AD is also involved in R&D activities refereed by the INFN Scientific Committee
V, such as: e-Cloud, an R&D activity for the study of instabilities in proton and positron rings
(e.g. LHC and DA®NE) due to the formation of the so-called e-cloud, with beam measurements
and the analysis of the vacuum pipe materials (started in 2004); CORA, for the study of a RF
compressor for the SPARC accelerator (completed in 2004); SAFTA2, for the simulation of the
impedance in the LHC beam pipe (through 2005); SALAF, for the design of 11 GHz accelerating
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structures (new proposal for 2005).

Research Activities

The Research Division, besides people directly involved in the experiments, is constituted
by several technical services providing the necessary support for the whole department and, as in
the case of the Computing Service, is in charge also for special projects of general interest for the
INFN.

2.6 Computing and Dataweb

In this section a status report of the initiatives in the field of computing and related issues, is given.
The report includes the LNF Computing Center, the Dataweb project, and the KLOE Computing
Center; the last being presented because is currently one of the largest in the INFN.

2.6.1 Computing service

The Computing Service is in charge for the management of the central computing resources and
for the configuration and operation of the network of both, the Laboratory, and the INFN Central
Administration.

It provides also technical support in order to install and operate the Informatic System of
the INFN, used by central and local administrations. The INFN Informatic System is installed
on a computer cluster running the SUN-Solaris operative system, which has been configurated as
the Oracle Database Server for the relational storage of any information concerning personnel, fi-
nance, research activities, legislation, etc. Two additional computer clusters running, respectively,
the SUN Solaris, and the Windows operative system, have been configurated as Application and
Presentation Server for the Oracle DataBase to interfacing the administrative procedures. The
second cluster is devoted to the handling of documents and, in particular, to the automatic as-
signment of the reference labels to administrative papers. The system includes the SAN (Storage
Area Network) for data storage on disk.

The local network is constituted by a complex structure based on optical fibers connecting the
buildings one each other, and on copper cables within each building; by the routing and switching
devices ensuring Ethernet connectivity at 10/100/1000 Mb/s; by the wireless network devices; by
essential services like DHCP, DNS, etc., and by the devices devoted to the Informatic Security like
Firewall, VPN Concentrator, etc.

At present, the central computing resources include:

- computers and other devices to operate the local storage system, mainly based on SAN
(Storage Area Network) with Fiber Channel connection. An integrated system of servers is used
in order to manage the distributed File Systems (AFS, NAS, etc.) together with the automated
magnetic-tape library for backup/restore and archive/retrieve operations;

- computers devoted to the management of the essential services like Mail relay, IMAP,
Antivirus, Antispam, Web, Proxy, Authentication, Monitoring, Database, etc.;

- a computing farm for the users;

- a computing farm integrated in the European GRID;

- X-Terminals, printers and other distributed peripherals.
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Finally, the Computing Service provides support to the users for central computers, dis-
tributed peripherals, and also for the workstations and the PC’s used by the INFN personnel, the
students, and the employees of Universities and other Research Institutions involved in the LNF
activities.

2.6.2 Dataweb

A system of Web Servers and Database MySQL has been realized during the last two years and
installed on computers belonging to the LNF Computing Center. The project is finalized to improve
the sharing of scientific and administrative information within the INFN. It recently became an
INFN Service named Servizio Coordinamento Banche Dati Ricerca (Dataweb).

The people working on the Dataweb project is divided in two groups, those devoted to the
System Administration, belonging to the Computing Center, and those devoted to the database
and web-application development.

Main activity of the Service is the support to the Scientific National Committees covering
the three phases of the cost estimate, the finance allocation, and the Scientific final report on the
funded experiments.

All the information collected along the year on the three phases can be shared and used to
realize both, the INFN annual previewed budget, and the report on the scientific activity which is
provided in two forms, a detailed report for internal use, and a summary for general public.

The Dataweb System is the main tool for the collection of the documents needed in order
to write the annual evaluation report and the INFN Products selection, requested by the Italian
Research Department.

Moreover, the Dataweb has realized the web site devoted to internal job training and the
web site to start the procedure for obtaining the permit to be associated to the INFN scientific
activities, which is annually used by about 3000 researchers from the main Italian Universities.

The Dataweb project, summarized in the Tab.2.2 includes also the archiving in a relational
Database of the collection of multimedia documents constituted of images and historical video
realized in the INFN structures that will be available on INFN web site.

The entire software system has been realized with the open source standard LAMP (Linux-
Apache-MySQL-Perl-PHP), that allow the cost reduction on the side of the software licences (all
these packages are in fact free of charge) and shows a good flexibility for the development of web
applications.

Main hardware is constituted of few servers:

- 5 cpu units for the web servers ;

- 2 cpu units for the database servers ;

- 1 cpu unit for the server streaming;

- 2 servers for software development.

Work is in progress to interface the Dataweb with a new system realized by the Oracle-
Bull Company that will provide a more efficient connection between administrative and scientific
information.

2.6.3 KLOE computing center

The KLOE computing center is currently one of the largest of the INFN, dimensioned to process
up to 8 pb~! of integrated luminosity at DA®NE per day (i.e. of the order of 5x107 completely
reconstructed events per day), to reach a substained throughput of the order of 100 Mb/s, and a
total storage capacity in the PetaByte range.
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General Outreach Administrative

Home Pages : INFN, LNF Image database : INFN, LNF | Home Page : INFN CA
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INFN Preprint Press Office FAI Founds
Associations to INFN activities INFN Home Page Selections & Fellowships
Finance Estimates and Final Reports Press Review Job Training

Master and PHD Thesis Finance Allocation
INFN Evaluation and Product Selection

Thesis at LNF

Table 2.2: Topics covered by the Dataweb project.

The offline farm consists of 24 IBM 7026-B80 SMPs running AIX, each with four 375-MHz
Power3 CPUs, and 10 IBM p630 servers, each with four 1.45-GHz Power4+ processors, providing
a total processing power equivalent to about 60000 SPECint2000.

At present, 80% of the processing power is used for production-related tasks; the remainder
is allocated to physics analyses. Additional machines can be opened to user batch and interactive
sessions as the need arises.

From the point of view of both hardware and software, the operation of the offline system is
seen to be smooth and reliable.

As part of an offline-system upgrade for the year 2005, 24 new 1.9-GHz Power5 processors
will be acquired. This increases the total CPU power to about 110000 SPECint2000.

When new data are acquired, the online servers write the raw files to the online-disk pool.
These files are then asynchronously archived to the tape library over an NFS mount by the archiver
daemon. The archiving processes are tailored to minimize the number of tape mounts while
guaranteeing enough space on the disk pool.

Normally, reconstruction is performed while the raw files are still resident on disk. For input
to the reconstruction processes from the online disk, events are either read across an NFS mount
or served by the data-handling system using a custom TCP /IP protocol, which is provided by the
KLOE Integrated Dataflow package. Reconstruction output is written via NFS to the offline-disk
pool, from which it is asynchronously archived to tape. DSTs for each run are produced from the
reconstruction output files, usually immediately after the run has been completely reconstructed.
When files already archived and deleted from the online- or offline-disk pools must be processed on
the offline farm, the data-recalling daemon restores the files from tape to the disk cache, from where
they are served to the offline processes using a custom package, KID. The spacekeeper daemon
ensures the availability of disk space in the staging areas by deleting files that have been archived.

The same model for data access used for reconstruction applies to user analysis jobs running
on the offline farm.

A central database based on DB2 is used to keep track of the locations of the several million
files comprising the data set.

Data are permanently stored in two IBM 3494 tape libraries. The first library has 12
Magstar 3590 tape drives which can read and write at 14 MBs, dual active accessors, and space
for about 5400 60-GB cartridges, for a maximum capacity of 324 TB. The second library has 6
Magstar tape drives, dual active accessors, and space for 4000 300-GB cartridges for a maximum
capacity of 1200 TB. The libraries are maintained using IBM’s Tivoli Storage Manager. The exper-
iment will reach a total data storage of about 800 TB when data acquisition, data reconstruction
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and Monte Carlo production for the entire data set of about 2.4 fb~! will be completed, during
the second quarter of year 2006.

A 6.3-TB offline-disk pool is used for data transfers to and from the library. The disk pool
consists of Fibre Channel (FC) and SSA disks. Two IBM servers mount the offline-disk pool and
tape libraries. With the two file servers working in concert, aggregate I/O rates of over 100 MB/s
have been obtained.

Analysis jobs usually use DSTs (Data Summary Tapes) as input. About 5.5 TB of the offline
disk pool is used to cache files recalled from the tape library by the data-handling system; copies
of the bulk of the DSTs reside in this cache for prompt access. The total disk space needed for the
efficient handling of the final data set will be of about 50 TB.

The output from analysis jobs is written to user and working-group areas on the KLOE AFS
cell. The AFS cell, of total capacity of 2.2 TB, is served by two IBM 7026-H70 SMPs. Users can
access the AFS cell from PCs running Linux on their desktops to perform the final stages of the
analyses.

2.7 Technical services for experimental setup

2.7.1 Detector development

Research Division includes the Technical Services for R&D on particle detectors and for the con-
struction of experimental setup, namely the “Servizio Sviluppo e Costruzione Rivelatori” or SSCR.

It includes three departments devoted, respectively, to Design, Construction, and Metrology.
They are in charge

- for mechanical design of the experimental setup and detectors, exploiting also the perfor-
mance of the CAD/CAE software design systems;

- for detector-prototype construction; realization of large detector systems; design and con-
struction of precise mechanical structures. A wide set of mechanical tools are routinely used,
including the numerical control machines of which the most recent acquisition has been a lathe
capable of auto-learning for high-precision works;

- for dimension and operation tests; alignment of mechanical structures and experimental
setup; material characterization. The instrumentation includes a computerized metrology center,
a machine for material characterization, a computerized teodolite, and, recently, a machine for
traction and compression tests of the materials;

- to contact the companies and to commission the realization of large mechanical structures.

The SSCR has been recently involved in a series of activities related to the experiments
currently running at the LNF and in preparation for taking data outside. The SSCR has provided
technical support for the opening and the closure operations of the KLOE experimental setup;
has designed and realized the Automatic Wiring Machine for mass production of the ATLAS
MDT’s, the components for the assembly and the handling of these chambers, and the containers
for their warehousing and transport, participating also to the preparation of the procedures for
final installation at CERN and performing precise measurements on mechanical items for the
assembly; has designed the mechanical structure for the OPERA detectors and participated to the
final assembly at LNGS studying the procedures for installation and performing the alignments.
OPERA has realized an automated machine to assembly the emulsion bricks, and the SSCR has
contributed to the design and to the drafting of the technical document needed to carry out the bid
for choosing the constructor company. Further work on this topic has been done to design a packing
procedure for the emulsion bricks. The design and the realization of some mechanical items of the
support structure of the muon-detector system for the LHCb experiment has been recently finalized
after completion of the studies on prototypes. Moreover, the SSCR performed dimension tests of
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the frames for the MWPC’s and the maintenance of the moulds for their production together with
the realization of some tools and mechanical items for the chamber assembly. Other contributions
have been given to the design of the support structure for the straw-tubes of the BTeV experiment;
to the construction of the frame of the Main Electronic Box for Lazio-SiRad; to the setting up of
the BTF, and to the detectors of NEMO, CAPIRE, BABAR, FINUDA, HERMES, TIBET, among
other experiments that have required support to the workshop and to the metrology department,
using a total of about 30% of the available manpower.

2.7.2 Engineering Support for experimental apparata

The “Servizio Progettazione Apparati Sperimentali” or SPAS is in charge for the study and the
design of parts of the large experimental setup required by the LNF research programs.

ATLAS, FINUDA, MAGIA and OPERA are among the experiments recently supported.

The SPAS involves one engineer and four mechanical designers which routinely use CATIA
as 2D /3D modelling CAD system, CALCING for structural calculations, and ANSYS for finite-
element analyses.

In particular, the service takes care of the technical reports needed in order to carry out the
bids for choosing the constructor companies of different kinds of components of the experimental
setup; these are often very peculiar items based on custom designs fulfilling experimental require-
ments that are unique. The SPAS is in charge also for the supervision of the installation procedures
and for the performance tests on the operational setup.

2.7.3 Electronic workshop

The electronic workshop provides support for particle detector instrumentation. Workshop exper-
tise has grown up according to the experimental requirements, ranging from design of the DC power
supplies, to low S/N processing of high-frequency signals, to the design of high-density FPGA.

In the following, some examples of the design activity recently carried out for KLOE, OPERA,
HERMES and LHCb are given.

Low S/N processing of high-frequency signals. KLOE drift chamber, 3.3 m long and 4 m in
diameter, is one of the largest drift chamber used in HEP experiments. The drift chamber has
12582 sense wires and is flushed with an He-based gas mixture. Besides the detector dimension, the
challenging aspect of the project was the requirement for the readout electronics to be sensitive
to the first ionization cluster, with 1.6 electrons on average. The overall design (front-end and
detector grounding) allows chamber operation at a threshold as low as 3 fC.

Fast signal processing. The second detector of the KLOE experiment is a Pb-scintillating
fiber electromagnetic calorimeter. It is equipped with about 5000 fast photomultipliers producing
high bandwidth level signals. Since precise timing information is crucial for data analysis, special
techniques have been used for the readout signal chain (i.e. high bandwidth preamplifiers and low
time-walk discriminators) to maintain the overall timing resolution within 50 ps.

LV power supply systems. One of the sources of timing jitter when dealing with very high
timing resolution systems, is the power supply residual ripple. To reduce as much as possible the
ripple of the generators used to supply the e.m. calorimeter timing system, the workshop has
developed a special 600 W power supply powered by three-phase AC line.

HYV measurement system. The OPERA experiment uses RPCs to instrument the detector
spectrometer. To minimize the number of HV power supplies, many RPCs are supplied with the
same HV channel missing information about single RPC dragged currents (i.e. one of the most
important parameters to control the RPC status). To overcome the problem a high-voltage, high-
range measurement system have been developed. The instrument can measure currents ranging
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from nA to pA at a maximum voltage of 5 kV. Each system is made of 24 channels and is managed
by a CAEN interface.

High frequency data transmission through optical links. One of the components of the front-
end electronics of the LHCb muon spectrometer is the Off-Detector Electronics system. The system
is made of about 150 boards. Each board is capable of processing up to 192 LVDS input signals at
a frequency of about 40 MHz and of sending them to the trigger and DAQ by means of 13 optical
fibers with a substained throughput of 1.6 Gbits/sec and a BER less than 1071¢.

High frequency signal transmission. A low-noise, high-frequency analog signal transmission
system has been designed for the HERMES experiment. The system, based on custom transmitter
and receiver crates, with dedicated low-noise power supplies, uses twisted-pair copper links to
manage DC coupled signals with bandwidth up to 300 MHz.

High density digital devices. The FPGA complexity has increased enormously in the last
years. At present, state-of-art FPGA consists of nine hundred BGA pin devices, incorporating a
3.2 Gbits/sec serializer/de-serializer and an embedded power-pc. To manage such complex device,
the old schematic design procedure has been replaced by a language-based (VHDL, Verilog) design.
The LNF workshop uses since a few years the language-based design procedure and organize
annually teaching courses on the subject.

DAQ boards Besides systems and boards already mentioned, the workshop has developed
several VME boards for data acquisition. Some examples of these boards are :

- the 32-channels-continuous-sampling ADC for dE/dx measurements with the KLOE drift
chamber;

- the 64-channels scaler for rate measurements used in the quality-control procedure for the
construction of the LHCb MWPC’s;

- the 8-channels-3.2 Gbits/s-optical-link-transmitter /receiver board for the front-end readout
of the ATLAS MDT’s.

Embedded processors. Embedded processors are widely used both, to manage system config-
urations, and to readout data by means of standard communication protocols. The LNF workshop
has developed systems based on embedded processors supporting RS232, CAN and LAN commu-
nication protocols.

2.8 Particle Physics at Accelerators

The LNF personnel involved in the activities of interest for the INFN Scientific Committee I
(CSN1) 18) s composed by 68 physicists, 33% of which are in the KLOE Collaboration, 33% in
the CERN Experiments (ATLAS and LHCD), and the others in the USA Experiments, at Fermilab
(CDF-II, E831-FOCUS and BTeV) and at SLAC (BABAR).

People with permanent positions are 41, 4 are under temporary contracts, 8 are Doc and Post-
Doc Students and 15 are employees of other Institutions involved in the CSN1 projects carried out
at the LNF.

A total man power of ~25 technicians represents the available support for the experiments,
in the particle detector design, construction, test and maintenance. A quarter of the technicians
are mostly devoted to the detector read out electronics, and the others to the mechanics and the
operation of the devices. The construction phase itself has been often carried out by private firms
on designs finalized by the LNF personnel or has been realized in the Lab involving people coming
under temporary contracts.

The experiments are undergoing different phases of their life, from design to construction and
installation, to data taking and data analysis. More than 50% of the physicists will get involved
into new projects within 3-4 years, so that it is of particular interest to discuss now about different
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open perspectives for the Lab.

2.8.1 KLOE

The KLOE experiment 19) has been designed primarily for the measurement of all the relevant CP
and CPT violation parameters in neutral kaon decays. The large amount of neutral kaon pairs (~
10*%) produced by DA®NE with 10 fb~! of integrated luminosity, would allow the measurement
of Re(e'/e) with a statistical accuracy (~10~%) comparable to the fixed target experiments but
with completely different systematic effects.

Kaon pairs are produced at DA®NE in a state with well defined quantum numbers (those of
the photon) and are emitted almost back to back. These unique features allow for the determination
of the nature of each produced kaon by looking at the decay of its companion in the opposite
direction (tagging), as well as to perform quantum interferometry measurements.

The research program of the experiment includes measurements of numerous decays of charged
and neutral kaons, radiative ¢ decays, and measurement of the hadronic cross section, among other
topics.

The most interesting channels have a branching ratio of O(10~%) or smaller. For precision
measurements of these decays, the KLOE detector, i.e. the drift chamber and the calorimeter, has
been designed to provide thousands of well measured events per second.

KLOE is by far the largest and most complex detector built in the Laboratory. The drift
chamber, 2 m radius, 4.2 m length, for a gran total of 52140 wires is the largest drift chamber
ever built. The performance specifications for its use are very demanding to guarantee good
momentum resolution for low energy particles and low absorption for photons. The requirement of
high transparency poses severe constraints in the choice of materials and thickness of the chamber
walls, in Carbon fibers. Many innovative techniques have been devised for the construction of the

mechanical stucture and the stringing of the wires 20), The use of low density, high ionization
potential gas is highly demanding for the front-end electronics.

The lead-scintillating fibers electro-magnetic calorimeter was designed to detect with very
high efficiency photons with energy as low as 20 MeV, and to accurately measure their energy and
time of flight. Particularly relevant is the performance in terms of time resolution, which scales as

57 ps/v/E(GeV). The modules of the end-cap calorimeter are C-shaped to minimize dead zones,

a solution which was never tried before 21).

The ¢ production cross section is about 3 ub so that the event rate from ¢ decays at the
reference luminosity of 5-1032 cm™2 s~! is 1.5 kHz, to which a similar yield of Bhabha events plus
machine background and cosmic rays must be added. With an average event size of 2.7 kB, KLOE
needs a data acquisition 22) capable to handle with high efficiency a throughput of 10 Mbytes
per second, a data processing environment with file servers providing a bandwidth of order of 100
MBytes/s, and a data storage in the Petabyte range.

The high sensitivity O(1073) needed to study CP violation effects and the quantum inter-
ference patterns in the neutral kaon system, requires a careful control of the systematics so that
billions of well simulated events, including the most realistic description of the beam background,
must be generated 23)

All these numbers put the KLOE experiment on the side of the challenging projects, dimen-
sioned like the major HEP experiments running nowadays.

Although the integrated luminosity is not sufficient yet to complete the ambitious program of
the experiment, KLOE has demonstrated to fulfill the experimental requirements producing several
important physics results with the ~450 pb™! collected in years 2001-2002. These span from rare

24) 25)

or medium-rare K¢ and Ky, decays , to charged kaon decays , and to the study of the nature



2.8. PARTICLE PHYSICS AT ACCELERATORS 25

of scalar and pseudoscalar mesons through radiative ¢ decays 26) 1n particular, the measurements
of the semileptonic decays of charged and neutral kaons, together with a novel determination of
the fx form factors and with the improvement in precision of the K7 and K* lifetimes will provide
a more strict test of the unitarity of the first row of the CKM matrix. Preliminary results on this
topic have been presented at ICHEP04 27). Another important, recently published result is the
measurement at the percent level of the eTe™ — 777~ cross-section below 1 GeV, which has

relevant implications in the theoretical interpretation of the muon magnetic anomaly 28).

2.8.2 BABAR

BABAR is an experiment running at the SLAC asymmetric B-factory PEP-II; the physics program
is centered on, but not limited to, the study of the CP violation effects in the decay of neutral
B mesons. The B system is the best suited to study CP violation because the expected effects
are large, should appear in many final states and, most importantly, can be directly related to
the Standard Model parameters. The large data sample now being collected has already allowed
significant advances in a large number of topics in B 29, 30, 31) 32) and top quark physics.

PEP-II (see also 3.7.4 ) is a two-ring eTe™ storage ring, colliding 9 GeV electrons with
3.1 GeV positrons, energies chosen to maximize the production of B mesons. The c.m. energy
corresponds to the mass of the Y (4S5) resonance which decays 50% in B*B~, 50% in BB’. The
energy asymmetry is necessary to boost the B mesons momentum, so that the decay length can
be measured with the accuracy needed to prove the CP violation effects.

During the year 2004 PEP-II has successfully committed a new operation mode in which
both beams in the high- and low-energy ring are continuously refilled, resulting in quite remarkable
improvements on the machine stability of operations, and consequently on an average luminosity
greater than 700 fb~!, routinely achieved in one day.

The BABAR detector 33) has been designed primarily for CP studies, but it is also serving
well for the other physics objectives of the experiment. The asymmetry of the beam energies is
reflected in the detector design: the apparatus is centered 37 cm ahead of the collision point, along
the direction of the high-energy beam, to increase forward acceptance and all services are placed on
the opposite side of the detector, in order to minimize multiple scattering in the forward direction.

The momentum of the charged tracks is obtained from the curvature in a solenoidal field of
1.5 T and is measured in a low mass Drift Chamber. Different species of hadrons are identified
in the DIRC, a dedicated device of a novel kind, based on the detection of Cerenkov light. Ex-
cellent photon detection and electron identification are provided by a CsI crystals electromagnetic
calorimeter.

Muons and neutral hadrons are identified in the iron magnet’s yoke, made of a 6-sided barrel
and 2 endcaps with a total thickness of 65 cm of Fe plates, segmented in 18 slabs of graded thickness
(from 2 to 10 cm) and instrumented with Resistive Plate Counters (RPC’s).

The LNF group involved in BABAR has designed, built and installed the RPC’s, contributed
to many aspects of the software environment, and is currently participating to analyses, including
the measurement of branching fractions of D* mesons, of CP-violation angles, and of spectroscopic
processes accessible via Initial State Radiation (ISR).

, charm

2.8.3  Experiments at Fermilab

The LNF participates to the CDF, FOCUS and BTeV Collaborations at the Fermilab TeVatron
collider.
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During the data taking period currently in progress (RUN-II), the Tevatron is being upgraded
to reach the luminosity of 2 x 1032 cm ™2 s~ ! by shortening time interval between bunch crossings
to 132 ns. Consequently, the CDF-II detector underwent substantial upgrades. The LNF group
constructed the iron-scintillator calorimeters and is currently responsible for hardware maintenance
and calibration. Additional responsibilities in RUN-II are the control of the high-voltage system for
central and end-wall calorimeters, the realization of discriminator boards for the calorimeter timing
and the development of the Central Analysis Farm. There are short-term plans to contribute also
to an upgrade of the HV system of the central tracking chamber.

The Tevatron performance has improved substantially over the last two years reaching a peak
luminosity of 8.2 x 103! cm~2 s~! and delivering more than 500 pb~! to CDF and DO.

The Tevatron is officially scheduled 34) to run until 2009 and is expected to collect 35) up to
~ 4 (8) fb~! according to the base (design) plan. In any case, the search for the SM Higgs boson 36)
will probably not result in a discovery while an exclusion region at 90% C.L. can be set for masses
up to 130 GeV/c?. Given for granted an increase by a factor of more than 40 in the number of
collected top-quark events, an ultimate precision of ~ 2 GeV/c? on Mr is expected at the end
of Tevatron operation. Large improvements on the ¢t production cross-section measurement and
on the study of the top properties are also expected. Apart from high-Py physics, CDF/DO0 are
nowadays the only sources of Bs; mesons; at the end of RUN-II a sensitivity of 9 ps on AM will

be achieved.

FOCUS (E831 at Fermilab) 37) took data in 1996, collecting more than one million of com-
pletely reconstructed charm decays, photoproduced at high energy, at the wideband photon beam
of the Fermilab Tevatron. LNF responsibility has been the design, contruction, commissioning and
operation of the Outer EM calorimeter (1300 channels of Pb-plastic scintillator strips), successfully
used for 70 reconstruction and electron identification. The group is wrapping up data analysis,
which has been focused on excited charmed meson and light quark spectroscopy.

BTeV 38) at the Tevatron was the Fermilab experiment devoted to B-physics. In February
2005, DOE funding for the BTeV engineering design in 2006 has been cancelled apparently without
any advanced warning. The detector was composed of pixel vertex devices (used at first level
trigger), forward magnetic spectrometer, RICH particle ID, high-resolution crystal electromagnetic
calorimetry, and muon detectors. The BTeV forward tracker employed straw tubes, and silicon
microstrips in the small angle region. The LNF group was responsible for the integration of straws
and microstrips via the small angle straw modules, realized with a novel design in which straws
was not mechanically tensioned but rather glued in a rohacell frame, for a total of about 4000

straws 39), LNF was also responsible for position monitoring of pixel, strips and straws via Fiber
Bragg Grating sensors.

2.8.4 Experiments at the LHC

LNF participates to the ATLAS and the LHCDb experiments.

ATLAS is a general purpose detector 40) designed to perform high pr physics at the LHC.
The experiment has been optimized for exploiting the full physics potential of the LHC described in
Sec. 3.2.2. The LNF group is active in ATLAS since the start of the ECFA (European Committee
for Future Accelerators) study groups on the experimentation at the LHC, in year 1990. The group
has given a very relevant contribution on the design and construction of the high precision system
for the muon tracking. The muon spectrometer 41) s characterized by a very good momentum
resolution and is based on a system of three very large superconducting air-core toroid magnets.
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To obtain the required performance, very precise tracking chambers have been designed. The

selected technology is the MDT 42) (Monitored Drift Tube) where each chamber is composed by
an assembly of drift tubes operated at high pressure (3 bars) to reduce diffusion and improve space
resolution. The fundamental characteristic of the MDT is its stringent mechanical precision. The
assembly technique has been developed by the LNF group. The responsibility of the group was
the construction of all the muon precision tracking chambers of the middle stations in between the
coils of the air toroidal magnet. The construction of 94 chambers of the middle station has been
completed in 2004.

The LNF group contributes also to the software and the computing for the experiment,
being involved in the Data Challenge-1 (DC1) event production and validation, in the studies of
physics channels with simulated events, and in the DAQ software development, contributing to the
DataFlow system for event monitoring after Event Building.

In 2004, the installation of a TIER-2 of the LHC-Grid 43) for the first phase of the ATLAS
DataChallenge-2 has started in close collaboration with the LNF computing center. LNF is also
involved in the analysis of the test beam data and participates to the working group devoted to
the Higgs search.

The LHC situation is evolving quickly and the ATLAS detector is being installed in the
experimental hall at CERN. In particular, MDT Chambers are being assembled together with
RPC’s and related electronics. A new phase will start soon, with the commissioning of a slice of
the detector and the following cosmic data taking in the pit. In 2007 it is planned to have single
beams to study beam-gas and halo and exercise detector and data-acquisition, while waiting for
colliding beams by the end of the year.

The LHCb experiment is dedicated to B-physics, and in particular to precise measurements of
CKM parameters and to search for new physics via CP violating phenomena and rare decays 44)
B mesons of any flavor are copiously produced at 14 TeV, a,; ~ 500 ub, corresponding to ~ 102
bb produced per year at a luminosity of 2 x 103? cm=2 s™1.

The LNF group contributes to the realization of the muon detector system, to the related
readout electronics, and to the support mechanics.

The apparatus is a single-arm forward spectrometer, composed of the silicon vertex locator,
the trigger tracker, the dipole magnet, two Ring Imaging Cherenkov detectors (RICHs) for particle
identification, three tracking stations, the electromagnetic and the hadronic calorimeters, and the
muon system. Due to the large inelastic cross section, ou5/0inetastic ~ 0.6%, the experiment
requires excellent triggering capabilities to reduce the minimum-bias background.

The performance of the muon detector system is crucial for the experiment since the level-0
trigger reconstructs the highest E1 hadron, electron and photon cluster in the calorimeter and
the two highest pr muons in the muon chambers. The chambers are required to provide stand-
alone muon reconstruction with 20% pz resolution, combining strip and pad data from five muon
stations, and must achieve a detection efficiency of 99% per station 45, 46)

LNF is responsible for the construction of ~1/4 of the multiwire proportional chambers (292
WPCQC) and half of the gas electron multiplier devices (GEMs) that are being built in Frascati. The
group is also responsible for the front-end boards of the Level-0 trigger that have to process muon
chamber information. Detector production, started at the end of 2003, will be completed in 2006.

2.9 Neutrino and Astroparticle Physics

The LNF personnel involved in Astroparticle Physics research programs (within the activities of
the INFN Scientific Committee II) is composed by 30 physicists and engineers, and 10 technicians.
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The major experiments cover different fields, like neutrino physics at the Gran Sasso Laboratory
(ICARUS, OPERA) and underwater (NEMO), gravitational waves (ROG, VIRGO) and space
experiments (WIZARD/PAMELA, LARES). Apart from ROG, with its local NAUTILUS resonant
gravitational antenna (Sec. 2.9.4) which is operating since 1995, the other experiments are in
different phases of preparation and installation. Hence, in the forthcoming years significant efforts
will be required at LNF for the subsequent phase of data analysis.

29.1 OPERA

Along the last two decades LNF has contributed significantly to the scientific program of the INFN
Gran Sasso Lab. Presently, LNF plays a leading role in the construction of the OPERA experiment.

The aim of OPERA 47) is the observation of v, — vr oscillations in the parameter region indicated
by Super-Kamiokande as the explanation of the zenith dependence of the atmospheric neutrino
deficit. OPERA is a long baseline experiment located at the Gran Sasso Laboratory (LNGS) in
the CNGS neutrino beam from the CERN SPS. The discovery potential of OPERA originates from
the observation of a v, signal with exceptionally low background level. The direct observation of
v, — v, appearance will constitute a milestone in the study of neutrino oscillations. Moreover,

OPERA has some sensitivity to the sub-dominant v, <+ v, oscillations in the region indicated

48) and will improve significantly current limits from

by the atmospheric neutrino experiments
reactors.

The detector design is based on a massive lead /nuclear emulsion target complemented by solid
scintillators and two magnetized iron spectrometers, whose active detectors consist of chambers of
drift tubes and bakelite RPC’s. The lead /emulsion target is made up of emulsion sheets interleaved
with lmm lead plates and packed into removable “bricks” (56 plates per brick). The bricks are
located in vertical support structures (“walls” of about 7x7m?). Nuclear emulsions are used as
high resolution tracking devices for the direct observation of the decay of the 7 leptons produced
in v, charged current interactions. Plastic scintillators positioned after each wall locate the events
in the emulsions. The two magnetised iron spectrometers measure charge and momentum of the
muons. Moreover, planes of RPCs are inserted between the magnet iron plates. They allow a
coarse tracking inside the magnet to identify muons and ease track matching between the precision
trackers. They also provide a measurement of the tail of the hadronic energy leaking from the
target and of the range of muons which stop in the iron.

The OPERA magnet 49), the wall support structure housing the lead /emulsion bricks and the
overall support structure have been designed at LNF. Frascati is also involved in the construction
and installation of the RPC planes and the corresponding readout electronics. The mass production
of the detectors started in Jan 2003 and the RPC for the first spectrometer have already been
installed at LNGS after development of a dedicated test station at surface 50). The second
spectrometer is nearly completed and is being commissioned. Presently, Technical Coordination
of the experiment falls under the LNF responsibility. Moreover, the group contributes to software
development and, since 2002, it has been involved in the construction of the Brick Assembly
Machine 51).

2.9.2  The satellite mission PAMELA

The LNF WIZARD group is presently involved in the PAMELA satellite experiment. PAMELA
(Payload for Antimatter Matter Exploration and Light-nuclei Astrophysics) is a cosmic ray space
experiment that will be installed on board a Russian satellite (Resurs-DK1) whose launch is foreseen
in September 2005 from the cosmodrome of Baikonur, Kazakhstan, by a Soyuz TM2 rocket. The
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satellite will fly for at least 3 years in a low altitude, elliptic orbit (300-600 km) with an inclination
of 70.4° The PAMELA apparatus consists of a permanent magnetic spectrometer equipped with a
double-sided silicon microstrip tracking system surrounded by a scintillator anticoincidence system.
A Si-W imaging calorimeter, complemented by a scintillator shower tail catcher and a Transition
Radiation Detector perform particle identification. Fast scintillators are used for Time-Of-Flight
measurements and provide the primary trigger. Finally, a neutron detector, placed at the bottom
of the instrument, allows the extension of the energy range for particle measurements up to the TeV

region 52, 53)  The observational objectives of the PAMELA experiment are the measurement
of antiprotons, positrons and nuclei spectra in a wide energy range to search for antimatter and
for indirect signatures of dark matter and for the study of the cosmic ray fluxes over a portion
of the solar cycle. In addition, as a consequence of the long experiment lifetime and of the orbit
characteristics, it will be possible to monitor the long and short term modulation of cosmic rays
in the heliosphere, to detect particles from the sun and to study the fluxes of high-energy particles
up to 10 TeV.

The LNF group is responsible for the Mechanical Ground Support Equipment (MGSE) and
for the assembly and the integration of the entire apparatus. LNF has also been responsible for
the organization and the coordination of beam-tests at CERN PS and SPS. The group contributes
to the preparation and test of the Mass Dimensional and Thermal Model at TsSKBProgress plant
(Samara, Russia) where the Soyuz satellite is assembled, to the preparation and assembly of the
Technological (Engineering) Model and to the assembly and final integration and test of the Flight
Model.

2.9.3 The LAZIO-SiRad project
An R&D esperiment called LAZIO-SiRad (Low Altitude Zone Ionization Observatory) has been

recently launched (spring 2005) from the Baikonur cosmodrome 54) as part of the Italian Soyuz
Mission 2 (ISM2). The Soyuz crew of this flight will include an Italian ESA astronaut, R. Vittori.
The spacecraft will be docked with the International Space Station (ISS) for a period of about 10
days. The experiment is being built by a collaboration of several universities and labs, led by INFN
within the Scientific Committee V. The LNF group has built two structural mechanical parts: the
LAZIO-SiRad Main Electronics Box (MEB), which is the overall mechanical enclosure (both the
qualification model, QM, and the flight model, FM), and the EGLE MB box, which is external to
the LAZIO-SiRad MEB. LAZIO is equipped with the high precision low frequency magnetometer
EGLE (Esperiaos Geomagnetometer for a Low frequency wave Experiment). Magnetic field signals
detected by the EGLE magnetic head probe are amplified, filtered and acquired by the EGLE
acquisition and data handling board located into the EGLE MB box. Although LAZIO-SiRad is
not a large project, it is a very integrated space mission, since it involves several space agencies
and has to be launched with a tight time schedule (in practice less than 6 months). The goal of
LAZIO-SiRad is the monitoring of real-time variations of the radiation environment in the ISS and
the measurement of the activity of the Van Allen belts in Low Earth Orbit (LEO). Scintillators
are used to trigger on the passage of charged particles and silicon detectors will measure their
charge up to Z=25 (Iron nuclei) in the range ~ 10 to ~ 100 MeV, with a large geometric aperture
(GF ~ 60 cm?sr). Together, they will record particle arrival times, their line of arrival (pitch
angle) and their direction of arrival. EGLE will measure the magnetic environment inside the ISS
concurrently to the measurement of charged particle fluxes and will examine potential pre- and
post-seismic effects. LAZIO-SiRad integration has been done in Rome Tor Vergata, where a first
acceptance test has been performed by ESA in December 2004. Afterwards, space qualification
(SQ) tests will be conducted at the INFN-Perugia SERMS SQ facility. Another acceptance test
for outgassing will take place at the ESA ESTEC site (Holland) and the final ones before launch
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either in Moscow or at Baikonur.

2.9.4 Experimental Detection of Gravitational Waves

The ROG group is currently operating two cryogenic gravitational wave bar detectors: EX-
PLORER (at CERN) and NAUTILUS (at LNF). The main goal of this search is the direct detection
of the gravitational waves that could be emitted by astrophysical sources (Supernovae, Coalescing
Binaries, etc.). The relevance of the experiments for general relativity and astrophysics is dis-
cussed in Sec. 3.6. The ultra-cryogenic detector NAUTILUS is operating at LNF since December
1995. It consists of an Al5056 cylindrical bar, 2300 kg in weight and 3 m in length, cooled to a
temperature of 0.1 K by means of a dilution refrigerator, and equipped with a resonant capacitive
transducer and a dc SQUID amplifier. The two characteristic resonance frequencies, due to the
coupling of the antenna and the transducer are about 926 and 941 Hz. NAUTILUS is equipped
with a cosmic ray detector. It has taken data until February 2002, when it was warmed up for

improvements 51) . The bar was replaced by a new bar tuned at 935 Hz, the frequency where a
pulsar, remnant of the SN1987A is expected to emit gravitational waves. A new readout chain
(the same used for EXPLORER), plus a new suspension cable, to provide a more stable position
setting, were mounted. The new run started in May 2003. The EXPLORER antenna is located
at CERN and is very similar to NAUTILUS, but is cooled to 2.6 K. In 2001 EXPLORER and
NAUTILUS were the only two detectors running. Their sensitivity was the best ever reached by

gravitational wave detectors. A coincidence excess 55) was found from sidereal hour 3 to 5. The
seven coincidences between NAUTILUS and EXPLORER in these two sidereal hours, when the
antenna is optimally oriented with respect to the Galactic Disk, besides to be time-correlated are
also strongly energy-correlated. On the contrary, no significant coincidence excess between the two
experiments shows up at any solar hour.

2.10 Hadronic and Nuclear Physics

The LNF personnel involved in the activities of interest of the INFN Scientific Committee III is
composed by 36 physicists, 41% involved in internal activities, specifically in the FINUDA and
in the SIDDHARTA Collaborations, while 59% are involved in external activities, mainly in the
HERMES experiment at DESY and in the ATACE experiment at the Jefferson Laboratory.

People with permanent positions are 16, 12 are under temporary contracts, 7 are Doc and
Post-Doc Students. A total manpower of 6.5 technicians represents the available support for the
experiments, in the particle detector design, test and maintenance.

2.10.1 DEAR/SIDDHARTA

The SIDDHARTA (Silicon Drift Detector for Hadronic Atom Research) experiment is continuing
the successful research line initiated by the DEAR (DA®NE Exotic Atom Research) experiment in
the field of kaonic atoms. DEAR has performed the first measurement of the yields of a pattern of

gaseous kaonic nitrogen transitions 2), showing the way to perform in the future the measurements
of the charged kaon mass at keV level. Moreover, DEAR has done the most precise measurement of
kaonic hydrogen X-ray transitions to the 1s level (the K-complex), disentangling for the first time

the various individual transitions (Ka, Kf, etc) 3). This measurement allowed the extraction
of the shift and the width of the 1s level with respect to the purely electromagnetic calculated
values generated by strong interaction between negative kaons and protons. DEAR ended in
2002 and was limited in performing an even more precise measurement by the signal/background
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ratio, consequence of the use of slow, non-triggerable detectors, namely Charge-Coupled Device
(CCD) for the X-rays. SIDDHARTA’s aim is to push the precision on the measurement of the
kaonic hydrogen to the eV level, and to perform the first measurement on kaonic deuterium, from
which it is possible to extract the antikaon-nucleon isospin dependent scattering lengths, important
quantities for the understanding of chiral symmetry breaking in systems containing the strange
quark. To do this, SIDDHARTA will make use of the newly developed large area Silicon Drift
Detectors (SDD), with an energy resolution of ~140 eV at 6 keV and with a trigger possibility
at the level of 1 us. The trigger is given by the back-to-back topology of the kaons produced at
DA®NE; the use of the trigger will allow the signal/background ratio to be improved by about
2 orders of magnitude respect to DEAR. Presently, SDD detectors are under construction and
testing, the electronics under development and the setup under design. The scientific program of
SIDDHARTA envisages the measurement of kaonic helium as well, and a feasibility study for other
types of exotic atoms.

2.10.2 FINUDA

FINUDA (FIsica NUcleare a DA®NE) is the first hypernuclear physics experiment carried out at
an eTe™ collider. At the DA®NE collider, the A-hypernuclei are produced by means of the reaction
Kgop +4Z —>f Z + m~ stopping the low energy negative kaons from the ¢ decay into a thin (200
+ 300 mg/cm?) nuclear target. The positive kaons emitted on the other side are extremely useful

to tag the reaction 56)

At present, after the end of the activities at KEK and BNL, the only running hypernuclear
factories are DA®NE at LNF and CEBAF at JLab.

FINUDA is a non-focusing magnetic spectrometer designed to achieve a resolution Ap/p of
0.35% (FWHM) for the 7~ emitted in hypernucleus formation. This translates into an energy
resolution of 830 keV for the levels of the hypernucleus. Furthermore, it detects the charged
particles and the neutrons emitted after the A decay, performing at the same time hypernuclear
spectroscopy and studies on hypernuclear decay modes. FINUDA is a high acceptance, high
resolution cylindric spectrometer consisting of a superconducting solenoid instrumented with two
concentric sets of MWPC, and of six layers of straw tubes used to reconstruct the trajectories of
the charged particles. Two arrays of bi-dimensional Si-microstrips are placed before and after the
target station for precise measurements of the stopping points of K~ and K and the exit point
of #~. The 2424 straw tubes of the tracking detector have been designed and built by the LNF
group. They are in operation since 1997 with good performance and reliability.

The first round of the FINUDA data taking has been performed from October 2003 to March
2004. An integrated luminosity of about 50 pb~! has been collected both, for machine, and
detector calibration purposes; further 200 pb~! are being used for scientific analyses. With the
two °Li targets FINUDA can access light hypernuclear systems; § Li is unstable for proton emission
that makes it decaying into 3 He + p or transforming into 4 He + p 4+ n or into 4H + p + p via a
Coulomb-assisted mechanism. Furthermore, Li data are used to look for neutron-rich hypernuclei.
The 7Li target has been chosen since {Li is the most extensively studied hypernucleus with y-ray
spectroscopy with the aim to provide the first data on its decay modes. Another aspect that can be

addressed through the light target data is the existence of deeply-bound kaonic systems 57), 2
is the best known hypernuclear system, therefore the three targets of this material are used for the
calibration procedure of the apparatus and will provide enough statistics to perform non-mesonic
decay studies. Finally, ?"Al and 5'V are medium-heavy nuclei not well known. For 3’ Al there
are old data taken using K~ in flight and very coarse energy resolution (6 MeV FWHM). The

excitation spectrum of 3!V has been measured at KEK 58) with an energy resolution of 1.65 MeV
(FWHM). The peaks corresponding to p and d orbits show possible splitting that can be better
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resolved with the higher resolution FINUDA spectrometer.

2.10.3 HERMES

HERMES (HERa MEasurement of Spin) 59) is one of the four experiments at HERA electron
proton collider at DESY. It uses the high current, longitudinally polarised electron beam, with
energy of ~27.5 GeV, together with polarised and unpolarised gas targets internal to the storage
ring. Scattered electrons and particles produced in the deep-inelastic electron-nucleon interaction
are detected and identified by an open-geometry forward spectrometer with large momentum and
solid angle acceptance 60), Main scientific goal of HERMES is the detailed investigation of nucleon
spin structure. Physics reach of the experiment extends beyond this topic of hadronic physics and
the experiment can be considered as a facility to explore many details of the hadron structure,
hadron production and hadronic interactions with electromagnetic probes at /s ~7 GeV.
HERMES was approved in 1993 and commissioned in 1995. Up to year 2000 HERMES
collected data with a longitudinally polarised H, D and 3He internal gas targets: from these runs the
most accurate and complete data set for the polarised structure function g; has been provided and

direct flavor decomposition of the nucleon spin has been achieved 61). Data on several unpolarised
nuclear gas targets have been also collected, to allow a detailed study of the hadronization process
and the modification of the quark fragmentation function in the cold nuclear matter. The second
phase of data taking started in 2002. It was dedicated to the measurements with a transversely

polarised hydrogen target for the first determination of the so-called transversity distribution 62)
and the measurements with the high density unpolarised hydrogen for detailed studies of exclusive
processes.

The LNF group plays a major role in the experiment. Both, the deputy spokesman, and the
analysis coordinator are LNF physicists. The group designed and constructed the electromagnetic
calorimeter, and contributed also to the project and to the construction of the RICH detector, for
the identification of w, K, p, p in the full kinematic range. It is currently involved in the project
of a new recoil detector which will be installed at the end of 2005 for improving the separation
between exclusive processes by detecting all final state particles.

2.10.4 AIACE

The Continuous Electron Beam Accelerator Facility (CEBAF) at the Thomas Jefferson Laboratory
(JLab) is devoted to the investigation of the electromagnetic structure of mesons, nucleons and
nuclei using high power electron and photon beams with energies up to 6 GeV and 100% duty cycle.
The primary electron beam of the accelerator can be sent simultaneously to the 3 experimental Halls
A, B and C, which are instrumented with complementary equipments. The accelerator routinely
delivers luminosities of the order of 10%® cm~2 s—!, allowing statistical sensitivity comparable to
hadronic reactions to be obtained.

Since the start of the JLab activity in the Hall B in 1992, the LNF group participates to the
ATACE (Attivita Italiana A CEbaf) Collaboration, which includes also physicists of the Genova

INFN and University.

Hall B 63) is equipped with the Cebaf Large Angle Spectrometer (CLAS). This detector is
particularly well suited for the study of exclusive reactions, since it can fully detect multi-particle
final states with high resolution. The goals of the CLAS Collaboration include the study of the
elementary and nuclear excitation of N* resonances, the spin structure of the nucleon, the inclusive
electron scattering on nucleons and nuclei, the production and decay of hyperons, the structure
of few-body systems and the modification of the nucleon properties in nuclear matter. In the last
year, major efforts have been devoted to the search for exotic pentaquark baryons.
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LNF group provided the Large Angle Calorimeter (LAC) of the CLAS detector 64), which
has been installed in 1996. In 2004, in the framework of the new experiments devoted to the
pentaquark searches, the group has contributed to the construction and installation of the new
Start Counter detector, which allowed the efficiency of the CLAS detector to be improved for
photon runs by a factor of 3.

The LNF group is fully involved in the search for exotic pentaquark baryons, among other
topics of the broad physics program, In 2004, two experiments have taken new photoproduction
data on proton and deuteron. Pentaquarks will be searched for in several exclusive reaction channels
and in all possible decays. New results are expected in 2005. Two more runs, mainly devoted to
the study of higher mass pentaquark states are planned in 2005 and 2006.

2.11 The Synchrotron Radiation Facility

In the last twenty years Synchrotron Radiation (SR) has proven to be an invaluable tool for scientific
research in many fields, from Biology to Earth and Environmental Sciences, and nowadays more
than forty dedicated machines are available in the world for the production of SR light. INFN and,
in particular LNF, has a long-standing tradition in using synchrotron radiation for interdisciplinary
studies, started in 1975 with the creation of the PULS project for using ADONE as a second-
generation SR source. This machine has been the focal point of the Italian researches in the field
until the closing of the activities due to the start of the construction of the new DA®NE storage
ring in the 1993. At the same time, two new projects started in Italy: ELETTRA, the third-
generation machine at Trieste for studies in the soft X-ray energy range, and the participation
to the European Synchrotron Radiation facility (ESRF) at Grenoble. With ADONE the LNF
has been almost for two decades a reference laboratory, not only for the synchrotron radiation
Italian community. Its extensive use as a SR source stimulated the growth of a qualified scientific
community, both internal and external to INFN, which uses the present SR source in fully parasitic
regime and is willing to use DA®NE at least as a partially dedicated photon source. Almost ten
years ago, INFN decided to support the construction of two beam lines at DA®NE and one at
ESRF. DA®NE is a low energy machine, a storage ring of 510 MeV, with very high currents (up to
2.0 A). These characteristics, with the value of the emittance suitable for the high-energy physics
experiments, make DA®NE a photon source with a very high photon flux but moderate brilliance.
All those allow researches ranging from the infrared to the VUV and up to the soft X-ray energy
domain, and allow performing a number of specific spectroscopy experiments which require high
flux but not an extreme energy resolution and brilliance. On the other side, the energy of the
beam at ESRF makes possible researches in the hard X-ray energy region, and the Italian beam
line GILDA covers the X-ray range up to 90 keV. Nowadays, all the SR activities at DA®NE
have been performed in parasitic mode with few exceptions for very peculiar experiments. In the
following some details are given.

2.11.1 Infrared activities

The infrared region of the electromagnetic spectrum is a very wide region that covers three orders
of magnitude from 10 up to 10000 cm . In this wide energy domain, infrared (IR) spectroscopy
probes low-energy phenomena of basic importance for condensed matter physics, chemistry, bio-
physics, and material science. The development of the techniques, of the sources and of the instru-
mentation allowed IR spectroscopy to become one of the most applied characterization techniques
in industry and in many technological processes. The main characteristics of the synchrotron
sources, e.g. the high brilliance and the stability, make the modern low energy storage rings, like
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DA®NE, nearly perfect sources for IR spectroscopy up to the far-IR domain. The use of the
Fourier transform interferometer technique makes possible to gain even three orders of magnitude
in sensitivity in the IR spectroscopy with respect to the conventional sources when is applied to
the investigations of very small samples (hundreds of ym). A growing area of applications of
IR synchrotron radiation is micro-spectroscopy, a technique that combines microscopy and spec-
troscopy for microanalysis purposes. Spatial resolution within a microscopic field of view, is the
goal of the modern infrared micro-spectroscopy applied to condensed matter physics, materials
science, biophysics and now, also to medicine. IR-microscopy is a micro-analytical and imaging
technique, which achieves contrast via the intra-molecular vibrational modes that appear at differ-
ent positions with different relative intensities. Each spectral difference reflects possible structural
differences in the system. Therefore, vibrational spectroscopy allows defining sets of IR marker
absorption bands. The method is the same used in X-ray microscopy where contrast is achieved by
recording spectra before and after the absorption edges of an element contained in the specimen.
The use of infrared microscopes coupled to synchrotron radiation sources has started recently, and
has rapidly met with outstanding success. Indeed, the high brilliance of this source allows one
to reduce the instrument apertures to define geometrical areas of a few pm in the mid-IR region,
e.g., at the diffraction limit, with good S/N. Synchrotron infrared microscopy is the only practical
way to obtain high quality spectra of individual cells from tissue and cell samples in an acceptably
short measuring time. The first few published reports of synchrotron infrared microspectroscopy
studies of cells and tissues have already appeared, and these researches confirmed the capability of
synchrotron infrared microscopy to obtain clinically relevant spectral information from tissues and
cell cultures at the level of single cells. The beam line at DA®NE and the available instrumenta-
tions already allow spectroscopic research in this field both in transmission and reflection mode.
Nowadays, in Europe only 5 synchrotron infrared beam lines are operational: Berlin, Daresbury,
Frascati, Karlsruhe and Lund. This compared very un-favourably with the situation in the USA
were many more IR beam lines are operative. Although five further beam lines are under con-
struction or are planned in the next years the situation will remain critical due to the increasing
demand of users in this area from several fields.

2.11.2 Soft X-Ray activities

It has long been realized that interesting science and challenging experiments can be done with
soft X-rays between 1 and 5 keV. The considerable advantages in using a low-energy storage ring
below 1 GeV, as DA®NE, reside in a negligible heat load on the optics and in the absence of
contamination by higher order SR harmonics, thus providing high quality monochromatic soft X-
ray beams. This energy range covers the K absorption edges of Mg, Al, Si, P, S and Ca, the L
edges of transition metals, and the M and N edges of rare-earth atoms: many of these elements are
important in a large number of condensed matter studies as well as in biophysics. Since the high
circulating current in DA®NE, generally exceeding 1 A, the wiggler SR beam line in operation
at the LNF delivers a high-flux of soft X-rays and accesses a niche of energies covered at few
worldwide facilities. Among the spectroscopic techniques, X-ray Absorption Spectroscopy (XAS)
is routinely applied to probe both local structures and electronic states around an absorbing site
in a wide class of materials, going from biological samples to minerals. The present DA®NE
beam line allows XAS spectroscopy in the 1-4 keV energy range by a double crystal fixed exit
monochromator using different crystal equipments to cover the whole energy range.
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2.11.3 GILDA activities

The Italian Collaborating Research Group GILDA at ESRF is a general-purpose beam line using
a bending magnet as X-ray source. It is funded by INFN, CNR and INFM. Since 1994, GILDA
is delivering light to Italian and international scientific community. This beam line rises as a
collaboration between the LNF and several Italian Universities and provides an X-ray beam in the
energy range 4-90 keV, with an energy resolution AE/E ~ 107°-107%, a spot size of about 2x2
mm? and a flux up to 101910 ph/s at the sample position. The main purpose of the GILDA
beam line is to perform structural investigations in several systems, from biological to solid-state
sample, by using X-ray Absorption Spectroscopy (XAS) and X-ray Diffraction (XRD) techniques.
For this purpose, dedicated instrumentations are available for users in the three hutches dedicated
to the experimental systems.

2.12 Theoretical Physics

The LNF Theory Group (personnel belonging to the INFN Scientific Committee IV) is composed
by 9 staff members and a similar number (fluctuating in time) of graduate students, post-docs
and INFN associates of other institutions. The research activities of this group can be divided
into two main areas: theory and phenomenology of high-energy physics (~ 60%); theory and
phenomenology of condensed matter and many-body systems (= 40%).

The research activities and the expertise of the high-energy group cover several areas, which
can be roughly divided into four main categories: i) Flavour Physics, ii) QCD Studies, iii) Model-
building and Astroparticle Physics, iv) String Theory and other extensions of the Standard Model.

The research in the field of Flavour Physics concerns the phenomenology of weak decays
(within and beyond the Standard Model-SM); theoretical studies of effective field theories relevant
to K and B physics; light-meson spectroscopy and, more in general, the study of the low-energy
limit of the SM. This field of research has been particularly active since the approval of the DA®NE
project: the Frascati Theory Group has been the leading team in three successful European Re-
search Network activities focused on this field of research. Among the most significant results
recently achieved in this area, it is worth to recall the precision study of rare K decays, which
provides the theoretical basis for several analyses carried out by various existing experiments in
this field, and also the basis for future experimental projects in kaon physics.

The area of QCD Studies includes non-perturbative numerical studies of Quantum Chro-
modynamics by means of lattice simulations, aimed to determine the structure of possible phase
transitions in QCD at finite temperature and finite chemical potential. It also includes phenomeno-
logical studies of hadronic cross sections and form factors in the non-perturbative regime (asymp-
totic behaviors; soft-gluon resummations). The main expertise in Model-building and Astroparticle
Physics concerns the study of possible supersymmetric extensions of the Standard Model and of
grand-unified theories; studies of the stability of the Higgs potential, about neutrino physics and
about the impact of astrophysical constraints on model building. The Theory Group also includes
a prolific activity in the field of String Theory and other extensions of the SM.

The theoretical activity of the condensed matter group is mainly linked to synchrotron ra-
diation (SR) activities to provide a suitable theoretical framework for the interpretation of the
experimental data coming from the different spectroscopies. This activity has been focused both
on the general aspect of the theory to shed light on the “real” information that can be derived
from the data and phenomenological applications to different systems, from crystal to biological
materials. Both structural and the electronic aspects of the problem have been considered in detail.
In particular, a new method for performing a complete fit of the low energy part of the absorbing
spectrum from core level (XANES energy region) in terms of selected structural parameters has
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been proposed. This method is based on the full multiple scattering theory for the calculation of
the photoabsorption cross-section and the use of a phenomenological approach to the calculations
of the inelastic losses of the photoelectron. In this way a complete fit of the first two hundred eV
of the spectrum can be done and several applications, from crystals to proteins, have been inves-
tigated. At the same time, the problem of the electronic correlations and their influence in the
experimental data of different spectroscopies have been analysed in detail. In particular, the anal-
ysis of synchrotron radiation experiments (resonant X-ray scattering, absorption and dichroism) in
strongly correlated electron systems, like the prototypical Mott-Hubbard material V203, the multi-
layered manganite and the geometrically frustrated pyrochlore materials have been performed with
a detailed tensor analysis of the circular and linear dichroism in photoemission, photoabsorption
and anomalous diffraction data. Moreover a detailed investigation of the electronic ground state
of magnetic oxides has been performed with the aim to correlate the degree of degeneracy of the
ground state with the different phases present in these materials.
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Chapter 3
Plans in the World

This chapter is intended as a reference to evaluate in a more general context the LNF programs
discussed through in the document. The most relevant research activities in progress or under
discussion in the major nuclear and particle-physics laboratories worldwide are reported.

The chapter is organized as follows: a brief theoretical discussion about open problems in
high-energy physics is presented in Sec. 3.1. Main particle-physics programs at the eTe™ facilities,
as well as at the LHC and the other hadronic colliders, are presented in Sec. 3.2. Future exper-
iments in nuclear physics are reported in Sec. 3.3. The experimental developments in neutrino
and astroparticle physics are discussed in Sec. 3.4 and 3.5, respectively. Sec. 3.6 contains a brief
excursus on the gravitational-wave detection. Finally, the present and planned ete™ facilities are
reviewed in Sec. 3.7, 3.8, 3.9.

3.1 Open problems and main directions in high-
energy physics

3.1.1 The Standard Model

The Standard Model (SM) has been the backbone of particle physics theory for more than a
quarter of a century. This model successfully describes particle interactions over a wide (and
unprecedented) range of energies/distances: from the atomic scale down to 1072 fm. It is also a
relatively simple and economical model, whose main building blocks can be summarized as follows:

1. it is a four-dimensional Lorentz-invariant quantum field theory (QFT);

2. it is a chiral gauge QFT, based on the symmetry group SU(3)c x SU(2)r, x U(1)y, which in-
corporates strong, weak and electromagnetic interactions, and which is spontaneously broken
into SU(3)c x U(1)em;

3. the matter content is provided by three replica (identical from the point of view of gauge
interaction) of a basic chiral family of quarks and leptons (Qr, ug, dgr, Li, er);

4. the spontaneous breaking of the gauge group, the non-vanishing fermion masses and the
breaking of the flavour symmetry, are all induced by the non-vanishing vacuum expectation
value (v.e.v.) of a single fundamental scalar field (the Higgs doublet), with a renormalizable
potential and appropriate Yukawa couplings.

39
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Despite the great success of the SM in laboratory-based experiments, there are several arguments
which indicate that this model can only be the low-energy limit of a more fundamental theory,
with new degrees of freedom (and possibly new symmetries) showing up above the electroweak
scale (i.e. energies above 100 GeV or distances below 10~2 fm). Mentioning only some of these
arguments:

Theoretical problems The SM is not able to incorporate gravity in a consistent way. If the model
is extended well above the electroweak scale, quantum corrections destabilize the Higgs sector
which suffers of a serious fine-tuning problem [hierarchy problem]. The SM does not provide
a natural explanation for the flavour structure [flavour problem], for the smallness of neutrino
masses and for the quantization of the electric charge [signs of a grand-unified theory?].

Cosmological problems The SM badly fails when confronted with the cosmological model emerg-
ing by astrophysical observations: the SM does not provide a dark-matter candidate nor a
natural explanation for the cosmological constant; it does not have enough amount of CP
violation to explain the matter-antimatter asymmetry; there is no mechanism which could
generate an inflationary epoch.

On general grounds, one can say that the search for the theory that will extend/complement the
SM at high energies (hopefully solving some of these problems) is presently the main effort of
particle physics, both on the experimental and on the theoretical side.

3.1.2 Model building and the high-energy frontier

The extensions of the SM which have been proposed could be roughly classify according to which
of the four building blocks listed in Sec. 3.1.1 is put under doubt, or to which of the main open
problems is solved. The weakest point of the SM is definitely the Higgs sector (point n. 4), mainly
because of its theoretical problems, but also because the physical Higgs boson has not been directly
observed yet. It is then not surprising that all SM extensions have a different Higgs or better a
different gauge-symmetry-breaking sector. All the realistic attempts proposed so far to improve
this sector solving the hierarchy problem (supersymmetric models, models with composite Higgs
fields, etc...) predict the existence of new degrees of freedoms around the TeV scale, which should

be accessible at the LHC 1). The theoretical progress in this direction is therefore intimately
related to the experimental progress at the high-energy frontier.

While the solution of the hierarchy problem is naturally linked to the Higgs sector and,
possibly, to the existence of new degrees of freedom just above the electroweak scale, the situation
is much less clear for the other problems. The ambitious attempts to find a coherent solution of the
problems connected with gravity and cosmology, naturally point toward more drastic modifications
of the theory, which go beyond QFT and beyond four dimensions (string theory, models with extra
spatial dimensions, etc...). Despite the high intrinsic theoretical interest, these theories suffer of
a poor predictive power: so far, all the attempts to extract from these ambitious models a clear
connection with the SM (which must be the low-energy limit of any realistic model) have been
quite unsuccessful.

Altogether, it is fair to say that best compromise between predictivity and improvements
of the theory is achieved by the (low-energy) supersymmetric extensions of the SM 2), Within
this framework, the model remains a QFT based on the SM gauge group up to very high energy
scales (i.e. the first two main hypothesis of the SM remain valid well above the e.w. scale). The
supersymmetrization of the model requires a doubling of matter and gauge-field content (with
scalar and fermion partners for each SM fermion or gauge-boson field) and at least two Higgs
doublets (with corresponding fermion partners). These new degrees of freedoms (which should
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appear — at least in part — close to the TeV scale) and the extra symmetry allow a consistent and
predictive description of particle physics up Mgyt ~ 10'® GeV, where the SM gauge group is
naturally embedded in a grand-unified theory (GUT). Problems such as the flavour structure and
the inclusion of gravity can be consistently postponed at the grand-unification scale or above.

3.1.3 Precision tests and the high-intensity frontier

The search for new degrees of freedom beyond the SM is not performed only at the high-energy
frontier, but it proceeds also via the high-intensity frontier, namely via high-precision low-energy

experiments. 3) Also in this case progress can be made only with a strong link between theory
and experiments. On the theory side, it is necessary to identify observables particularly sensitive
to non-standard contributions, evaluate their expectations in different new-physics models, and be
sure that the SM cannot generate such effects (even at high orders in the perturbative expansion).

The most powerful probes in this type of searches are processes that are completely forbidden
within the SM, such as proton decay or neutrinoless double-beta transitions. The evidence of such
processes, which in several scenarios is predicted to be close to the present experimental limits,
would be a clear evidence of physics beyond the SM and also a key information about its symmetry
properties. A unique and fundamental information can also be achieved by high-statistics studies

of lepton-flavour violating processes (such as u — ey and 7 — ) 4); electric dipole moments of

both quarks and leptons 5); short-distance dominated flavour-changing neutral-current transitions
in rare B and K decays 6),

Searches for violations of even more basic conservation laws, such as Lorentz invariance or
CPT, are less likely to yield positive results, but the implications of a discovery would be so
important that is certainly useful to improve existing bounds.

It is worth to stress that there is full complementary between the high-energy and the high-
intensity frontiers: one would benefit from the progress of the other. In particular, high-precision
low-energy experiments usually provide a much deeper probe of certain symmetries of the new
degrees of freedom (such as the flavour structure, both in the quark and in the lepton sector) than
high-energy experiments.

Last but not least, high-statistics low-energy experiments (correlated with high-precision
theoretical analyses) are also the only way to determine fundamental SM parameters, such as
CKM angles, quark masses and gauge couplings. Also this program has some complementarity
with the new physics searches performed at high-energies: several parameters of the SM Lagrangian
(particularly in the Yukawa sector) are likely to be determined (in terms of fewer couplings) by
some unknown high-energy dynamics. Their precise knowledge, which can be obtained only at low
energies, could help to shed slight on physics beyond the SM.

3.1.4 Understanding QCD

Despite the continuous theoretical and experimental progress, the present understanding of the
low-energy world is still quite limited. In particular, the non-perturbative behavior of QCD at
low energies still prevent us to compute several low-energy hadronic observables starting from the
fundamental couplings of the SM Lagrangian. The efforts toward a deeper understanding QCD
are very welcome both per se (since they would imply a deeper understanding of quantum field
theories in the non-perturbative regime) and also to improve the knowledge of the fundamental
SM couplings (which, as discussed above, has important implications in shedding slight on physics
beyond the SM).

Here it is possible to identify two main directions of research: numerical studies of QCD by
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means of lattice simulations and analytical studies by means of effective theories, such as chiral
perturbation theory (CHPT or xPT) 7), the heavy-quark effective theory (HQET) 8), and other
approaches. The QCD studies on the Lattice have made a substantial progress in the last few
years, and there is no doubt that Lattice-QCD is the master tool to compute hadronic quantities
from first principles. Nonetheless, not all observable quantities can be directly accessed by realistic
Lattice simulations. Similarly, realistic lattice simulations cannot be performed with too light or
too heavy quark masses. Effective field theories turn out to be very useful tools to address these
two problems, extending the validity of any realistic lattice simulation.

Progress in this field is mainly determined by the developments on the theoretical side (in-
cluding the improvements in computing power and algorithms efficiency, as far as Lattice QCD is
concerned). Nonetheless, also in this case a close collaboration between theory and experiments is
very useful. In particular, on the experimental side it would be important to improve the deter-
mination of all the low-energy quantities which can provide a benchmark for Lattice calculations.
The best examples of these observables are the weak decay constants and the H; — H, weak and
electromagnetic form factors of long-lived hadrons (several of these observables are still known
with poor accuracy). Similarly, it would be useful to improve the knowledge of observables that
can provide a benchmark for low-energy effective field theories (such as 7—m and 7—N scattering

lengths at thresholds, etc. 9)) Last but not least, it is important to recall that several open experi-
mental issues still exists also in meson and barion spectroscopy, which constitutes the most natural
playground to test any approach to non-perturbative QCD.

3.2 Particle-physics experiments at accelerators

3.2.1 Tests of the Standard Model

SM represents today the reference framework for the experimental results achieved by the High
Energy Physics (HEP) research programs at the accelerators. Starting from years 80’s, stringent
tests of the Electroweak Theory have been obtained by the experiments at LEP (CERN), by
NuTeV, by the Fermilab Collaborations, CDF and DO and by SLD at SLAC. The conclusion is
that the SM is able to describe all the measurements rather well or, in other words, the experiments
and the comparison of their results do not present any compelling evidence for phenomena beyond
those described by the SM.

With the experimental accuracy being sensitive to the loop induced effects, the electroweak
measurements, exploiting the precise SM calculations, are able to predict the top, W and Higgs
masses and the strong coupling constant as. Top and W masses are in agreement with the direct
measurements carried out at Fermilab, demonstrating the consistency of the theory in this area.

The availability of both, highly accurate measurements, and theoretical predictions, often at
the per mil level precision, is a powerful system to probe the unknown sector of the Higgs coupling
and to access alternative scenarios of the theories beyond the SM.

The present world average value of the W mass My is (80.425+0.034) GeV. Within the SM

this mass is: )
TQ
My = , 3.1
W \/ Gf\@ sinfwv1— AR (3:1)

where « is the fine structure constant, Gy the Fermi constant and 8y the Weinberg angle. Radiative

. . . . 2 .
corrections AR receive contributions from Mtop and log(Mmiggs)-

Short-term Fermilab program (RUN-II) 10) includes the improvement of the measurement of
the W mass My, at the 15 MeV level, and of the top mass My, at the level of 2 GeV, constraining
SM Higgs mass Mpiges with 30% precision.
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Figure 3.1: Ax? curve derived from EW measurements performed at LEP and by SLD, CDF and
D0 as a function of the SM Higgs Boson mass. The preferred Higgs mass corresponds to the
minimum of the curve, at 114 GeV with experimental uncertainty of +69 and -45 GeV, at 68%

crL. 12,

In this context the improvement of existing measurements of the top quark is really rele-

vant, as the latest re-analysis 11) of Myop done by DO collaboration on Run-I Tevatron data has
demonstrated. The new world average value used in Fig.3.1 (My,, = 178.0 £ 4.3 GeV/c?) shifts
the best-fit value of Mpy;gqs from 96 to 114 GeV/c2.

Running experiments at Tevatron Run-IT and especially future experiments at CERN, thanks
to the huge statistics of ¢ pairs produced at the pp collider at /s = 14 TeV, will improve substan-
tially the knowledge of the top quark properties (mass, production cross-section, decay channels).

The direct search for the Higgs boson, the only experimentally missing entry of the SM,
constitutes one of the major tasks for the completion of the tests of the theory.

The Higgs boson has been also directly searched for at LEP, leading to the conclusion that
the SM Higgs must be heavier than 114.4 GeV at 95% confidence level. Thus the mass of the SM
Higgs boson is now constrained to a small range of values. It will become a precision test of this
sector with the expected improvement in M,,, My and the direct measurement of the mass at
the LHC.

To verify the SM is also relevant to measure the self-interaction of the gauge fields of the
electroweak lagrangian. This leads to triple gauge couplings (TGCs) of the form WW~, WIWWZ
and quartic gauge couplings (QGCs) WWWW, WW ZZ, and so on. The SM TGCs have been
confirmed at LEP but new physics can determine anomalous TGCs (ATGC). The LHC has a

large potential 13) to study TGCs because the sensitivity to anomalous contributions is enhanced
at high energies. The cleanest final states are those where all W’s and Z’s decay leptonically,
W~ — lvy and WZ — [vll. These measurements are limited by statistics : a few thousands events
are expected each 100 pb~! of integrated luminosity.
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Figure 3.2: Squark and gluinos mass reach for various integrated luminosities at the LHC 1) mo
and my /> are parameters of the supersymmetric model, namely the universal scalar and gaugino
masses at GUT scales.

3.2.2 The quest for the Higgs boson, including SUSY

CERN is building the Large Hadron Collider (LHC), a p-p collider at /s = 7+ 7 TeV and the
experiments ATLAS, CMS, LHCb and ALICE. This is the first enterprise to explore directly the
TeV scale, particularly interesting for the discovery of the Higgs boson and the search for new
physics.

The LHC initial luminosity will be 10** cm™2 s~!, the target luminosity being 103* cm—2
s~!. CERN plans to complete the LHC in the last quarter of 2006, with first beams injected during
2007 and first collisions by the end of the year.

The direct search for Higgs bosons at the LHC will be possible in the mass region from
110 GeV up to 1 TeV. Experimentally accessible decay channels are H — vy, WH,ttH(H — 77),
ttH — ttbb, for the low-mass region and H — ZZ™) = 41, H - WW") = iy, qqH — qqWW ),
qqH — qqrT7—, H = ZZ — llvv, H - WW — lvjj, for the intermediate and high-mass regions.

At the initial luminosity one expects to produce (in 107 s): 102 W — ev, 107 Z — ete—, 107
tt, 102 bb, 10> H°(m = 130GeV), 10* gg(m = 1TeV), 10> BH(m > 3TeV,o(pp — BH) ~ 100£b).

After ten years of data taking at nominal luminosity (corresponding to [ L = 300fb~') one
expects to measure the Higgs boson mass with 103 precision if it lays in the low-mass range, and
one percent precision if in the high-mass range.

As discussed in Sec. 3.1.2, quantum corrections destabilize the Higgs sector (the so called
hierarchy problem) and several solutions have been proposed, supersymmetry being the most
popular.
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If world is populated by supersymmetric particles then the Higgs mass is determined by the
scale of SUSY breaking. Minimal SUSY Models (MSSM) are compatible with LEP and Tevatron
results and a neutral lightest SUSY particle is in this case a favorite candidate for cold dark matter.
MSSM contains five Higgs bosons and SUSY partners to all known particles. SUSY decays are to
neutral particles, giving rise to events with missing energy. In particular, if SUSY particles are
connected with the hierarchy problem, i.e. can stabilize the electroweak scale, their mass should
be less than 1 TeV and some of them should be discovered at the LHC.

The production of supersymmetric particles at the LHC will be dominated by coloured parti-
cles, i.e. gluinos and squarks. The uncoloured particles, that in many SUSY models are lighter than
the coloured ones, could be detected from cascade decays of heavy gluinos and squarks, leading to
complicated final states.

The LHC discovery potential for squarks and gluinos, that are searched for in the events with
many high-pr jets and large missing transverse energy, is summarized in Fig. 3.2, showing that
the mass reach extends up to ~2.5 TeV.

A feasibility study for upgrading the LHC has been launched at CERN 15), which develops
scenarios for increasing both, the luminosity by a factor of 10 and the energy by a factor of two.

The increased physics potential ranges from precise measurements within the SM, related in
particular to the rare decay modes of the Higgs boson and to the multiple gauge boson production
to improve the knowledge of triple and quartic gauge couplings, to the discover reach for several
New Physics processes, like new gauge bosons and Extra-dimensions. The detector performance at
high luminosity has an impact on the measurement of the particle cascades while is less crucial for
the detection of extremely heavy particles. Careful studies are needed to understand the conditions
under which the event pile-up, the reduced efficiencies and the increased backgrounds do not spoil
the advantage to run at higher luminosity.

There are world based studies for new accelerator complexes 16, 17, 18) guch as a linear
collider in the TeV or multi-TeV region.

Let one concentrate on the impact of an e™e™ linear collider (LC) starting at 500 GeV with
the possibility to be upgraded to 1 TeV.

Physics at the LHC and at a future Linear Collider (LC) will be complementary, similarly
to the situation with previous generations of hadrons and lepton colliders. The LHC has a large
mass reach for direct discoveries, while measurements suffer from the presence of that part of the
event related to the interaction of the spectator partons, so that kinematic reconstructions are
normally restricted to the transverse direction. QCD cross sections at the LHC are huge, giving
backgrounds many orders of magnitude larger than the signal which is mostly of electroweak
nature. An LC in the energy range of 0.5-1 TeV provides a much more clear environment being
well suited for precision physics. The better knowledge of the momenta of the interacting particles
allows for more stringent kinematic constraints to reconstruct final states. Direct discoveries of new
particles at LC are limited by the available energy, while the indirect sensitivity to effects of new
physics is significantly larger than at the LHC. There is a worldwide working group investigating
the interplay between the LHC and the LC 19) in searches for new physics and for other topics
including simmetry breaking and electroweak precision tests.

In the most optimistic scenario the LC will see its birth somewhere after 2016, in the long-term
future. This would guarantee a substantial period of overlapping running with the LHC, since the
LHC (including upgrades) is expected to deliver data for twenty years. During the simultaneous
running the analyses on each machine could be adapted to benefit for the results obtained at the
other collider, and the LC results could give essential input for choosing suitable upgrade options
for the LHC.

The scientific case for the LC is in changing the focus from the LHC goal of discovering the
Higgs boson to measuring its properties. For instance, the precise determination (relative accuracy
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at the percent level) of the BR to all possible final states 20) ¥y, bb, cc, WW can be employed to
identify the SM or MSSM nature of the light neutral Higgs boson, and the mass, spin, parity can
be determined.

The LC has good prospects for the production of light, uncoloured SUSY particles and
the possibility to adjust the collider energy to the production threshold could allow a precise
determination of the mass and the spin of the new particles. In particular, the precise measurement
of the Lightest Supersymmetric Particle (LSP) at the LC could be crucial to understand the details
of the decay chains of the more massive, coloured SUSY particles detected at the LHC.

For the study of the Higgs sector, if the Higgs boson will be discovered by the LHC in the
H— ~v decay and the mass measured within £200 MeV, the LC measurement of the top mass
at the 100 MeV precision level will be mandatory to match the experimental results with the
theoretical predictions.

Although the LC provides an exceptionally clean experimental environment, the detectors
will present a technical challenge due to the goals of precision required. As an example, the
calorimetry should be able to reconstruct with high resolution the H — bb, W,Z — jj and
t — Wb — jjb decays. Typical requirements for LC calorimetry are 35 —40%/+/E/GeV in the jet

21) requires state-of-

art calorimeters with very high granularity (Si/W or hybrid proposals) or new detectors 22) where
a high hadronic resolution is obtained by Dual Readout methods. Outstanding precisions are also
required for vertexing detectors and tracking chambers.

The international project for the LC is now in the phase to find an agreement on the mech-
anisms for funding the LC and on its final location.

The LHC and the project for the LC just presented will unravel the TeV scale at some extent;
however some aspects of the physics are expected to need higher energy colliders. For example,
if there is a light Higgs boson its self-coupling can be studied in the multi-TeV energy region, or
if the SUSY particles are discovered, the multi-TeV region is quite likely needed to complete the
observation of the s-particle spectrum. CERN and collaborating Institutes have already discussed

the feasibility of the multi-TeV e*te™ collider, CLIC 17), while other accelerators for reaching
18) 23)

energy resolution. In order to do so the developing technique of energy-flow

multi-TeV energies, such as a u+pu~ collider or a very large hadron collider , seem to be
more distant projects.

Summarizing,
e the LHC at CERN will explore the TeV region discovering, if it exists, the SM Higgs boson;

e the sub-TeV LC, especially suited for precision studies of the properties of a light Higgs
boson and also useful to disentagle SM from MSSM physics, is in a well advanced phase of
the project definition;

e accelerator R&D on multi-TeV energy regime is needed to prepare the era for studying SUSY
or to discover alternative scenarios.

3.2.3 Quarks flavor, and the CP-violation enigma

Flavor physics constitutes a vast subject of the research program in HEP, addressing also the
questions about relationships between the three families of elementary particles. In the SM the
quark masses are produced via the Higgs mechanism through Yukawa couplings corresponding to
10 independent physics quantities: 6 quark masses and 4 quark mixing parameters, the elements
of the CKM mixing matrix. These parameters are not predicted by the SM, but are fundamental
constants that must be extracted from experimental data. Many theoretical approaches have been
pursued to gain a deeper understanding of the flavor phenomenology and part of the research
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programs on this subject is devoted to the discovery of processes signalling the nature of this new
physics.

An additional feature of the SM explored by the flavor physics is CP violation, originally
discovered in the neutral kaon decays 24)

CP violation causes particles and antiparticles to behave differently. There are two main
reasons to study CP violation. The first reason is that many theories beyond the SM predict
effects in this realm. The second reason is that CP violation phenomena in lepton and hadron
interactions are expected to be related to the matter/anti-matter asymmetry in the early formation
of the Universe determing the present composition.

The study of K meson decays has always been one of the most powerful source of experimental
information for the foundation of the Standard Model (SM). Kaons have provided evidence of P,
CP violation, as well as for the mechanism of flavor mixing in hadronic weak decays.

In the last decade the main attention in the field was devoted to the issue of understanding
the nature of CP violation in K — 27 decays. The two results from the NA48 experiment at

CERN 29) and KTeV at FNAL 20) firmly established the existence of a direct CP violating
mechanism, as predicted by the Standard Model, therefore ruling out more exotic interpretation
of the phenomenon, as the Superweak Model. The average of the two experimental results for the
parameter Re(e'/e) is (16.6+1.6)x107%.

It must be noted that the two measurements are only marginally compatible. Actually, NA48
measures Re(€'/e) = (14.7£2.2)x 10 %, while KTeV measures Re(e'/¢) = (20.7£2.8)x 10~ %.

It is however important to underline that the interpretation of the measurement in terms
of fundamental SM quantities is now limited by theoretical uncertainties in the calculation of the
operators which describe K — 7 transitions. Therefore, a new measurement of Re(e'/¢) , although
important to assess the experimental controversy, is not likely to help improving our theoretical
description of the phenomenon.

At present, the interest of the kaon-physics community is focused on the issue of observing
K — 7ll decays. These are GIM-suppressed decays in which diagrams with loops containing
heavy quarks dominate. For this reason, in the SM these decays are sensitive to the product
of the couplings Vj£Vi4. In terms of the unitarity triangle (UT), constructed from the unitarity
relation between CKM elements Vg V¥up + Veg V¥ep + Vig V¥4 = 0, the height is proportional to
VBR(KY — n%w) while the length of one side is proportional to \/BR(K* — n*vv) . Moreover,
any disagreement between this kaon UT with that obtained by B meson decays, is a signature for
physics beyond the Standard Model. This is particularly important since these very rare processes
have the appealing feature of being theoretically clean. Unfortunately all of them suffer of major
experimental disadvantages, as specified in the following.

At present, experimental evidence for such decays has been reported only for the channel
K* - n%u7 . The E787 Collaboration at BNL has observed two events 27), giving the branching

ratio of 1.5713:25x 1071%. This has to be compared with the SM prediction of (0.77+0.11)x10~*° 28),
A preliminary result reporting the evidence for a third event has been announced recently by
the E949 29) experiment, the evolution of E787, which would move the BR to the value of
1471530 x1071°, This result is about two times larger than the SM prediction, although still
consistent with it. E949 was originally planned to collect data at the AGS with the goal of in-
creasing the above statistics by a factor 3-4. Unfortunately, mostly because of lack of funding by
the US DoE, this possibility has become very unlikely.

Letters of intent exist for experiments to increase the sensitivity of the measurement of the
BR (K* — 7% u7 ), respectively an extension of the NA48 experiment at CERN 30), and a new
project at the Japanese proton facility J-PARC 31) to start in 2008 (Sec. 3.3.1). Both projects
have the goal to collect a statistics of 50 K+ — 7¥v¥ keeping the background level as low as 5-10
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events.
K9 — n%7 is the most attractive channel to measure in the kaon system, since it is a direct
CP-violating decay, BR (K? — 7%% ) o n?. It is also well under control on the theoretical side,

its SM branching ratio being calculated to be BR (K9 — 707 )gp = (0.260.05)x10-10 28).
Experimentally, however, it represents a tremendous challenge. The signature of the signal is faint,
a m° originated by a kaon beam and nothing else. Physics backgrounds are enormous, especially
from K9 — 279 decays. At any hadron machine beam related backgrounds are also a problem.
The present experimental limit is poor, BR (K9 — 7%w ).p < 5.9 x1077 32)

There are at least two competitive programs to perform the measurement in the not-too-far

future. The first one is a two-step Japanese program, in which the signature of the decay should be
obtained from a high energy pencil kaon beam, by the observation of a single high-py neutral pion.

As a first step, the experiment E391a, which in 2005 is taking data at the KEK-PS 33), is expected
to assess the feasibility of the method and to reach a single event sensitivity of ~1071%. The final

experiment 34) is then planned to operate at the J-PARC facility, presently under construction at
Tokai, Japan, with the goal of observing 100 SM events by year 2012.

The second program consists of the KOPIO experiment at BNL 35), A low-momentum, ~700
MeV /¢, micro-bunched kaon beam will be used to determine through time-of-flight measurements
the K, decay position, time and thus velocity. Therefore KOPIO should be able to kinematically
suppress backgrounds by working in the K center-of-mass system. In three years of running,
starting from 2010, KOPIO should be able to observe ~40 SM events upon a background of 20,
yielding a 20% measurement of BR (K? — %7 ).

Other proposals 36) for experiments to improve the precision of the measurements of the

charged kaons have been presented to the Board of the Japanese Hadron Facility J-PARC 37),
They include the study of the semileptonic, leptonic, and non-leptonic decay channels, of interest
for CP violation, to verify the unitarity of the first row of the CKM matrix and to assess the
theoretical models to obtain predictions in the area of non-perturbative QCD.

As it has been mentioned in the case of the measurement of Re(e'/e) flavor physics often
deserve a difficult interpretation because is affected by hadronic uncertainties. The study of weak
interaction phenomena and the extraction of quark mixing parameters remain limited by the ca-
pacity to deal with non-perturbative strong interactions. Techniques such as lattice QCD (LQCD)
or Chiral Perturbation Theory (xPT) have produced calculations of non-perturbative quantities
with accuracies of 10-20%. The path to higher precisions require in some cases more accurate data
to test and calibrate new theoretical techniques.

The scientific program of the charm factories, CESR-c at Cornell 38, 39, 40) 4nd BEPC at

Bejing 41) (Sec. 3.7.3), is focused on the study of charm data addressing topics like the charmonium
spectroscopy, the charm decay constant fp, the charm semileptonic decay factors and branching
ratios to determine V.4 and Vs, which benefit from the experimental constraints given by the
energy near threshold for charm production. These measurements can provide validation of the

LQCD calculations at few percent level 38).

During first quarter of 2004, CLEO-c has been running 40) 4t a peak luminosity of about
5% 103! em~2s7!. Their plan from today to 2007 is to integrate 3 fb~1 at the ¥(3700) (or 1.3 x 10°
J/v), then switch to the D,D, threshold and accumulate another 3 fb~! (or 3 x 107 events), and
finally to switch to the J/v aiming to collect 10° events, i.e., twenty times the BES statistics.

The experiments at the asymmetric B-factories, BABAR at SLAC 42) and BELLE at KEK 43) ,
are performing comprehensive studies of CP violation in the B; meson system, searches for B rare
decays and precision measurements in the charm and 7 sectors. B-factories are performing partic-
urlarly well since the very beginning in year 1999, delivering to BABAR 244 fb~! and to BELLE
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286 fb—!. Their outstanding results have been reported for example at the ICHEP Conference 44)
Both experiments have measured the time dependent asymmetry in the decays in the pure CP
state B(B)— J/VKgs (b — c¢ s transition) on the basis of 8,000 (BABAR) and 4,500 (BELLE)
tagged events, obtaining comparable, very precise results on the UT angle sin25 = 0.726+0.037,
in agreement with the SM predictions constrained by previous measurements of ex, Amp, Amg
and V,,/Vep. Time asymmetry has also been measured in various other CP eigenstates, involving
transitions b — s5s(sdd), i.e. f{iKs, Ksm°, ¢ Kg, n’ Ks and (KK)Kg. In the SM is also possible to
connect these asymmetries to the sin23 even if they can not proceed at tree level. The experimental
values are in agreement, sin28 = 0.42£0.10 and show a deviation of >2 ¢ from the result obtained
with charmonium. Such a deviation provides a possible effect of new physics in this sector. Much
more statistics (1500 fb~!) is needed to confirm such an effect at 5 o level, that is beyond the
expected final integrated luminosity at the present B-factories, in the range of 500 fb=!.

The physics potential of a Super-B-factory with L ~103 ¢cm~2 s~ is currently under dis-

cussion 49) by the SLAC and the KEK community as well. This mid-term project, in the 2010s,
would be the logical continuation of the present B-factory program in the LHC era, complementing
the measurements at the hadronic machines with the study of rare, fully reconstructed channels.

To complete the measurements of the UT, isospin analysis of the decays B— nmr, pp and pr
and the B— DK decay amplitudes must be determined. BABAR and BELLE recently reported
the first measurements of o, « = (100 = 10)° and yprrre = (77 £ 19 £ 13 £ 11)° , yBaBAR =
(88 £ 41 £ 19 £ 10)° .

At the LHC, LHCb, dedicated to B-physics, as well as the general purpose experiments
ATLAS and CMS, will provide new results, including precise measurements of the B, /B, mesons,
in the mid-term future. The high statistics recorded will allow the CKM parameters to be measured
in different channels, giving additional tests of the SM and hopefully revealing aspects of the physics
beyond SM.

The new experiment dedicated to B-physics, LHCb 46) has a forward detector geometry
exploiting the fact that both b and b hadrons, faster in the forward (backward) than in the central
region, are predominantly produced in the same direction at high energies. LHCb will study B
mesons produced at the LHC proton collider being built at CERN. The experiment will be ready
for data taking at the beginning of the LHC operations, by the end of 2007.

The detector (Sec. 2.8.4) has been designed to select B decays out of the huge hadronic
background by means of multi-level triggering, vertex detection, forward multiparticle magnetic
spectrometer, RICH particle ID, electromagnetic calorimetry and muon detection.

The experiment claims to reach in one year of data taking a precision in the measurement of
sin(2p8) of 2%, in sin(2a) of 5%, and in sin(2x) of 4%.

3.3 Hadronic and nuclear physics

The physics of hadrons and nuclei is the physics of strong force. The theory of the strong in-
teraction, Quantum Chromodynamics (QCD), is remarkably successful in describing high-energy
experiments involving quarks and gluons. The application of QCD to the lower energies (and longer
distance scales such as the size of atomic nucleus) is a major challenge. The rapidly increasing
strength of the interaction at low energies makes it impossible to apply perturbative techniques.
However, the situation has improved considerably in recent years due to several theoretical de-
velopments (Sec. 3.1.4). As a result, various QCD-based predictions are now available in the
non-perturbative domain, which can be tested experimentally in the coming decade. Steps can
now be made towards the realisation of long-standing objective of hadronic nuclear physics, as
understanding basic properties of nucleons, as their mass (related to the chiral symmetry braking
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mechanism) and spin, and their mutual interactions (and how both act inside nuclei) in terms of
the underlying theory of the strong interaction.

Substantial progress can be expected over the next decade on some items, as the form factors,
the hadron spectroscopy, the chiral symmetry breaking mechanism, the nucleon spin structure and
the generalized parton distributions.

3.3.1 Hadron spectroscopy

The spectroscopy of hadrons has always been a key source of information to investigate the non-
perturbative regime of QCD.

A complete mapping of mesonic and baryonic resonances in the mass region between 1 and 3
GeV will be particularly important to the understanding of the underlying dynamics of QCD and
of quark confinement mechanism.

The standard quark model classifies hadrons as quark-antiquark gg states for mesons and
three-quarks (gqq) states for baryons. Any state with different quark content is labeled as exotic,
such as the multiquark mesons (gqdg) and baryons (ggqqq), the dibaryons (gqqqqq), the hybrid
states (¢gg and ¢qqg) and the glueballs. In the meson sector, several candidates for (ggqq) states
have been suggested, but no conclusive results have been drawn. In the baryon sector, recently
evidence for the existence of the first pentaquark states (the ©T(1540)) has been reported by
several experiments, but this result is still under investigation and need to be verified with high
statistic experiments.

Hadron spectroscopy will be an important part of the recently approved 12 GeV JLab physics

programs. It includes the upgrade of the CLAS detector 47)

of the GlueX 48) detector in the new Hall D, which will be dedicated to the search of gluonic
excitations in real photon experiments.
In Europe, the GSI laboratory is on the way of contructing a new accelerator Facility for

in the Hall B and the construction

Antiproton and Ion Research (FAIR) 49) for the research with ion and antiproton beams, in

cooperation with their users and the international community. The PANDA 50) experiment
(which will be installed at the HESR ring at GSI) will be in a unique position to search for the
existence of glue balls, hybrid and novel charm quark states. The use of an antiproton beam and
the chosen energy enables the exploration of states of all possible quantum nubers in a mass domain
populated by only very few known states. Moreover, the facility offers the possibility to provide
high quality beams of antiprotons and ions for the experimental program.

The main points of the antiproton physics program are: search for gluonic degrees of freedom;
spectroscopy of charmonium states; y-spectroscopy of single and double-hypernuclei; in-medium
modifications of charmed mesons.

In Japan, within the J-Parc project 37) an accelerator facility consisting of a 400 MeV LINAC,
a 3 GeV proton synchrotron (RCS) and a second proton synchrotron (MR) of 50 GeV, has been
planned. This complex will performe accelerator-driven trasmutation experiment (LINAC beam);
materials and life science (3 GeV beam); nuclear and particle physics and neutrino experiments (50
GeV beam). The 50 GeV proton synchrotron will be used to address many problems of hadronic
physics: strangeness nuclear physics; mesons in nuclear matter; hadron spectroscopy; investigation
of S=-2 and S=-1 nuclear systems.

3.3.2 Chiral symmetry breaking by means of exotic-atom studies

One of the key-questions in the today physics is related to the process bringing to the mass gen-
eration. The chiral symmetry represents the symmetry of the QCD valid in the limit of vanishing
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quark masses. If the masses of the three lightest quarks were different from zero but equal among
themselves, the SU(3) flavor symmetry would still be valid. In the real world, both the chiral and
the SU(3); symmetry are broken. Studying the way in which this happens can therefore give us
important insights related to the mass generation mechanism. One of the ways to study the chiral
symmetry breaking mechanism is related to the the measurement of the X-ray transitions in the
exotic hadronic atoms, as pionic hydrogen and deuterium and kaonic hydrogen and deuterium. The
1s level for these atoms suffers a shift and a broadening with respect to the purely electromagnetic-
calculated values, generated by the presence of strong interactions. The measurements of the shifts
and widths are further on used to determine the meson-nucleon scattering lengths, used in the cal-
culation of the so-called meson-nucleon sigma terms. The meson-nucleon sigma terms 51), which
measure the nucleon mass shift away from the chiral limit, parametrize the explicit breaking of
chiral symmetry in the QCD due to the non-zero quark masses, thus giving crucial information
about the nature of chiral symmetry breaking, and to what extent it must be broken. A meson
nucleon sigma-term is defined as the nucleon expectation value of the equal-time double commuta-
tor of the chiral symmetry breaking part of the strong interaction Hamiltonian. The sigma terms
are related to the meson-nucleon scattering amplitudes via the corresponding low-energy theorem
in the soft meson limit. The sigma terms are also important inputs for the determination of the

52)

strangeness content of the proton . The pionic hydrogen and deuterium were and are being

measured at the Paul Scherrer Institut (PSI) 53) and the pion-nucleon sigma term has been de-

termined 54), even if there are still open problems 55) . The kaon-nucleon sigma terms have not
determined yet and only estimates are available. This is due to the lack of complete experimental
data: the kaonic hydrogen was recently measured at the DA®NE accelerator in Frascati by the

DEAR experiment to be continued by the SIDDHARTA experiment 56, 57, 58) (Sec. 4.8), while
the measurement of kaonic deuterium is to come in the framework of the SIDDHARTA experiment.
The low-energy KN system,the kaonic hydrogen in particular, is of special interest for chiral SU(3)
symmetry in QCD and for the role of explicit symmetry breaking induced by the relatively large

mass of the strange quark 59). The future of the chiral symmetry breaking mechanism study is
necessarly related to the DA®NE machine, due to the unique kaon beam quality, which should
allow unprecedented quality measurements of kaonic atoms.

3.3.3 Spin structure of the nucleon: status and perspectives

In the naive quark model, the spin of the proton is carried by its three valence quarks. However, in
recent years it has been understood that the gluons and possibly the orbital angular momentum of
the quarks and gluons also contribute to the total spin content of the nucleon, through the equation
1/2=1/2A%Y + AG + L,. AX represents the summed contributions of the quarks spins, AG the
contribution of the gluons, and L, the orbital angular momentum of the partons. Experimental
information on the summed quark contributions has been obtained in polarized inclusive deep-
inelastic scattering experiments, through the measurement of the longitudinal spin (or helicity)
distribution function g; (z). When integrated over, this yields a value for AX. The results obtained

at CERN with SMC 60), DESY with HERMES 61) and SLAC with E142, E143, E154, E155 62)
are of high quality and fully consistent with each other, but future extension of them are needed
at very low z (z <1072) and at very high x (close to 1): they can be carried out at the foreseen

e-RHIC facility 63) and the 12 GeV JLab upgrade 64), respectively. The high quality data at
present provided the total quark spin contribution A¥/2 = 0.1-0.3 of the nucleon spin, indicating
that additional carriers of angular momentum are needed in the nucleon.

To understand further the spin structure of the nucleon, the dependence of the spin distri-
bution functions has been determined by the semi-inclusive deep-inelastic scattering experiments,
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in which one of the final hadrons is detected. Data recently obtained by HERMES 65) for five
different quark distributions suggest that all extracted sea quark polarizations are consistent with
zero and the light quark sea helicity densities are flavor symmetric within experimental uncertain-
ties. A more definite conclusion can be drawn only by obtaining more data at low and high =
values: COMPASS 66) will extend the measurements of zAs well below z=1072, the 12 GeV
JLab upgrade up to £=0.8. Also RHIC will provide data for various quark flavours.

As the polarizations of the valence and sea quarks taken together cannot account the full
spin of the nucleon, efforts are now being made to measure the gluon polarization. QCD analyses
of the polarized structure function g;(z) indicate that the gluon polarization could be large and
positive. The proposals for determining AG are based on identifying photon-gluon fusion events
in deep-inelastic scattering experiments, where the virtual photon annihilates with a gluon from
the target to produce a quark and its antiquark. The asymmetry of the process is sensitive to the
gluon polarization. HERMES has recently explored this process by detecting pairs of hadrons with
high transverse momentum 67), 4 positive value for AG has been found, but with large statistical
and systematic uncertainties. Measurements of AG/G at COMPASS are based on isolating the
photon-gluon fusion process through open charm production or by identifying high-pr pion pairs.
At RHIC prompt photons originating from qg — ~yq' process in photon-proton collision need to be
identified in order to measure AG/G.

While the structure functions Fj (z) and ¢; () represent the momentum and spin distributions
of the quarks, a third leading twist function h;(z) represents the transverse spin distribution of
quarks, that is the probability of finding a quark with its spin-orientation parallel to that of the
nucleon when the nucleon spin is perpendicular to the incident beam. Almost nothing is known at
present about the transversity distribution hj(x), even though it is of great interest since data on
it would enable to investigate two remarkable QCD-based predictions. Gluons are predicted not to
contribute to the transverse spin distribution and so the structure functions F)(x) and hy(z) are
expected to differ considerably. The tensor charge is predicted to be much larger than the integral
over gi(x) which leads to AX.

Inclusive deep-inelastic scattering cannot be used to measure hi(z) as it is a chiral-odd
quantity. In semi-inclusive DIS, information on k4 (z) can only be obtained if it appears in the cross
section expression in combination with a chiral-odd fragmentation function. At present HERMES
provided first data in this field 68) and actually it is still running with a transversely polarized
hydrogen target. A considerable effort is foreseen at COMPASS, JLab and RHIC to further
measure the transversity distribution h;(z) in the nearby future. At a somewhat longer timescale

the proposed PAX 69) internal target experiment at HESR may provide a direct measurement of
this quantity.

3.3.4 Understanding the nucleon structure by the Generalized Parton
Distributions

The internal quark-gluon structure of hadrons is encoded in a well defined hierarchy of correlation
functions, the simplest of which are the parton distributions. In recent years, much progress
has been made in developing a broader framework of so-called Generalised Parton Distributions

(GPDs), known also as skewed, off-forward or non-forward parton distributions 70) They are a
generalization of the usual parton distributions describing the momentum or helicity distributions
of the quarks in the nucleon. The GPDs are also sensitive to quark-antiquark configurations in the
nucleon, hence they provide information on nucleon properties that otherwise are hard to access.
The most prominent example is the total angular momentum carried by the quarks in the nucleon,
which can be obtained from an integral over a certain combination of GPDs. It has been shown
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theoretically that the amplitudes for various reactions factorise in a calculable hard scattering part
and a combination of such GPDs if the momentum transfer involved is sufficiently high. This proof
makes it possible to extract GPDs from experimental data, and the GPDs thus offer a new unified
interface for comparing experiments and non-perturbative QCD calculations. From the theoretical
point of view, the introduction of these new distributions builds a bridge between fundamental
QCD, phenomenology and experimental observables. Moreover, such measurements are sensitive
to the total angular momenta carried by quarks of given flavor in a polarized nucleon. Exclusively
deeply virtual meson production (DVMP) and deeply virtual Compton scattering (DVCS) provide
a handle on the experimental determination of these distributions.

The DVCS is the simplest reaction from the theoretical point of view, but also the most
difficult experimentally because one has to select perfectly the final state (one lepton, one proton
and one photon) among all reactions. DVCS is accessed by photon lepto-productions Ip — I'p',
where the final photon can be emitted either by the leptons (Bethe-Heitler process) or by the
proton (genuine DVCS process). The hard production of photons within the target nucleon is
indistinguishable from the Bethe-Heitler process in which the photons are emitted by the incident
or scattered electrons. At high enough energies, the DVCS is expected to dominate in most of phase
space, whereas at somewhat lower energies the interference between the two processes may be used
to study DVCS at the amplitude level. A careful analysis of the dependence of the cross section on
the azimuthal angle ¢ between the leptonic and hadronic planes and on Q? allows to disentangle
higher twist effects and to select the real (proportional to cos¢) and imaginary (proportional to

sing) parts of the DVCS amplitude. Beam spin asymmetries, measured both at HERMES 71)

and CLAS 72), display a characteristic sin¢ dependence, due to the above mentioned interference,
while the first measurement of Beam Charge Asymmetry obtained at HERMES is indicative of
the expected cos¢ dependence, and it is identifying the role of ¢ in the proton. The statistic
and kinematic coverage of such measurements has to be dramatically improved before DVCS data
can be used to extract information on the total angular momentum carried by quarks, or to use
these data for mapping the spatial distribution of quarks in the nucleon. As reported in Sec. 4.3.1,
dedicated DVCS experiments will be performed at JLab and HERMES starting from 2005 and
2006, respectively. Moreover, a large fraction of the JLab 12 GeV upgrade program will also be
devoted to the study of the exclusive reactions at high luminosity. Also the planned measurements
at COMPASS, will be promising for extracting the invariant momentum transfer ¢-dependence
of the GPDs. Since the integral of the GPD’s are related to the hadronic form factors, the ¢-
dependence of hard electroproduction amplitudes and the elastic form factors are interconnected.

3.3.5 FElastic Form Factors

The elastic form factors of hadrons as measured in both space-like and time-like regions provide
fundamental informations on their structure and internal dynamics. The interest for nucleon form
factors has been recently raised by the measurement of electron-to-proton polarization transfer in
electron-proton elastic scattering at Jefferson Laboratory 73), which showed that the ratio Gg/Gu
is monotonically decreasing with increasing Q? = —¢?, in strong contradiction with the flat ratio
close to 1 determined by the traditional Rosenbluth separation methode 74) | These results raise
serious questions: first, how to best combine data from these two techniques; and second, if some
correction that has been neglected in the cross section can be the source of the discrepancy. New
data are expected to answer these questions, in particular from the new polarization experiment
approved at JLab 75) that will extend measurements up to Q2 ~ 10 GeV?2.

Although the space-like form factors of a stable hadron are real, the time-like form factors are
complex functions of the total energy squared s = ¢2, due to the Final-State Interaction (FSI) of
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76)

the outgoing hadrons . The analytic structure and phases of the form factors in this regime is

7, 18, 79), and also reflects the presence
of resonances in the unphysical region 0 < ¢> < 4M in the J”¢ = 17~ channel 77), including
gluonium states and dibaryon structures. The moduli of nucleon form factors can be derived from
cross section measurements in ete~ — NN experiments, while the determination of their phases
requires the measurement of polarization observables. At present, experimental data on time-like
nucleon form factors have huge experimental uncertainities (proton data on |Gg| and |G| are
based on the assumption |G| = |G|, valid only at threshold, the neutron form factors have been

connected by dispersion relations to the space-like regime

derived on the basis of 74 events only in the FENICE experiment 80)) or are completely missing
(as for the phases). A complete determination in terms of moduli and phase of the nucleon form
factors in the time-like region can be achieved in the proposed high energy upgrade of DA®NE,
as reported in Sec. 4.9. The measurement of proton form factors is also part of the experimental

program of the PAX Collaboration 69) at GSI, which is expected to start in 2012. They proposed
to measure the reversed channel p'p — ete™ using a transversely polarized proton target. The
relative phase is measured from the single spin asymmetry data, while the modulus of |G| and
|GEg| can be deduced from angular distributions in unpolarized measurement as it can be carried

out independently at PANDA 50) as well as at PAX.

3.3.6  The search of the Quark Gluon Plasma

Understanding the properties of elementary particles at high temperature and density is one of
the major goals of contemporary physics. Through the study of properties of elementary matter
exposed to such extreme conditions it is possible to learn about the equation of state that controlled
the evolution of the early Universe as well as the structure of compact stars.

A large experimental program is devoted to the study of hot and dense matter created in
ultra-relativistic heavy ion collisions. Lattice studies of QCD thermodynamics have established a
theoretical basis for these experiments by providing quantitative information on the QCD phase
transition, the equations of state and many other aspects of QCD thermodynamics.

Already 20 years ago lattice calculations first demonstrated that a phase transition in purely
gluonic matter exists and that the equation of state of gluonic matter rapidly approaches ideal gas
behavior at high temperature. These observables have been of central interest in numerical studies
of the thermodynamics of strongly interacting matter ever since. Heavy-ion collisions allow to
study strong interactions under extreme conditions of the hadronic matter. Indeed, by increasing
the atomic number of the colliding systems and by raising the energy of the collision, it is possible
to access to a regime where a high energy density is created in the collision volume, and very
high dense matter at high temperature and pressure is produced. This regime generally is denoted
as the Quark Gluon Plasma (QGP). The search of the experimental signatures that can provide
evidence for the thermal properties of the QGP is the goal of many experiments running at RHIC

and of the ALICE experiment planned at LHC 81),

3.4 Astroparticle physics

In the last decade, a growing interest in particle physics related to space has become a focus of great
activity. Indeed, the study of particles from cosmic sources appears to provide most interesting
clues for questions originating from particle physics proper as well as from astrophysics. The
Astroparticle physics is a new interdisciplinary field and represents the intersection of astronomy,
astrophysics, cosmology and particle physics: it combines the present knowledge about the smallest



3.4. ASTROPARTICLE PHYSICS 39

fundamental particles and the largest structures in the Universe. Astroparticle physics explores the
sources of ultrahigh energy cosmic rays and the mechanism of cosmic accelerators, and studies the
Universe beyond classical multi-wavelength observations, using gamma rays, neutrinos and cosmic
rays at all energies. In the following, it is briefly review some of the most important topics that
are presently drawing major interests both from the experimental and theoretical point of view.

3.4.1 Ultra High Energy Cosmic Rays

The highest energy particles in Nature are cosmic rays. The most energetic one yet detected has
an energy of 3x10%° eV. This energy is probably not set by Nature but by the relatively small area
(~ 100 km?) of the devices that have been used to search for them, the rate above 10?° eV being
only about 1 per km? per century. A still open issue concerns these Ultra High Energy Cosmic

rays (UHECR) beyond the so-called GZK cut-off 82), i.e. particles that seem to have escaped
absorption by scattering on the cosmic microwave background (CMB). Even their existence remains
to be demonstrated, since the present available experimental results (e.g. from Fly’s Eye, AGASA,

HiRes experimental arrays) cannot settle the issue. The AUGER, programme 83) _ with its first
site of 3000 km? in Argentina - as a result of its two independent and concurrent techniques to
detect an atmospheric shower (fluorescence detectors plus an array of ground detectors) should
bring the answer and, if they exist, perhaps tell something on their nature. Another way to tackle

the problem and to achieve a greater exposure is planned with the space experiment EUSO 84) to
be placed on the ‘International Space Station which will detect the trails of nitrogen fluorescence
light made by giant extensive air showers as seen from space down to Earth. It is expected that
EUSO will be able to detect some 103 events per year above 102%eV and also open a new window
into the high energy neutrino universe.

3.4.2 Gamma Rays

Gamma astronomy studies incoming photons, detected either above the atmosphere in balloons
and satellites, or on the ground, by large mirrors focusing the Cerenkov light of their shower onto
a fine-grained array of photodetectors. Its main objective at present is to fill the gap between low
energies (a few GeV, the domain of satellites, EGRET in the past, AGILE 85) and GLAST 86)
in the future) and high energies (a few hundred GeV, the threshold of ground detectors up to
now). This region can in particular give information about the distribution of the CMB with
which the photons interact. In fact, these detectors are able to provide information on several
other subjects and search for relic dark matter candidates (WIMPs, Weakly Interacting Massive

Particles). Preliminary results from HESS 87) 4 stereo-imaging Cerenkov telescope located in

Namibia, and the recent start of the 17-meter diameter MAGIC 88) telescope in Las Palmas
(Canarias) are shedding new light in this field of research. Despite fundamental progress over
the past few years, many intriguing and deep questions about the origin of Gamma ray Bursts
(GRBs) still remain open such as what is the relation of GRBs to galaxies, stellar populations and
to the history of star formation in the Universe. By identifying accurate positions of bursts with
respect to their host galaxies, and their redshift distribution, one can tackle the problem of whether
bursts are indeed related to the death of compact stars such as neutron stars and/or black holes,
or to unusual star formation paths, or yet again to unknown and unidentified objects. The burst
redshift distribution will provide crucial information about the star formation in the Universe which
is known to strongly evolve up to redshifts of 1.5-2.0. If, as predicted by at least some models,
bursts are indeed related to some peculiar death mode of massive stars, binary or otherwise, their
redshift distributions ought to match that of star formation in the Universe. Moreover, they are so
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bright to allow us to measure the star formation history of massive stars to very high redshift, with
z > 5 or even 10, if there are stars already formed at these early ages. Finally, GRBs will allow to
determine the dust material in distant galaxies, deducing the extinction curve, and to determine
the structure and ionisation of intergalactic medium at very high redshifts. To improve the present
understanding in this field it is necessary to build a large database including high quality data
taken on different timescales and at various frequencies that can be used to constrain current and
future theories. It is clear that this requires new satellite missions like the above mentioned AGILE

and GLAST, together with SWIFT 89) fully dedicated to the study of GRBs and their afterglows.

3.4.3 High Energy Neutrinos

Neutrino telescopes allow today the detection of Solar MeV neutrinos, thus enabling direct obser-
vations of nuclear reactions in the core of the Sun, which is opaque to photons, as well as studies
of fundamental neutrino properties. High energy, more than 100 GeV, neutrino telescopes are cur-

rently operating in deep lake water (BAIKAL 90)) and under Antarctic ice (AMANDA 91)). Two
under—water detectors are currently under construction in the Mediterranean (ANTARES 92) and
NESTOR 93)), aiming at achieving effective volumes —0.1 km?3- , comparable to that of AMANDA.
Much larger, 1 km? telescopes are under construction in Antarctic ice (the IceCube 94)

of AMANDA), and under development in the Mediterranean (NEMO 95)). The driving motiva-
tion for the construction of km-scale neutrino telescopes is the observation of cosmic point sources.
At present, several neutrino telescopes monitor solar MeV neutrinos, and may also detect MeV
neutrinos from Supernova explosions, such as Supernova 1987A, in the local galactic neighborhood.
The construction of high energy neutrino telescopes is aimed at extending the distances accessible
to neutrino astronomy to cosmological scales. This new window onto the cosmos will provide a
probe of the most powerful sources in the universe through observations of high-energy neutrinos.

extension

3.4.4 Dark Matter

It is presently admitted that a substantial part of the Universe is “dark”, i.e. invisible and felt only
through its gravitational effect. Moreover, most of it must be “cold”, i.e. non-relativistic at the
time relevant for galaxy formation. The cold dark matter (CDM) contribution to the content of the

Universe has been accurately determined by the satellite experiment WMAP 96) t6 be (29+4%).
Concerning its baryonic part, (4.4+£0.4%, of which only a tenth corresponds to visible stars), the
possibility that it could be mostly due to dark objects like “failed stars” is now excluded. Gas
and dust may be the answer. For non baryonic dark matter, the axion and the neutralino (the
lightest supersymmetric particle) are still favoured candidates. In the direct search for neutralinos
and more generally for WIMPS, fossile Weakly Interacting Massive Particles, one looks for the tiny
recoil energy that a nucleus struck by the projectile leaves in a detector. This has to be well shielded
from cosmic radiation. The Gran Sasso Laboratories of INFN provide a natural shield of 1400 m

of rock and important Dark Matter experiments (DAMA 97), CRESST, HDMS) are conducted in
its three galleries equipped as experimental halls. In particular, the DAMA experiment has shown
a result which suggests a seasonal variation of its counting rate, for a very low threshold, as could
be expected from a halo of fossil neutralinos of about 60 proton masses and the seasonal variation

of the Earth’s velocity relative to the halo. Other experiments - CDMS 98) and EDELWEISS 99)
- are presently searching for this effect and new results are expected for independent confirmation.



3.5. NEUTRINO PHYSICS o7

3.4.5 Matter-Antimatter asymmetry in the Universe

The apparent absence of antimatter (antihelium, anticarbon, etc.) in the universe is one of the great
puzzles in particle physics. Theories that predict either the existence of antimatter in segregated
domains or the total absence of antimatter have no firm foundation in experimental data. The
existence (or absence) of antimatter nuclei in space is closely connected with the foundation of
the theories of elementary particle physics, CP-violation, baryon number non-conservation, Grand
Unified Theory (GUT), etc. Balloon-based cosmic ray searches for antinuclei at altitudes up to 40
km have been carried out for more than twenty years; all such searches have been negative. The
absence of annihilation gamma ray peaks excludes the presence of large quantities of antimatter
within a distance of the order of 10 Mpc from the Earth. Baryogenesis models are not yet supported
by particle physics experimental data. To date baryon non-conservation and large levels of CP-
violation have not been observed. Cosmological observations show that the matter of the universe
is mostly dark matter. If dark matter, or a fraction of it, is non-baryonic and consists of almost
non-interacting particles like neutralinos, it can be detected in cosmic rays through its annihilation
into positrons or antiprotons, resulting in deviations (in the case of antiprotons) or structures (in

the case of positrons) to be seen in the otherwise predictable cosmic ray spectra 100) | The search
for antimatter and dark matter is greatly facilitated if performed outside the Earth’s atmosphere.

The space experiments PAMELA 101) (on Russian satellite to be launched in autumn 2005) and

AMS-02 102) (on ISS, scheduled for early 2008) will extend the search for antimatter and dark
matter signatures over a wide energy range and with unprecedented sensitivity, greatly increasing
the low statistics presently available from balloon-borne experiments.

3.5 Neutrino physics

Since 1998, an impressive sequel of experimental results have provided evidence in favor of the

neutrino oscillation hypothesis 103)  The long-standing puzzle of the solar neutrino deficit seems
well understood once the existence of oscillations among different flavors (enhanced by matter
effects in the sun and the earth) is assumed. Such an hypothesis has been tested in a very
straightforward manner both through the NC/CC ratio of the solar neutrino interactions and
through the observation of a deficit of artificial v’s from reactors consistent with the parameter
set suggested by solar data. Similar results have been collected for atmospheric neutrinos; here,
evidence is claimed by experiments that detect neutrinos produced by the interactions of primary
cosmic rays in the atmosphere. These results were corroborated by the study of neutrinos produced
at accelerators with path-length over energy ratios L/E comparable to the one of the atmospheric
v’s.

The present standard interpretation suggests the existence of only three massive neutrinos.
The flavor eigenstates result from the mixing of the mass eigenstates and the leptonic mixing matrix
can be parametrized in a CKM-like form by three real Euler angles and one CP violating complex
phase (Dirac phase). No information is available on the Dirac or Majorana nature of neutrinos. In
the latter case, two additional complex phases contribute to the leptonic mixing (Majorana phases),
which are, however, irrelevant for the oscillation phenomenology. In this scenario, the frequency
of the oscillations at the atmospheric scales depends on the (absolute value) of the mass squared
difference between the third and second family (|[Am3,| = |m2 —m3|) and its magnitude is mainly
related to the 023 angle. Similarly, the solar oscillations depend on Am3; and 6;5; the occurrence
of matter effect fixes the sign of Am3; (Am3; > 0). The full three family interference pattern
has never been observed and direct mixing between the first and the third family is suppressed

by the smallness of the 6,35 angle (613 < 11°) 104). The evidence for v, appearance of the LSND
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experiment is in contradiction with this standard scenario.

There is consensus on the fact that the precise determination of the mixing matrix will likely
come from new generations of accelerator experiments. In fact, the next round of these experiments
(MINOS, ICARUS, OPERA, MiniBOONE) is aimed at the precision test of the parameters leading
the atmospheric oscillations (623 and Am3,), the direct test of the oscillation paradigm through
the observation of the appearance of new flavors (v, — v, oscillations) and the test of the LSND
claim. This experimental program will cover the next 5-8 years; INFN (and LNF, in particular) is
strongly involved in the CNGS (Cern Neutrinos to Gran Sasso) programme, which is currently in
construction phase. Commissioning and data taking will start in 2006 and a five year duration is
foreseen.

A second generation of experiments will start data taking in ~2009 with the aim of testing
the smallness of the 613 angle at the ~ 3° level and further improving the precision on #-3 and
Am3,. The size of the 1-3 Euler angle is crucial for the determination of the future experimental
strategy. In particular, 613 & 3° could allow to establish CP violation in the leptonic sector using
high intensity traditional neutrino beams and a new generation of massive detectors. CP violation
would be tagged as an asymmetry between the v, — v, and 7, — D, oscillation probability at
the atmospheric scale. At this scale, in the standard scenario the oscillations are dominated by
the v, — v, transition and v, — v, or its CP-conjugate arises as a three-family perturbation
to the leading contribution. This sub-dominant transition comprises information on the size of
013, the Dirac phase ¢ and, if baselines are such that matter effects are not suppressed, the sign
of Am2,. The extraction and disentangling of all these information is a formidable task, which
will likely define a roadmap for the experimental neutrino physics along the next 10-20 years.
For smaller values (613 & 1°) new technologies for neutrino beam production could be envisaged
although the complexity and cost of these innovative facilities make a preliminary determination
of the size of #135 mandatory. Unfortunately, no compelling theoretical prior on the mixing angle
size is available, yet. It is therefore clear that neutrino oscillations are going to enter an era of
precision measurements where most of the information will come from accelerator experiments.
A new generation of reactor experiments could also explore ;3 values of the order of 5° while
additional insights could come from new atmospheric experiments only if the 1-3 sector of the
mixing matrix turns out to be sizable (just below present limits). Future solar experiments would
contribute to the understanding of star evolution and test non standard neutrino interactions but,
in the current scenario, they are not expected to contribute significantly to our understanding of
leptonic mixing.

Differently from the case of oscillations, the absolute determination of the neutrino mass scale

is still in a discovery phase 103) | 1f neutrino masses are hierarchical, the largest mass is expected
to be of the order of \/Am3, ~ 50 meV, well below the sensitivity of the future experiments
based on tritium decay or cosmological bounds. This region could be marginally accessed by future
neutrinoless double beta decay experiments assuming that neutrinos are Majorana particles. It is a
remarkable fact that the next generation of double beta experiments will test in a nearly conclusive
way (under the assumption of Majorana v) the so called degenerate case, i.e. the possibility of
almost degenerate neutrino masses giving rise to small Am? differences and large absolute values
mi1 >~ me =~ mg. On the other hand, current large uncertainties on nuclear matrix elements for
Ovp3B decays prevent us from imaging a precision physics scenario even in the occurrence of positive

signal 106)
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3.6 Experimental detection of gravitational waves

Gravitational waves (GW) are an inescapable consequence of Einstein’s general relativity and, in-
deed, of any gravitational theory which respects special relativity. They correspond to quadrupolar
oscillations of the spacetime continuum itself, produced by a non-spherical acceleration of mass-
energy distribution, propagating with the velocity of light, and having two independent transverse
polarization states. For many years after the Einstein prediction, the same existence of these
waves, and their detectability have been a matter of debate. To date, a strong indirect evidence
for the existence of the GWs comes from the interpretation of the orbital evolution of the binary
pulsar system PSR1913+416. The observed secular change in the orbital parameters of this system
agrees with the general relativity prediction for the energy loss of a binary system via emission of
gravitational radiation, to within less than 0.3 % error.

A GW shows up as a local tide, or a gradient in the local gravitational field. This means
that the effect of a GW is to produce a time-dependent strain in space, and all detection schemes
presently adopted lie on the measurement of this strain. The simplest detector one could envisage
would consist of two free falling test masses a distance L apart, whose separation is monitored.
A suitably polarized GW of amplitude h will produce a strain given by AL/L = h/2 where
AL is the length change induced by the GW. As a consequence of the weakness of gravitational
interaction, sensible levels of radiation are produced only when very huge amounts of mass-energy
are accelerated in very strong gravitational fields. These extreme conditions are reached only in
astrophysical systems. The difficulty of direct detection of GWs derives from the fact that the
amplitude h of the signal from realistic astrophysical sources is expected to be exceedingly small
on the Earth, of the order of or smaller than 1072 (i.e. two masses at 1000 km are needed to
observe a variation in their separation of the order of 1 fm !).

In light of this order-of-magnitude estimate, it seems hard to motivate the efforts (and the
sensible amount of money) presently spent worldwide in the operation and costruction of GW
detectors. The reason for the enterprise lies in the fact that gravitational radiation promises to
open a unique window onto the most violent astrophysical phenomena. This expectation clearly
emerges from an analysis of the differences between the GWs, and the electromagnetic waves (EW)

on which the present knowledge of the Universe is founded 107), Just as an example: i) cosmic
EWs are almost always radiated from individual emitters (electrons, atoms or molecules) while
cosmic GWs are produced by coherent, bulk motions of mass-energy; ii) EWs are easily absorbed,
scattered and dispersed by matter while GWs, as a consequence of their weak coupling with matter,
travel nearly unaffected trough all forms and amounts of intervening matter; iii) cosmic EWs cover
the frequency region ~ (107 < 10%7) Hz while the frequency of the cosmic GWs is expected to fall in
the region ~ (107'¢ = 10*) Hz. These enormous differences make it likely that “GW astrophysics”
may bring great surprises that, as in the case of the radio waves, X-rays or microwave radiation,
could have a profound, indeed revolutionary, impact on astrophysics.

The GW sources are usually classified into three types, depending on the radiation temporal
behaviour. These are:

e Impulsive sources, such as supernovae explosions. The expected supernovae event rate of
1/(30 + 40 yr) per galaxy forces to look out of the Galaxy in order to bring the event rate
up to several per year. Monitoring of the Virgo cluster of galaxies (about 2500 galaxies a
distance 20 Mpc away from the Earth) would increase the supernova rate to a few events
per year. By assuming a core mass equal to 1.4 solar masses in the Virgo cluster, collapsing
to a size ten times its Schwarzschild radius (rs = 2GM/c?), would lead to h ~ 10723, Since
most of the energy released in the explosion originates from gravitational binding energy,
the expected wave-frequency is of the order of kHz, the natural dynamical frequency of the
source.
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e Quasi-periodic and Periodic sources, such as coalescing binaries and spinning neutron stars.
The coalescing compact binaries consist of neutron star and/or black holes. Assuming masses
of the order of 1.4 solar masses at a distance of 10 Mpc in the 100 Hz frequency range, leads
to h ~ 1072, It is worth noticing that the signal-to-noise ratio for such a signal can be
improved by time integrating for a sufficiently long periods once the waveform is known.
Even though the mechanism behind the coalescence of compact binaries is well understood,
the event rate is not clear. Estimates range from 1/(10° yr) to 1/(10°% yr) per galaxy. In
order to have a rate of several event per year, one may have to monitor as far as 400 Mpc.
Rotating neutron stars are the remnants of supernovae explosions, and they radiate GWs
only if there is a deviation from the symmetry around its rotational axis. For a neutron
star of radius R = 107, located a 10 kpc from the Earth, and with a 10 % asymmetry, the
amplitude of waves emitted at 100 Hz is h ~ 1022,

e Stochastic sources, such as a large number of distant GW sources whose signals overlap or
relics of the big bang. The latter component is the gravitational analogue of the cosmic mi-
crowave background. The main difference is that while the EWs decouple from the evolution
of the universe about 4 x 10° years after the big bang, the GWs could come from times
as early as the Planck epoch at tp; ~ 5 x 107** s. This means that the relic GWs offer
the tantalizing possibility of probing the universe very near to the moment of creation, and,
correspondingly, give information on physics in a region of energies which cannot be accessed
experimentally in any other way. Contrary to the other sources, an unambigous detection
of this background can be obtained only by cross-correlating the output signals of nearby
detectors.

At basic level, a GW detector consists of a pair of masses which can move “freely” with
respect to each other. They can be suspended as pendula, so that in the horizontal direction they
can be treated as nearly free masses above the pendulum resonant frequency. To date, the efforts of
the experimentalists have been mainly focused on the realization of two different types of detectors:

resonants and interferometrics. In particular, LNF host the resonant detector NAUTILUS 108)
whose operation is under the responsibility of the ROG group. This group is also responsible for
the operation of the EXPLORER detector located at CERN and collaborates at the development of
the spherical detector MiniGRAIL. The near term perspectives for NAUTILUS/EXPLORER are
discussed in Sec. 4.14; the LNF involvement into interferometric detection of GW is summarized
in Sec. 5.6. In general, the planned upgrades for the existing detectors (resonant and interfero-
metric) are essentially based on sound engineering practices and do not require major scientific
breakthroughs. At the same time the GW-detectors community is exploring the feasibility of
third generation facilities involving advanced techniques that require detailed study and technical
demonstration. These proposals are discussed in Sec. 5.6.1.

The interferometric detectors presently in operation are: GEO600 near Hannover, the two
LIGO observatories in US, respectively located at Hanford (WA) and Livingston (LA), TAMA
at Tokyo, and VIRGO in Cascina, near Pisa. The latter is described in detail in Sec.5.6. All
these detectors employ a 10-20 W diode-pumped Nd:YAG solid state lasers as light sources, and
are power-recycled! Michelson interferometers where, except for GEO600, the end mirrors are
replaced by Fabry-Perot cavities.

TAMA is a 300 m arms interferometer in operation since 2002 with performances in agreement
with the design ones. It should be thought as testing ground for a possible future 3 km detector

! Because the Michelson interferometer antisymmetric port is held at a dark fringe, and because
the Fabry-Perot cavities are low loss, most of the light returning from the two arms is transmitted
by the beam-splitter back towards the laser. A “power recycling” mirror located between the laser
and the beam-splitter re-injects that light, resonantly, into the interferometer.
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(LCGT). LIGO consists of three interferometers. At Hanford there are two identically oriented
interferometers which share a common vacuum envelope: one having 4 km long arms, and one
having 2 km arms. At Livingston operates a single 4 km long detector. The two observatories
are approximately 3000 km apart, corresponding to 10 ms of light travel time. The detectors are
approximately co-aligned, so that a GW should appear with comparable signals at both sides.
GEOG600 is a 600 m long arms interferometer built by a German-British collaboration, where,
contrary to the other interferometers, the light path in each arm is enhanced to 1.2 km by an
optical delay line. After a series of engineering runs, the LIGO, GEO600, and TAMA detectors
operated in coincident observation mode for the first time for two weeks in August and September
2002. The scientific runs performed up to now provided the opportunity for the experimentalists
to improve detector understanding, test the data processing procedures and build confidence in
their ability to establish the detection of GWs in future science runs. It should also be noted that
during these runs the detectors were far from the design sensitivity reported in Fig. 3.3.
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Figure 3.3: Sensitivities of the current and future interferometric detectors. For VIRGO the design
sensitivity is reported. For comparison, the expected sensitivity for the 3rd generation observatory
EGO is also shown.
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3.7 Electron-positron storage rings

Electron-positron storage rings have been one of the most successful enterprises in the accelerators
field for what concerns design, operation and reliability. In the last decade their luminosities have
greatly risen, thanks to the experience in handling high beam currents and multibunch operation
together with a deeper understanding of the beam-beam interaction limits and of the beam dynam-
ics. Moreover the use of the lepton annihilation process for the production of elementary particles
is ideal for the clean signature and the production of particle-antiparticle pairs. Experiments are
asking for more precise measurements and the accelerator community is facing projects where an
increase of luminosity by orders of magnitude is conceivable. A brief summary of the present world
activities in this field is presented in the following and the luminosity for past and future colliders
is shown in Fig. 3.4.
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Figure 3.4: Achieved peak luminosity vs energy for colliders (green) and factories (blue), target
peak luminosity for Super-factories (red).

3.7.1 ¢-factories

A ¢-factory is a unique tool to study Kaon physics, since it produces a large flux of K, K5, KT and
K~ pairs at low energy and almost monochromatic. When DA®NE was proposed, in early "90s,
similar project in Mainz and Novosibirsk were studied, but they were never built and DA®NE
remains the only facility to operate at this energy. The choice of the 2 rings/multibunch/high
current design has proven to be successful and five years of operation at DA®NE have been
extremely useful to understand all the important parameters to reach high luminosity even at such
a low energy and in such a small ring. DA®NE has two Interaction Regions (IR) with horizontal
crossing angle and two high solenoidal detector fields are embedded in the lattice. The large
induced coupling is corrected down to values below 1%. World record current exceeding 2.3 A
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has been stored in the electron ring, and more than 1.4 A in the positron one. The DA®NE
performances have been described in Sec. 2.2 and possible upgrades will be discussed in Sec. 4.2.

3.7.2 Light-quark factories

Physics at energies between the ¢ and 7 have been covered in the past years by VEPP-2M (shut
down in 2000) and BEPC. A new innovative project, VEPP 2000, is at present in construction at
Novosibirsk (Russia). Its design is based on the concept of round colliding beams. This will be
a very important step in understanding the beam-beam interactions. With the same number of
particles the expected beam-beam tune shift should be twice as small as the corresponding one with
flat beams. Moreover beam-beam simulations predict that larger tune shifts can be achieved. The
goal luminosity in single bunch is 103? cm~2 s=%. This collider could also operate with flat beams
and at energies ranging from 0.5 GeV to 1 GeV/beam. Its compact design is based on very high
field (2.4 T) normal conducting dipoles, with symmetric Interaction Regions for two experiments.
Focusing at the IRs will be performed by super conducting (SC) solenoids which rotate by 7/2 the
x-y planes of betatron oscillation, thus creating emittance in both x and y modes. First beams
are expected for Spring 2006. A proposed DA®NE upgrade, as discussed in Sec. 4.2.2, would also
allow studying this energy region at LNF.

3.7.3 T7-charm factories

CESR at Cornell, Ithaca (US), after almost twenty years of successful operation as a B-factory,
with a long lasting record in peak luminosity (1.3x10%3 cm™2 s~! at the T(4S) energy), has been
recently modified in order to run at lower center-of-mass energies (CESR~c). SC wigglers have
been added to increase the radiation damping and improve luminosity. CESR~c will run until 2008
at the 7, DD and D,D, thresholds. The goal peak luminosity is 3x1032 cm~2 s~ .

BEPC, at Beijing (China), which reached a peak luminosity of 1.1x10%! cm~2 s~!, has been
dismounted and is being upgraded to become BEPC-II, the first completely dedicated 7-charm
factory, still maintaining synchrotron radiation production. Its design is based on a double ring
scheme, with energies ranging between 1.5 and 2.5 GeV/beam, optimized at 1.89 GeV, with a
design luminosity of 103 cm~2 s~!. A new inner ring will be installed inside the old one, so that
each beam will travel in half outer and half inner ring. SC cavities will also be installed. A by-pass
will allow the electron ring to be used as a synchrotron light source as well. Commissioning of the
new rings are planned for 2006.

3.7.4 B-factories

The requirement of observing the decay vertex of B mesons has led to choose asymmetric energies
for the B-factories projects. This introduced new challenges beyond those of rings with ampere
currents and micron beam sizes at the Interaction Point (IP). The Interaction Region became a new
accelerator physics and engineering challenge. In particular: low beta optics and beam separation
to avoid parasitic crossings for different energy beams, kilowatt synchrotron radiation striking
nearby chambers, solenoid compensation for the two beams, small detector vertex chambers which
must be protected from different backgrounds. At present two B-factories are in operation: PEP-II
at SLAC (US) and KEK-B at Tsukuba (Japan). Their performances are comparable: they have
rapidly reached their design luminosities, although these values were considered challenging at
the time of their conception. Both these colliders rely on the 2 rings/multibunch/high currents
philosophy, KEK-B having also a small horizontal crossing angle at the IP. The problems they
face are the same, in particular the Electron Cloud Instability (ECI) that affects the positron
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ring causing increase of the transverse beam dimensions and consequently reduction in attainable
luminosity. The cure found up to now has been to wind solenoidal coils all over the field free
regions, typically the long drifts in between the arcs, and for PEP-II to add “micro gaps” in
the bunch pattern. PEP-II reached the design luminosity (3x10%% ¢cm=2s7!) in October 2000
and a peak luminosity of 9.2x10%% cm™2s~! in May 2004, delivering more than 250 fb=! to the
BABAR experiment. The “twin” collider KEK-B has reached a peak luminosity close to 14 x 1033
em2s7!, the largest ever measured, delivering more than 280 fb~! to the BELLE experiment.
Continuous beam injection performed in both colliders has been also a key point to increase
the integrated luminosity. These projects have proven that increasing design difficulties can be
successfully overcome; however the particle physics items studied at these colliders still demand
higher peak luminosities to collect, in a reasonable amount of time, a huge amount of good quality
data.

3.7.5 Next generation factories

The next generation factories aim at increasing the luminosity by two orders of magnitude. In
particular B-factories are planning upgrades to reach 10%°-10%% ¢cm=2 s~!, and DA®NE to 103
em~2 s7!. The recipe to reach such an ambitious goal is of course to increase the number of
colliding bunches and the currents and to decrease bunch length, 3 and damping times. This
approach requires new solutions, for example compact superconducting quadrupoles must be used
to control the beam sizes close to the IP, more powerful and SC RF systems to restore energy losses
and shorten the bunches, new design of bellows, masks, pumps and vacuum chamber to control
the high order modes induced by the currents and to handle higher synchrotron radiation fluxes.
In the asymmetric B-factories also injecting positrons in the high energy ring, and electrons in the
low energy one, since the ECI is less dangerous at higher energy, is being considered. A higher RF
frequency is also considered in some of the upgrades. Optics modifications, such as high and/or
negative momentum compaction, and modified arc lattices, as the KEK-B 2.57 cell that allows
for wide tunability and large dynamic aperture, or the DA®NE upgraded arc, which allows for
shorter damping times, are also studied. In KEK-B, which observed a reduction in luminosity at
very high tune shifts because of the crossing angle, crab cavities are also foreseen. The next steps
of the lepton factories are straightforward and consist in optimizing all the techniques developed
in the last ten years to improve the peak and integrated luminosity by a factor 10 at least. New
ideas and important modifications in the layout are needed to gain a factor 100. However many
topics can still be studied, both theoretically and by accelerator studies on the present colliders,
which will be very important for the design of the future lepton colliders. Fig. 3.5 summarizes the
possible future upgrades for the present factories in the next future.

3.8 Free Electron Laser

The new facilities and projects based on Free Electron Lasers (FEL) (see e.g. in 110)) usually
consist of a long undulator with typically a few hundred to a thousand magnet periods, driven by
a high-quality electron beam with high charge density, low emittance and low energy spread. The
interaction of the electron beam with the spontaneous radiation emitted by itself in the undulator
leads to a longitudinal charge density modulation which makes the electrons radiate in phase. This
effect is called self-amplified spontaneous emission (SASE). Here the output peak power is orders
of magnitude higher than that of conventional undulator used in storage rings, where the electrons
radiate independently, as it can be seen in Fig. 3.6. The FEL radiation is spatially coherent, the
pulse duration is of the order of 100 fs, and an extremely wide spectral range from micrometer
to Angstrom wavelengths can be covered by varying the electron beam energy and the magnetic
period and field of the undulator. The dramatic quality improvement of these new X-ray sources
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Figure 3.5: Projection of the upgrades of the meson factories.

can only be compared to that achieved by the invention of the optical laser forty years ago. However
the high quality electron beams required for these FELs cannot be generated in electron storage
rings, but rather require linear accelerators and special photocathode radiofrequency (RF) guns
together with emittance compensation and bunch compression techniques.

Pioneering work on SASE has been done in the US, e.g. at Los Alamos at 12 ym wavelength
and at Argonne National Laboratory in the visible and ultraviolet. At Brookhaven National
Laboratory first experimental results were recently obtained on a high gain harmonic-generation
(HGHG) FEL in the ultraviolet (DUV-FEL), using an 800 nm Ti:Sapphire laser as a seed and
reaching saturation at 266 nm. The HGHG technique is a very promising possibility to avoid the
inherently noisy SASE process and to produce fully coherent, stable FEL radiation throughout the
XUV spectral range.

The current upgrade of the FEL at DESY will make radiation wavelengths from 60 to 6 nm
available for European users; the first user experiments are planned for early 2005. The next facility
will most likely be the Linac Coherent Light Source (LCLS) at SLAC (US) based on the existing
S-band normal conducting 3-miles long linear accelerator, which is expected to start operation in
2008 with wavelengths down to 0.15 nm.

In February 2003, the German Federal Ministry of Education and Research decided that a
XFEL, proposed by the International TESLA Collaboration, should be realized as a European
project and located at DESY/Hamburg. Germany is prepared to cover half of the investment
and personnel costs for the XFEL. The electron beam of the XFEL proposal is accelerated in a
linear accelerator using superconducting RF technology to about 20 GeV and then distributed
into several beam lines. This will allow using the electron beam for several FELs and spontaneous
radiators and facilitates parallel operation of many experiments with wavelengths down to 0.08
nm. Another soft X-ray FEL facility currently under development is the Spring-8 Compact SASE
Source (SCSS) in Japan.
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Figure 3.6: The comparison of the peak brilliance of synchrotron radiation sources (green lines)
with free-electron lasers (red lines) shows the great leap in brilliance offered by the FELs.

The experimental and theoretical work done at SLAC, DESY and in many other laboratories
in Europe, USA and Japan, shows clearly that further research and development on critical issues
is required in order to prepare the design and construction of the new infrastructures. This is not
only necessary for reducing the radiation wavelength further, but also to develop and test seeding
techniques in order to improve the temporal coherence of the radiation and to avoid the statistical
fluctuations caused by the start-up from noise in the SASE process and to develop high average
current options. Therefore several test and prototype facilities have been built or are currently
being prepared. The projects in Europe are summarized in the following.

The VUV-FEL at DESY, although primarily focusing on user applications, does include a
significant R&D program during the first years, focusing in particular on online photon diagnostics,
synchronization of all subsystems to better than 100 fs, and a self-seeding scheme to improve the
temporal coherence of the radiation.

The objective of FERMIQELETTRA is the construction of a user facility providing photons
in the 100 to 10 nm range. It will utilize the existing 1.2 GeV linac upgraded with a high-brightness
photo-injector, bunch compression system and advanced diagnostics. In parallel the first undulator
chain covering the range 100-40 nm will be developed and exploited for experimental studies of
HGHG schemes.

SPARX is an evolutionary project proposed by a collaboration among ENEA-INFN-CNR-
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Figure 3.7: SASE FEL devices operating wavelength vs. foreseen year of start of operation.

Roma Tor Vergata University, aiming at the construction of a FEL-SASE X-ray source in the Tor
Vergata Campus. The first phase of the SPARX project, funded by Government Agencies with 10
MEuro plus a preliminary contribution of 2.35 MEuro by INFN, will be focused on R&D activity
on critical components and techniques for future X-ray facilities. A R&D program towards a high
brightness photo-injector, the SPARC project (Sec. 2.3) is already under way at LNF-INFN and
it will be commissioned within 2006. The R&D plans for the X-ray FEL source will be developed
along two lines: (a) use of the SPARC high brightness photo-injector to develop experimental test
on RF compression techniques and other beam physics issues (SPARC phase II, Sec. 4.1.1), (b)
explore the production of soft and hard X-rays in a SASE-FEL with harmonic generation, in the
so called SPARXINO test facility (Sec. 4.1.2), upgrading in energy and brightness the existing
Frascati 800 MeV Linac at present working as injector for the DA®NE ¢-factory.

A recirculating 35 MeV energy-recovery linac prototype (ERLP) with a FEL that will generate
THz to mid IR radiation is currently under construction at the Daresbury Laboratory. Work on
this facility will complement and support the design study for the full 4GLS (4'* Generation Light
Sources) facility. ERLP will allow the testing of recirculation concepts, as well as instrumentation
and diagnostics developments.

BESSY will set up a cryogenic Horizontal Bi-Cavity Test-facility (HoBiCaT). This facility is
designed especially for the qualification of superconducting RF components for superconducting
CW (continuous wave) linacs, which many of the proposed new infrastructures are based on. The
HoBiCaT will provide unique possibilities to investigate TESLA-type cavity units (including all
ancillary components) in CW operation. A summary of the SASE FEL operating wavelength vs.
the foreseen operation start time is reported in Fig. 3.7.

In addition, several projects for low-intensity femtosecond X-ray sources have been started in
order to stimulate experimental and scientific developments on the user side to be better prepared
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when the new FEL infrastructures become operational. For example the sub-picosecond pulse
source (SPPS) build on the SLAC linac is producing 100 fs X-ray pulses since 2003. The pulse
energy is sufficient for time-resolved X-ray diffraction experiments.

Most likely all XUV sources will use laser seeding and harmonic generation from the beginning
to provide fully coherent FEL radiation without the statistical fluctuations typical of SASE. At
short wavelengths they all exceed the brilliance and peak power of present undulator sources on
modern electron storage rings as well as laser plasma and high-harmonic generation sources by
several orders of magnitude, as illustrated in Fig. 3.6.

3.9 Linear Collider

The particle physics community has endorsed a Global ete™ Linear Collider (LC) in the TeV
energy scale as the next major step in the field. The physics case for its construction is well
established. In the last decade different teams in Asia, USA and Europe have produced intense
and successful R&D based on different technologies in order to reach the high gradients required,
such as:

e Superconducting cavities at 1.3 GHz (L-band) developed by the TESLA Collaboration (Ger-
many).

e Room temperature cavities at 11.4 GHz (X-band) developed by a joint effort of the NLC
(USA) and JLC (Japan) collaborations.

e Two beams acceleration scheme, CLIC; with room temperature 30 GHz cavities, which aims
at the multi TeV energy range (Europe).

The experience gained in designing and operating the SLC (Stanford Linear Collider) at SLAC
will be crucial for the LC design. To demonstrate its feasibility, test facilities have been built in
different parts of the world: Final Focus Test Beam at SLAC, Accelerator Test Facility at KEK,
TTF at DESY and CTF at CERN.

In 2004 ICFA (International Committee for Future Accelerators) has endorsed the Inter-
national Technology Recommendation Panel (ITRP), an international “wise men” committee in
charge of choosing the technology for the 1 TeV LC so that the different teams can concentrate on
a single project avoiding dispersion of resources.

This choice has been done in August 2004. From the ITRP Executive Summary: “During the
past decade, dedicated and successful work by several research groups has demonstrated that a linear

collider can be built and reliably operated’ 109) " The Committee stated that both technologies can
achieve the design goals for the LC; however it recommended the Super Conducting (SC) RF
technology because of its features, as the low RF frequency, that will facilitate the future design.

This choice will certainly produce acceleration in the international organization to produce,
in about three years, a design and costing for a 0.5-1 TeV LC based on SC technology. The design
will involve all the collaborations that have been working up to now separately on the “warm”
and “cold” technology plus new laboratories and universities. The FP6 network EuroTeV aims at
being the nucleus of this global team in Europe.

At the same time, the research on the two beams acceleration scheme will continue with
CTF3 at CERN, to put the basis for the multi-TeV next generation collider.

In this scenario the LNF Accelerator Division is already collaborating with the international
R&D efforts on the linear colliders: TESLA, TTF, EUROTEV, CARE and CTF3 (Sec. 5.1.1).
Moreover, this activity has a strong synergy with the R&D activity on X-FEL carried on by the
Accelerator Division (SPARC, SPARX and EUROFEL), since both aim at the production and
acceleration of extremely high quality electron beams.
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Chapter 4

Future Activities at the LNF

The chapter includes both, mid-term initiatives currently funded, and the activities that have
been discussed as possible extensions of the already fixed experimental programs. First section
is devoted to the funded continuation of the present Free Electron Laser project at the LNF; the
second part is a status report on the conceptual accelerator studies carried out so far for one facility
replacing/upgrading DA®NE; following sections refer to different parts of the research program
related to the new facilities; the last part presents the perspectives of the experimental detection
of gravitational waves in the LNF.

Accelerators Activities

4.1 R&D on Free Electron Laser

The path for experimentation on the Free Electron Laser field is largely set by the line guides of
the EUROFEL project, which is the framework and the most relevant funding source of this kind
of activities in the LNF.

4.1.1 SPARC Phase I1

SPARC Phase II, expected to start in 2007 after completion of the Phase I, will be mainly devoted
to beam dynamics studies related to bunch compression systems and tests of new FEL schemes,
like for example the “seeding”, in connection with the EUROFEL programs. In view of the
SPARXINO application (Sec. 4.1.2) two possible bunch compressor schemes will be compared, as
shown in Fig. 4.1. A standard magnetic chicane will be installed in a parallel beam line, parallel
to the SPARC undulator, while a new technique based on the so-called velocity bunching (VB)

scheme will make use of the first linac sections to provide longitudinal focusing 1.

A parallel program is also under way in order to profit of the SPARC facility for other ap-
plications. For example the PLASMON proposal, a Thomson source for tunable (20-500 keV)
monochromatic X-ray beams, is under study 2) . For this aim an additional beam line to trans-
port the beam out of the photo-injector up to the final focus is required, as shown in Fig. 4.1, and
an upgrade of the Ti:sapphire laser system driving the photo-cathode should be implemented. The
main purpose of the experiment is to test the focusing of the high brightness electron beam down
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Figure 4.1: Layout of SPARC Phase II.

to 10pum spot sizes, at a variable energy in the 30 to 150 MeV range, and to collide with counter
propagating laser pulses carrying up to 1 J per pulse. X-ray fluxes up to 5x108 photons per pulse
can be generated with a small energy spread inside a highly collimated beam. Several applica-
tions ranging from advanced clinical diagnostics (in particular mammography, as in the MAMBO
project 3), and non-invasive angiography) to biological imaging could use this facility. Other
applications of the SPARC high brightness beam are related to advanced acceleration techniques,
like plasma accelerator and new radiation sources by crystal channeling.

4.1.2 SPARXINO

The Quick-start program of the European Initiative for Growth has recently identified next gener-
ation lasers as a “key technology sector for the Union long-term competitiveness and strength of the
European economy’. Support for the development of a network of national facilities working on
next generation laser technologies is explicitly mentioned in the final report “A European Initiative
for Growth” of the European Commission to the European Council (November 2003). The new
infrastructures are based on single-pass Free Electron Lasers (FELs) which are the most advanced
short-wavelength radiation sources available. Their unique properties are extremely interesting for
researchers from many different areas, including physics, chemistry, biology and materials science.
They include extremely high peak intensity at a high repetition rate, pulse durations in the 100 fs
regime or less (i.e. a thousand times shorter than synchrotron radiation pulses), continuous tun-
ability covering the complete spectral range down to below 0.1 nm, and a high degree of coherence.
For the first time, these new FEL sources will provide sufficient flux at short wavelengths for a
broad spectrum of new scientific applications requiring sub-picosecond time resolution.

In this framework R&D plans for a X-ray FEL source at LNF will be developed along two
lines: (a) use of the SPARC high brightness photo-injector 4) (Sec. 2.3) to develop experimental
test on RF compression techniques and other beam physics issues, like emittance degradation in
magnetic compressors due to CSR, (b) explore production of soft and hard X-rays in a SASE-FEL
with harmonic generation, in the so called SPARXINO test facility, possibly upgrading in energy
and brightness the existing Frascati 800 MeV Linac. A number of interesting physics items have
already been proposed (Sec. 4.10, Sec. 4.11, Sec. 4.12) that would use such a facility.

A parallel program will be aimed at the development of other critical component for X-rays
FEL sources like high repetition rate S-band guns, high Quantum Efficiency cathodes, high gradient
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X-band RF accelerating structures 5) and harmonic generation in gas. In order to generate SASE-
FEL radiation from 10 nm to 1 nm it is necessary to produce a high brightness beam to inject inside
the undulators. The basic scheme is shown in Fig. 4.2 and consists of an advanced high brightness
photo-injector followed by a first linac driving the beam up to 350 MeV with the correlated energy
spread required to compress it in a subsequent magnetic chicane. The second linac drives the beam
up to 1 GeV while damping the correlated energy spread taking profit of the effective contribution
of the longitudinal wake fields provided by the S-band accelerating structures. Time dependent
FEL simulations show saturation after 16 m of active undulator length. The same undulator of

the SPARC project 6) with two additional 2 m long modules required to saturate at 10 nm can
be used.

1GaW

150Gev 350 Gev Ree=34 mm, 0,=0.73 % 1.25GeV

6,~290 um l l 1

%
o=-L° v=35T|vw o,~43 um

Figure 4.2: Scheme of the SPARXINO test facility.

The DA®NE 60 m long LINAC, equipped with 15 S-band (2.865 GHz) SLAC-type acceler-
ating structures, at present delivers 0.8 us RF pulses at a repetition rate of 50 Hz as required for
DA®NE operation. It accelerates the positrons emerging from the positron converter up to the
maximum energy of 550 MeV and the electrons up to 800 MeV. By upgrading the accelerating field
of the existing units up to 26 MV/m and by adding 2 new SLAC-type sections, 1.1 GeV could be
reached. The Linac waveguide network should also be modified in order to supply two accelerating
units per RF station. This configuration requires also the addition of two new 45 MW klystrons.
High beam brightness can be achieved by installing a copy of the 12 m long SPARC photo-injector
upstream the DA®NE linac with a minor modification of the existing building and a magnetic
compressor at 350 MeV in the area of the Positron Converter, thus keeping the possibility to op-
erate the linac as DA®NE injector. About 15 m of drift space is required at the linac output for
the installation of an undulator. A detailed analysis of the compatibility of the SPARXINO test

facility with the proposed DA®NE energy upgrade operation is under way 7).

4.1.3 PVFEL

The presence of a soft x-ray FEL project such as SPARXINO (Sec.4.1.2) to be developed at LNF
opens the unprecedented opportunity of using an intense, ultra-high brilliance source for particle
physics applications. In particular, intense photon sources can probe various QED regimes and
search for possible dark matter constituents 8,9, 10), Iy this framework, since 1997 results have
been obtained by the PVLAS experiment concerning the study of vacuum magnetic birefringence:
an effect predicted by Quantum Electrodynamics but not yet experimentally confirmed 9, 10).
According to QED, the quantum vacuum behaves as an optically active medium when perturbed
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by an external magnetic field. A linearly polarised light beam can be used as a probe of this
effect: after propagating through a vacuum region in the presence of a transverse magnetic field its
polarization state will change to elliptical; the parameters of the polarization are directly related to
the fine structure constant and the Compton wavelength of the electron. Anomalous contributions
to the vacuum magnetic birefringence could also come from light scalar/pseudoscalar particles that

couple to a photon pair 11) | The various physical phenomena that can induce such a birefringence
have a different dependence on the photon energy and the possibility of using soft x-ray to excite
birefringence rather than, as in the present experiment, a IR or Green laser light, could significantly
help in clarifying the origin of this effect.

4.2 Studies on new accelerators

Since 1999, DA®NE has delivered luminosity to the experiments with increasing performance.
KLOE has collected 450 pb~! in years 2001-2002, DEAR 100 pb—! in 2002, and FINUDA 250
pb~! in 2003-2004. A second round of data collection has started in May 2004 with the aim of
delivering about 2 fb~! to KLOE within the end of 2005, and several hundreds of pb~! to FINUDA
and SIDDHARTA (the continuation of DEAR with an upgraded detector and physics program) in
the following 1-2 years. After these short-term achievements the mission of DA®NE, as it is, can
be considered concluded, although data analysis will continue to deserve efforts for few years after.

From the physics point of view, there are three possible options for an evolution of the machine
in a longer term perspective:

e increase of the machine energy above the nucleon-antinucleon production threshold. This
will allow the precision measurement of the nucleon form factors (FF) in the time-like re-
gion, quantities which suffer at present of huge experimental uncertainties (the neutron FF,
especially, has been measured on the basis of the observation of only 74 events);

e increase of the luminosity of the machine, while remaining at the ¢ peak, to continue the
present experimental program, especially in the field of rare Kg decays and kaon quantum
interferometry;

e increase of the energy up to the 1(3770) or 7 pair production threshold, to perform precision
spectroscopy measurements in the energy range below and at the charmonium threshold,
and, depending on the reachable luminosity, precision measurements of the 7 lepton mass
and decay branching ratios.

The feasibility of the accelerator upgrades and the motivations for the three options are summarized
in the following. The planning of the activities related to the different projects, that are not
necessarily mutually exclusive, are discussed in Chapter 7.

Particle factories are facing their future by looking at the possibility of upgrading the lumi-
nosity by orders of magnitude. The upgrade challenges are more stringent at lower energies. At
present, DA®NE is operating at a luminosity peak exceeding 1.4x103?cm~2 s!, as reported in
Sec. 2.2.

In this section possible future scenarios for DA®NE are presented; the focus is on the expected
ultimate performances of the machine as it is now and on the issues of a design for an energy and/or
luminosity upgrade, listed by increasing cost, complexity and challenge. Different upgrade options
of the collider fitting the existing infrastructures have been examined: an energy upgrade to reach
the NN threshold with minimal changes, a higher luminosity ¢-factory, a 7-charm factory.
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4.2.1 DA®NE luminosity optimization

Even though the DA®NE progresses over the years have been continuous and substantial, a sig-
nificant further improvement in terms of peak and integrated luminosities is still possible. These
expectations mainly rely on:

e implementing a lattice providing negative momentum compaction factor to shorten the bunch
and decrease the vertical S-function at the IP (B;);

e moving progressively the betatron tunes toward the integer to reduce the beam-beam induced
blow-up of the bunches;

e increasing the beam currents by improving the beam dynamics and the performances of the
active feedback systems.

The decrease of 3, is beneficial to the luminosity because it results in a reduction of the
vertical size of the bunch o} and of the linear tune shift parameter &, which is an indicator of the
strength of the beam-beam effect. However, the beta-function has a parabolic shape around the
IP, therefore the length of the region where the beta-function remains small is comparable to the
o, value itself; the latter cannot be reduced below the bunch length value oy, in order to avoid
a geometrical reduction of the luminosity known as “hourglass effect”. A very effective way to
shorten the bunch is to implement a lattice with negative momentum compaction factor a.. The
momentum compaction is the ratio between the relative closed orbit elongation normalized to the
relative energy deviation of a particle in a storage ring. Negative momentum compaction lattices
have been tested in DA®NE during machine study shifts and bunch shortening by about 30-40%
has been measured. The potential benefits of this kind of lattice are evident, but retuning the
machine and all the feedback systems to optimize the luminosity in this configuration will require
a significant amount of time.

The beam-beam effect, which is especially severe in the low-energy colliders, is also limiting
the luminosity performances of DA®NE. The primary effect induced by the beam-beam interaction
is the blow-up of the transverse (in particular the vertical) size of the bunches of one beam as a
function of the current in the bunches of the other one. Presently in DA®NE an increase by
about 50% in the vertical size of the two beams is observed when colliding 10 mA bunches. From
beam-beam simulations as well as from experimental data from other colliders such as the B-
factories KEK-B and PEP-II, it is known that a way to limit the beam-beam induced blow-up
is to work with betatron tunes close to the integer or half integer. However, since any storage
ring is unstable at these integer betatron tunes, working close to the integer is very critical and
requires extremely fine machine tune-up, especially on the lattice non-linearites. The reduction of
the DA®NE betatron tunes towards lower values has already started as a slow, adiabatic process
requiring a machine re-optimization at every step. An optimization of the operational parameters
aimed to increase beam lifetimes should also be pursued, finely tuning machine nonlinearities and
possibly increasing the injection rates.

4.2.2 DAO®NE energy upgrade

The interest in the NN threshold, reported in Sec. 4.9, has originated studies for increasing the
DA®NE energy at least by a factor of two, with a luminosity peak of the order of 1032 cm =251 12)
Since the luminosity naturally increases with the energy, this peak luminosity can be obtained with
currents of the order of 0.5 A per beam, much lower that the present stored currents. Almost all
the systems of DA®NE are already dimensioned for such currents and energy, with the exception

of the dipoles and the injection system. In the hypothesis of minimum changes in the hardware, a
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preliminary design of new normal conducting dipoles fitting the present vacuum chamber has been
done 13). This design leads to a maximum magnetic field just at the limit for neutron-antineutron

production at threshold. Other solutions 14), based on superconducting dipoles and new vacuum
chambers, are being investigated for reaching the pp threshold, i.e. 1.2 GeV per beam.

No significant differences are expected for the operation at the ¢ energy since the hardware
and the machine layout basically remain the same. Two main options can be foreseen for injection:
to upgrade the DA®NE linac for injecting at full energy (without damping ring) or to preserve the
present injection system (including the damping ring) implementing an energy ramping scheme in
the main rings. The energy ramping option requires a synchronized control of the magnet power
supplies that is allowed by the existing hardware. However this option does not allow topping-up
injection in the high energy operation. On the other side, a linac upgrade (Sec. 4.1.2) allowing
for a faster and more flexible injection procedure, is more expensive and requires also upgrading
kickers and septum magnets in the ring, as well as the transfer lines dipoles.

4.2.3 Higher Luminosity ¢-Factory

Any upgrade design of DA®NE as a ¢-factory has to start from an increase of the machine radi-
ation damping rate. In fact, the physics of the beam-beam effect, thoroughly investigated both
theoretically and experimentally, shows that fast radiation damping rates are essential to limit the
beam-beam induced vertical blow-up and increase the attainable values of the linear tune shift pa-
rameters, thus increasing the achievable luminosity, since the faster the damping rate, the shorter
the time needed by a particle to loose the “memory” of any experienced perturbation including
those coming from beam-beam interactions.

Another parameter for a luminosity increase is the minimization of the bunch length at the
IP to overcome the hourglass effect in the regime of very low #*. There are two possible approaches
in the path to higher luminosities: the first one is the upgrade of the present DA®NE collider in
order to reach luminosities of ~1033cm ™2 s71, the other one is to redesign and rebuild the collider
to obtain luminosities above that value.

The first approach foresees new superconducting wigglers to add radiation damping, to be
installed in one of the two IR; new vacuum chambers with lower impedance and antechambers in
the positron ring to increase the electron-cloud instability threshold; a new Interaction Region to
lower the 8* and the parasitic crossing effects.

The second approach is the study of a new collider, fitting the existing buildings and pushing
the design luminosity at the limit of the accelerator physics state of the art 15)  The ultra-high
luminosity design is based on a mix of standard and new concepts, the most important ones being:
strong radiation emission to increase radiation damping; negative momentum compaction lattice;
strong RF focusing scheme to get bunch lengths in the mm scale.

The importance of enhancing the radiation emission and the advantages of the negative
momentum compaction factor has already been illustrated in the previous paragraphs. In the
preliminary design a basic “wiggling” cell, made of a sequence of inward and outward bending
dipoles, provides both large radiation damping and large negative momentum compaction. Due to
partial compensation of positive and negative dipoles, the total bending angle of one cell is small
and a large number of cells (i.e. a large number of dipoles) are necessary.

To make a substantial step in luminosity it is necessary to decrease by about one order of
magnitude the vertical beta-function at the IP Bj passing from the cm scale to the mm one.
Then the bunch length has to be reduced to about the same value to avoid the hourglass effect.
Recently, a novel technique called Strong RF Focusing (SRFF) has been proposed to meet this

requirement 16), By combining a very large RF gradient with a large momentum compaction
factor, a bunch length modulation along the ring can be induced. The bunch length has its
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maximum in the RF section, and the lattice can be tuned such that the bunch length reaches its
minimum at the IP. This condition requires that the two portions of the ring delimited by the
RF and the IP contribute equally to the total momentum compaction of the ring. However even
with a large momentum compaction (of the order of 1071), the voltage needed to produce sizeable
variations of the bunch length along the ring is of the order of 10 MV, a very large value for a
100 m long ring, which surely requires a very efficient superconducting RF system. The SRFF
principle has never been observed and studied experimentally. Many aspects of beam physics (such
as Touschek lifetime, dynamic aperture, beam-beam, coherent synchrotron radiation emission, etc.)
need to be studied in more detail to establish whether or not a collider may efficiently work in this
regime. In order to add solidity to a design based on this scheme, an SRFF experiment to be carried

out at DA®NE has been proposed 17) 1f funded the experiment could be completed in six months
and could give the first SRFF experimental observation, together with other useful experimental
results on the impact of this regime on the beam dynamics and on the bunch-by-bunch feedback
systems. The experiment cost estimate is about 1 MEuro mainly for the construction of the new
SC cavity and cryostat, and to the upgrade of the DA®NE cryoplant to produce 2K liquid Helium.

4.2.4 t-charm-Factory

Exploring all the possibilities for the future of the LNF in the panorama of the high energy physics
during and after the LHC era includes also the 7-charm physics. The infrastructures of the LNF
are in principle compatible with a 7-charm project, a collider with an energy in the center of mass
of 3.8 GeV, and luminosity of 103* cm™2s7!, i.e. an order of magnitude above the BEPC-II design
value. Such a machine could be based on a double symmetric ring collider, flat beams in multibunch
operation, normal conducting magnets, one Interaction Region, and on-energy injection systerm.

Research Programs

4.3 Kaon physics

As reported in Sec. 3.2.3, there are near and mid-term plans in the world to achieve high statistics
at the hadron machines for studying rare and very rare kaon decays. At the ¢-factory, integrated
luminosities >20 fb~! (delivered in one year by a machine with peak luminosity of 2x103% ¢cm=2
s71) allow the study of tagged, selected samples of the order of 10'° kaons of any species. This
is not enough to compete with hadronic machines for the search for K; — wvv but sufficient to
improve the results in other channels, as explained in the following. In this realm, a ¢-factory
can compete for precision measurements of leptonic, semileptonic and hadronic decays and in the
improvement of the absolute branching ratios (BR) of the channels with BR > 107?. The new
results can be provided thanks to the low background environment, to the possibility to tag the
kaon beams, to the kinematic knowledge of the events and to the fact that the kaon system is
produced in a coherent quantum state.

The discussion is centered on few topics taken as benchmarks of wider physics programs,
including different tests of the discrete symmetries and precise measurements of interest for Chiral
Perturbation Theory (xPT), i.e. for studying low energy properties of the strong interactions in
terms of effective theories.
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4.3.1 Kg decays

The KLOE experience has demonstrated that a ¢-factory has to be considered the best place for the
study of K decays. Kg’s are produced at a rate of 10® particles per pb~!. Assuming typical KLOE
detection efficiencies, one can deal with statistical sample as rich as 10° events/pb~!. Therefore a
data collection of > 20 fb~! would translate in the first observation of a signal of the CP violating
transition Kg — 37°, whose branching ratio is expected to be ~2x107°. At present, the best limit
on this branching ratio is set by KLOE at 2x10~7, on the basis the analysis of ~400 pb~!.

The Kg — nta~n° decay can proceed with or without CP violation. The CP-conserving
(CPC) amplitude is suppressed by AI = 3/2 rule and by angular momentum barrier, giving the
predicted branching ratio of ~3x10~7. The CP-violating (CPV) amplitude is enhanced by the
AI = 1/2 rule and the predicted branching ratio is ~1.2x107°. The interference between CPC
and CPV amplitudes, vanishing in the total rate, gives rise to a 10% left-right asymmetry in the
charged pions from which it is possible to derive 14 _¢. The dominant CPC amplitude is interesting
by itself since it is a pure AI = 3/2 transition and it can be used to test for the first time the xPT
calculations that have an accuracy at 10% level.

Current experimental knowledge of BR(Kgs — nt7~7°) is relatively poor. Measurements of
BR(Ks — ntan~n%) have been performed using interference techniques at the CERN CPLEAR
and Fermilab E621 experiments. The results are:

(2.511-2105) . 10-7  CPLEAR 18, 19)

(4.8722 £ 11).10-7 E621 20)

The world average value for BR(Ks — m" 7 7°), as calculated by the Particle Data Group
is (3.2712).10-7 21),

With o4 ~ 3 pub and BR(¢ - KsKp,) = 0.336, this corresponds to about 0.3 Kg — ntr~ 70
decays produced per pb~'. Assuming the present KLOE selection efficiency, with an integrated
luminosity of 50 fb~! , one expects to collect a sample of 200 events, large enough to measure the
pion left-right asymmetry with 30% accuracy and the total BR(Ks — 777~ 7°) with a precision
of 7%.

The K s semileptonic decays represent another process of interest for the ¢-factory. The value
of the branching ratio of this transition can be derived from the measured value of the same BR
for the K and from the ratio of the two lifetimes by the simple relation:

BRszBRL XTs/TL (4.1)

The above formula implies that AS= —AQ transitions are not allowed. Any deviation from it,
therefore, is a signature of violation of the AS = AQ rule, which in the SM is expected at the 10~°
level. In general, the amount of this violation is parametrized by the quantity Re(z;):

+ - -0 — - N
Re(wy) =+ | V|T|K°)  (e~nt0|T|K°)

—— |, 4.2
2 | (et v|T|K®) ~ (e~mtu|T|KO) (42)

which can be measured from the relative difference of Kg and K, decay widths into wev:

_ 1I(Ks — mev) —T'(Kp — mev)
Re(e) = 20(Kg — mev) + I'(Kp — mev)’ (43)
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The most precise published value of Re(x ) is given by CPLEAR Collaboration 22) , Re(zy) =
(—1.8+£4.1544¢ £4.55,5¢) x 1073. The KLOE preliminary measurement is Re(z4) = (0.9£2.9544¢ +
2.95y5t) x 1073, obtained with ~400 pb~' of integrated luminosity.

CPT violation in the kaon system is parametrized by the complex quantity §, which is pro-
portional to the difference between the amplitudes describing the time evolution of the two mass
eigentstates, K° and K°. CPLEAR has found Re(§) to be compatible with zero, with an error of
~3x107%, using tagged K° and K° semileptonic decays.

Alternatively, Re(d) can be measured comparing the charge asymmetries Ag and Ay, of the
K2 and K9 mesons to 7*eTv, through the relation: As — Ay, =4 x Re(d).

While Ay, has been recently measured with a precision of ~107% 23), the present KLOE
preliminary measurement gives the first ever made measurement of Ag = (=249t :i:GSyst) x 1073,

By simply extrapolating the statistical error quoted above, one can argue that a data collec-
tion corresponding to ~20 fb~! would provide a measurement of Ags with ~30% accuracy.

Another kind of very interesting decays are Kg — 7%t~ and especially the theoretically
cleanest decay into one pion and one ete™ pair. The knowledge of the relative branching ratio
is important since it fixes the indirect CP-violating contribution to the same decay of the K,
which could be measured in the near future by fixed-target experiments. The accuracy in the
knowledge of this contribution directly translates in the precision of the SM prediction for the K,
decay, as shown in Fig. 4.3. The only experimental evidence for K — m%eTe™ has been given
by NA48 24) on the basis of 7 events, corresponding to BR(Ks — mlete™) = (5.8739)107°.
Integrated luminosities at the ®-factory of the order of 50 fb~! are needed to collect samples of
dozens of events, assuming conservative efficiencies of 10%.

10" x B(KL)

0 ' O'.4 ' 0'.8 ' l'.2 ' l'.6 ' 2'.0 ' 2'.4 '

10* x Im(V;%V;a)
Figure 4.3: SM Prediction for B(K; — weTe™) as a function of Im(V;:Vi4), neglecting CPC
contributions and assuming a positive interference between direct- and indirect-CP-violating com-
ponents. The four curves correspond to the central value of B(Ks — 7w°ete™) and no error (central

full line); 10% error (dashed blue lines); 20% error (dashed green lines); present error (red dotted
lines).

Two important facts must be underlined here. First, a careful study on the impact of machine



84 CHAPTER 4. FUTURE ACTIVITIES AT THE LNF

background is crucial to reach the sensitivity needed to measure these rare processes. Second, since
it is assumed everywhere present KLOE selection efficiencies, there is room for improvements by
optimizations of the analysis cuts and/or by detector upgrades. On this respect, an increase in the
event acceptance is conceivable by means, for example, of the construction of a new, light tracker
near the interaction region and a careful tuning of the magnetic field value, presently optimized
for the separation of K — w7 from Ky — muv decays.

4.3.2 Neutral Kaon Interferometry

Since at the ¢-factory the neutral kaons are produced in a coherent state J¥“=1"", the decay
lengths of the two kaons are correlated and the interference patterns in different decay channels
permit precision measurements of the kaon parameters, including the phases ¢4, ¢4+ — ¢go, and

the CPT violation parameters Im(dy), Re(dy) 25),

The parameters related to the conservation of the discrete symmetries are sensitive to the
behaviour of the decay length correlations at short decay distances so that attainable accuracies
are dominated by the limited statistics of K decays occuring within ~5-10 75 or 0.01-0.02 7.

With integrated luminosities of the order of 50 fb=! the real parts of the CP/CPT violation
parameters could be measured at the O(10~%) level of the statisrical error.

Since all final state combinations can be measured with high statistics at the ¢-factory, it is
also possible to infer the CP/CPT violation parameters in the mixing and in the decay amplitudes
separately. Moreover, final results can benefit of a global fit to all the distributions, certainly useful
to limit systematics errors.

4.3.3 Charged Kaons

At the funded Japanese Proton Facility JPARC a physics program 26) centered on precision mea-
surements of the major branching fractions of charged kaons has been submitted to the Scientific
Committee. The goal of the program, starting in 2008, is to reach 5 per mil accuracy (systematics-
dominated) in the K.3 mode and similar precisions in purely leptonic, semi-leptonic, hadronic
decays with or without photons in the final state. The new measurement of K+ — 7l ™ (u*)v
allows the extraction of the | V,5 | CKM matrix element with a precision of 1073. The study of
the decay spectra addresses questions on the nature of weak interactions (scalar, vector and tensor
type), lepton universality and models of hadron dynamics.

The ¢-factory, at integrated luminosities of the order of 100 fb~!, can well compete with
this program achieving similar or better precisions in a completely new environment, dominated
by different systematics. In particular, the program will include new measurements of the direct
photon emission contributions to the hadronic modes, very poorly known today. Moreover, at the
¢ factory direct CP violation can be addressed by the measurement of the asymmetries in the
Dalitz plot of K /K~ — 37 decays.

4.4 Light Quark Spectroscopy

The hadron physics program points to high-energy, in the B-meson sector and above, aiming to
unveil the evidence of new physics at very short distances in loop-diagram dominated processes.
There is however the opposite direction that is actively pursued by a wealth of experimental
programs, which includes the confinement regime where one aims to study hadronic phenomena
in the GeV region and to connect them to fundamental parameters of QCD.
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The energy region below the charm quark threshold is of interest for the possibility of studying
light scalar candidates, glueballs, hybrids, multi-quark states. Detailed study of the enigmatic fjy,
as well as other topics related to n,n' pseudoscalars, can be carried out in the ¢ energy region.
But surprises do lurk in the 2 GeV vector meson region, which await to be clarified. One can only
name two of them, the X (1750) and the p(1900).

e The X (1750) was only recently conclusively shown to be different from the ¢(1680), fol-

lowing high-statistics data in high-energy photoproduction 27) which shows a 10,000 event
enhancement in the K+ K~ final state with a signal/background ratio ~1. The same data
shows no enhancement in K*K, which is the dominant mode for the ¢(1680), also recently
confirmed by preliminary BABAR data. The interpretation of both remains uncertain.

e Evidence for the radial excitations of p vector meson have remained for long time cladded by
mystery. For a brief but complete account see the mini-review in 28) | Definite evidence for

the p(1700) has come from photoproduction experiment E687 29) in the 67 final state. The
p(1700) is observed interfering destructively with a narrow resonance at 1.9 GeV previously

observed in ete~ 30, 31), namely the p(1900). The new narrow resonance is discussed in
relation to the dip observed in the form factors around 1.9 GeV, the NN threshold, and a
possible hybrid ¢gg origin has been proposed.

Finally, the light hadron sector, and especially light scalars, can be studied at a high-
luminosity charm factory via Dalitz plot analysis of charm meson decays 32, 33). This is actually
an interesting example of synergy and joint efforts between two communities: on one hand the
charm meson decays represent a new source of information on light hadrons, on the other the
charm meson interpretation requires the understanding of strong effects in the final states. Among
examples of such an interplay it is possible to quote the Dalitz plot analysis of D — warw for
f0(980) and ¢(500), and D — Knr for fy/ap mixing.

4.5 Charm physics

Studying charm decays at the threshold process ete™ — 9(3770) — DD offers many advan-
tages. Threshold production of charm hadrons leads to extremely clean events, with optimum
signal /background ratios; the background due to not-DD processes can be directly measured run-
ning below the production threshold. It is possible to tag the events to obtain absolute branching
fraction measurements; the DD pairs are produced in a coherent Quantum-Mechanic state pro-
viding information on D mixing and CP violation. In the SM, CP-violating amplitudes arise from
penguin or box diagrams with b-quarks; however they are strongly suppressed by the small V,
V*.» combination of the CKM matrix elements. The observation of CP violation in charm decays
would be an unambiguous signal of new physics. The DD pairs are produced in a C=-1 initial
state so that final states containing two CP eigenstates of the same parity is a manifestation of
CP violation. With integrated luminosities of the order of 100 pb~! the discovery window in the
analysis of these final states could be extended to the 10~* level.

Moreover, it is possible to put stringent limits on the oscillations in the charm sector running
above the ¢(3770) and comparing the correlations in D decays produced in ete™ — D°D° ete™ —

DODO and ete~ — D070 32). Although D°DO oscillations are not the most suitable tool to
look for New Physics, their study at the 7-charm factory (7cF) is unique because of the absence of
concurrent Doubly Cabibbo Suppressed decays in most of final states. At the 7cF is also possible
the measurement of the strong phase shift comparing oscillations in hadronic and semileptonic final
states. Other channels of interest are the FCNC decays, in particular the D — 7 [T]~ and D — p
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71~ which in the SM are expected to have a BR of the order of 10~%: effects of new physics could

show up in the region of low di-lepton masses 34)

Integrated luminosities of the order of 100 fb~! would provide statistics for many important
studies of the SM, summarized in Table 4.1.

e Precision measurement of the DT — ptv branching ratio, allowing the extraction of the
charm decay constant fp, can be carried out with unrivaled control over systematics. Ex-
tracting precise numbers for the decay constant fp represents an important test for lattice
QCD calculations, that are expected to become very precise in this sector in the near fu-
ture 35).

e Significant improvements in the measurements of |V (cd)| and |V (cs)| from D — fvr and
D — (vK modes could be obtained, providing another sensitive test for the attainable
precision with lattice QCD, that is expected to reach the percent level in this sector 35).
Accurate charm data are very useful to understand the reliability of the description of non-
perturbative dynamics and thus indirectly to support the lattice calculations done in the
beauty sector.

e Also the absolute branching ratios for non-leptonic decays like D° — K7 and D™ — Kz
could be measured with uncertainties of the order of per mil.

e The completion of the charmonium spectroscopy would provide authoritative answers con-
cerning charmonium hybrids and clarify the situation with respect to candidates for glueballs
and hybrids in charmonium decays like J/1 — vX.

It is worthwhile to mention that there is a deep synergy between precision measurements
in the charm sector and the present/future physics programs in the beauty sector. Absolute
charm branching ratios and decay chains represent important inputs for B decays, and the present
uncertainties are becoming a bottleneck in the analysis of the beauty decays.

4.6 The 7 lepton

An ete™ collider reaching £ ~ 103* cm=2 s~ at /s just above 3.7 GeV could deliver 100 fb=!
per year (1 y = 107 s), allowing for the study, with ~3 years of data taking, of the lepton-number
violating channel 7 — pvy on the basis of a sample of 10° events, i.e. in the region of interest for

the SUSY theories 36).

From the feasibility point of view, it is worthwhile to remind that the machine project to
reach Lpeqr ~ 103 cm ™2 s71 at ~3.7 GeV is less challenging than to reach such a luminosity at
lower energies, also because of the shorter damping times due to the higher radiation emission.

The highest cross section for 77 production occurs at the 1/ resonance (3.69 GeV) where
visible cross section is approximately proportional to 1/0(E) (o(E) is the machine beam energy
spread) and it is ~3 nb for machines adopting standard optics.

The recent upper limit obtained by BABAR Collaboration for the 7 — vy 37) s BR(
T = wy)< 6.8x 1078 at 90% C.L., based on the analysis of ~ 2 x 10® produced 7 pairs. The
sensitivity is limited by the background, mainly from pu(y) and 77(7) events. Running near
threshold the radiative 77y component is suppressed, and the kinematics of the 2-body 7 decays is
almost-monochromatic (Fig. 4.4), giving further elements besides statistics to definitively improve
the results from the B-factories. Radiative 7 decays such as 7 — 7wvy and 7 — pmvvy are for the
same reason best studied immediately above 7 threshold.
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Charmed Meson Produced Detected
DY 400 x 10° 160 x 108
DT 160 x 10° 63 x 106
DY 30 x 10° 9 x 10°
Mode Decay Constant Afp,/fp,
DT = utv fp 0.5%
D& — ptv fps 0.4%
Dé =1ty fps 0.3%
A(‘/cd) A(chs) AR/R;RE |Vrcd|/|‘/cs|
0.3% 0.3% 0.2%
Abs. Hadronic BRs | Num. Double Tags Stat. Error
DO 1500 0.1%
D+ 1800 0.1%
D¢ 180 0.3%

Table 4.1: Physics reach for outstanding SM studies at 7 — ¢ factory. Estimates are extrapolated
from CLEO-c, the factory presently operating at the Cornell storage ring, and projected to 100
fb~! luminosity.

Moreover, the 7 physics program includes precise measurement of the 7 mass, sensitive studies
of weak couplings and lepton universality via purely leptonic and semileptonic decays, and the
measurement of other rare processes as those involving kaons. Thanks to the kinematic constraints,
the 7 — 7m0 channel can be well separated from the other decays giving the opportunity for a
new test of the CVC rule via the comparison with the ete™ — 77~ data. This is particurarly
interesting to solve the discrepancy between 7 and eTe™ data in deriving the hadronic vacuum

polarization corrections to the anomalous magnetic moment of the muon 38),

4.7 High-resolution spectroscopy of hypernuclei

The study of hypernuclear physics represents a way to address several fundamental questions
of modern physics: hyperon-nucleon (YN) and hyperon-hyperon (YY) strong interaction; four
baryon strangeness changing weak interaction through the analysis of the non-mesonic weak decays
AN — NN; change of hyperons and mesons properties in the nuclear medium; existence of di-
barionic resonances; the role played by quark degrees of freedom, flavor symmetry and chiral models
in the nuclear and hypernuclear sector. In the last years, the use of «-ray detectors for hypernuclear
physics studies has determined a significant breakthrough in this field. In fact, by exploiting the
unique energy resolution achievable with germanium detectors (few keV at 1 MeV) it has been
possible to shed new light both on low energy hyperon-nucleon interaction and on impurity nuclear
physics. Hence high-resolution y-spectroscopy represents the new frontier for hypernuclear physics.
In this section, the possibility to carry on such an experimental program with a modified FINUDA
setup (FINUDA2) exploiting the increased luminosity of DA®NE is described.

Thanks to high resolution vy-ray spectroscopy with germanium (Ge) detectors, detailed level
structures of hundreds of nuclei have been precisely measured with energy resolution of about few
keV. However, this experimental technique has not been successfully used for A hypernuclei since
1998 due to the difficulty of operating Ge detectors in high-counting rate environments. Never-

theless, with the construction of the large-acceptance Ge detector array (Hyperball) at KEK 39)
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Figure 4.4: Track momentum distributions normalized to /s at the T pair production threshold
(top), at 4.14 GeV (middle) and for comparison at the Y(4s) resonance (bottom). Dotted, blue
histograms are the distributions for the T — lvv channels and continuous, red histograms refer to
the two-body decays ™ — Tv.

it has been demonstrated that this powerful experimental technique is nowadays available also for
hypernuclear physics. This bring down the energy resolution on the hypernuclear levels to few keV

(FWHM) 39, 40, 41) allowing to explore new physics topics.

4.7.1 Hyperon-nucleon interaction

Hypernuclear v spectroscopy gives information on the interaction between a A and a nucleon which
is the first step toward the unified theory of baryon-baryon interaction. In light A hypernuclei, the
level structure can be described as the weak coupling of a A to the nuclear core. When the structure
of the considered hypernuclear system is relatively simple, like in the case of light A-hypernuclei, it
can be described in the frame of the shell model. Therefore, the YN interaction can be expressed
by the following equation:

Van (r) = Vo(r) +Vy (1) -8+ Va (r)an - 80 + Vi (1)Ian -8+ Vi (r)[3(Fn -7) (Ga -F—Fn-3a)] (4.4)

where r = |rny — ra| and Iy is the relative orbital angular momentum. Each of the five terms

of Eq. (4.4) 42) corresponds to a radial integral commonly denoted as V, A, Sy, Sy and T.
The average central interaction (V) is determined by reproducing the measured A binding energies
for several p—shell hypernuclei. The other four parameters express spin-dependent forces. For
low-excitation levels, where the A occupies the Os orbit, each level of the nuclear core having spin
J (# 0) is split into two levels with J + % and J — % The spacing of these levels is of the order
of 100 keV hence to measure such a fine structure it is necessary to use Ge detectors. The levels
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structure and the energy of the v transitions of some p—shell hypernuclei have been theoretically

studied in relation to the spin-dependent contributions 42, 43, 44), but the measured energy level
spectra cannot be completely reproduced by a simplified two-body effective interaction. In order
to describe the experimental data a so called three-body force, due to intermediate X states, has
to be considered. Since the mass difference between ¥ and A particles is smaller than that of A
and N, the three-body force is stronger than the analogous interaction involving intermediate A
states in ordinary nuclei. Moreover, since the ANN interaction is mediated by two-pion exchange,
while the one-pion exchange is forbidden by isospin conservation, the ANN force is expected to be
larger than the AN one. Therefore, the study of the hyperfine hypernuclear levels has produced a
first result in the understanding of baryon-baryon interaction.

4.7.2 Impurity nuclear physics

A hypernucleus can be regarded as a nuclear system with an explicit content of strangeness. The
introduction of one (or two) hyperon(s) in a nucleus may give origin to various modifications of
the nuclear structure, like changes of the size and of the shape, changes of the cluster structure,
manifestation of new symmetries, changes of collective motions, etc... An interesting topic of
modern nuclear physics is the study of nuclear matter with an extreme N/Z ratio, the so called
neutron-rich nuclei. Hypernuclei in general and neutron rich hypernuclei in particular (i.e. TH,

CH, 1?Be) 45) may be even better candidates to study nuclear matter far from the stability
line, because more extended mass distributions are expected than in ordinary nuclei thanks the
“glue-like role” of the A particle. This effect has been experimentally determined through ~-ray
spectroscopy of 1 Li 41) | The method used to put in evidence such an effect, and that can be used
to explicitly determine other nuclear modification, is again the study of the energy level spectrum
of A-hypernuclei. By comparing the B(E2) of {Li (5/2* — 1/27) with that of the core transition
SLi (3% — 17) it has been found that the size of the {Li is 19 & 4 % smaller than that of °Li. The
measurement of B(E2) has been carried out with the Doppler-shift attenuation method (DSAM).
This method, developed at KEK, is based on the assumption that if v ray emission is fast enough
after the production of the hypernucleus, the width of the detected energy peak is broadened by
the Doppler effect. The lifetime of the excited state is then obtained from the observed peak shape
compared with that coming from a MonteCarlo simulation.

4.7.3 Medium effect

The last topic that may be addressed by means of hypernuclear v spectroscopy is related to the
origin of baryon’s masses. The properties of a baryon embedded in a nucleus may change due
to the partial restoration of chiral symmetry in nuclear matter. This effect might be measured
by comparing the g—factor of a A in the nucleus with that in free space. However, due to its
short lifetime, it is difficult to measure hypernucleus g factor directly, one could derive it from the

probability of the spin-flip transition B(M1) between hypernuclear spin-doublets states 46).

4.7.4 High resolution hypernuclear 7 spectroscopy with FINUDA

The FINUDA experiment has demonstrated that the low energy kaons available at the LNF ®-
factory 47) are extremely useful to perform hypernuclear physics. Therefore, as soon as FINUDA
completes its scientific program, it would be possible to envisage a detector upgrade in order to
perform ~ ray spectroscopy. It implies the removal of a couple of drift chambers both from the
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inner and the outer arrays: such a modification provides room to install a couple of VEGA ~-

ray detectors 48) ingide the FINUDA magnet coil directly looking at the nuclear targets with a
reduction of the present solid angle covered by the spectrometer (~ 37 sr) of only ~ 28%. This
segmented clover Ge detector has been developed at GSI and represents the most advanced device
presently available. At current DA®NE luminosities (~ 103%cm2s7!), the expected counting
rates will range from ~ 1000 events/day down to a few events/day, depending on the selected
~-transition. Of course the scenario will be more attractive when it will be possible to exploit the
new potentialities, in terms of luminosity, of DA®NE 49, 50) 1t is worth recalling that the major
drawback of Ge detectors is their low efficiency: the feasibility of the FINUDA2 experiments will
crucially depend on the brilliance of the ¢ source.

By simply extrapolating the Monte Carlo calculations for the FINUDA apparatus in present
configuration, at a luminosity of 10*3cm=2s~! one can expects to observe the formation of ~
1.6 x 10® '2C hypernuclei per hour in their ground state. By taking into account a machine duty
cycle of 75%, a reduced spectrometer acceptance of 72%, a Ge detector acceptance of ~ 30% and a
Ge detector efficiency ~ 30% one finally gets ~ 1.87 x 10 events/day. By integrating this number
over a typical data-taking period of 50 days one can expect to collect ~ 9.33 x 10* events; this

number is very close to the one foreseen for a proposed experiment 51) at the recently approved

japanese facility J-PARC 52). on the same target and in the same amount of time the authors
predict to observe 11.2 x 10* events.

Besides these very encouraging perspectives, it is worthwhile to remind the great advantages
offered by low-energy DA®NE K ~: they can be stopped in a very thin target greatly reducing
the hadronic background, which represents the major concern for the Ge detectors safety due to
the hazard of radiation damages. As a matter of fact the huge hadronic background inherent to
the high-energy secondary meson beams was the main problem that in the past prevented the use
of y-ray detectors in hypernuclear physics. Therefore even with a lower machine luminosity this
scientific issue still remain very appealing.

4.8 Kaonic-atom physics

The interest in the kaonic atoms study is related to the possibility they offer in understanding
aspects of the non-perturbative QCD which are not accessible otherwise. A kaonic atom is formed
when a negatively charged kaon enters a target, loses its kinetic energy through ionization and
excitation processes, and is eventually captured in an atomic orbit, replacing an electron. Usually
the kaonic atom forms in a highly excited state (n ~ 25 for kaonic hydrogen). After the formation,
the kaonic atom decays through a series of processes; those of interest are the radiative X-ray
decays. The measurement of the X rays generated in these decays offers an unique tool for low-
energy antikaon-nucleon and antikaon-nuclei study.

DA®NE represents a unique “kaonic-atom factory” - due to the high quality of the “kaon
beam” obtained by the ¢-decay: low-energy, low hadronic contamination and low energy spread.

Therefore, DA®NE is the ideal place where a systematic study of exotic atoms can be accom-
plished and where fundamental information, completely missing from today experimental scenario,
can be achieved.

4.8.1 Precision measurements of kaonic hydrogen and deuterium

The interest in the study kaonic hydrogen and deuterium, is connected to the fact that when the
kaon, as a result of de-excitation processed, reaches a low-n state with small angular momentum the
strong interaction with the nucleus starts playing an important role. This strong interaction causes
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the shift in energy of the lowest-lying level from the purely electromagnetic value and the finite
lifetime of the state - corresponding to an increase in the observed level width. For kaonic hydrogen
and deuterium the K-series transitions are of experimental interest, since they are the only ones
affected by the strong interaction. The shift € and the width I' of the 1s state of kaonic hydrogen

are related, at first approximation, by the use of the so-called Deser-Trueman formula 53), to
the real and imaginary part of the complex s-wave scattering length ag-,: € +iI'/2 = 412ak -,
eV-fm~!. A similar relation holds for the kaonic deuterium and for its corresponding scattering
length AK—d-

Recent results by using the non-relativistic Lagrangian approach to bound states have shown
that the isospin-breaking corrections to the lowest order Deser relations might be large 54) | Further
investigations using effective field theories of lattice calculations are needed.

Moreover, the measured scattering lenghts are used for the determination of the K™N isospin-
dependent scattering lengths, ag and a;, where the use of three-body Faddeev equations is required
in order to extract ag-, from ag-4. An accurate determination of the K~ N isospin dependent
scattering lengths will place strong constraints on the low-energy KN dynamics, which in turn
constraints the SU(3) description of chiral symmetry breaking, as specified in Sec. 3.3.2.

From the experimental point of view, the most precise measurement of kaonic hydrogen
was performed in 2002 by the DEAR (DA®NE Exotic Research Experiment) experiment at

DA®NE 55), and are reported in Fig. 4.5 (left panel), while no measurement exists for kaonic
deuterium. The obtained results are: € = -193£37 (stat) £ 6 (sys) eV and I' = 249 + 111
(stat) £ 30 (sys) eV. In the near future the eV precision measurement of kaonic hydrogen and
the first measurement of kaonic deuterium are planned to be performed at DA®NE by the new

SIDDHARTA 96) experiment, which represents a continuation of DEAR, planned to be in data
taking during 2007. SIDDHARTA is an international collaboration among 8 institutions out of 6
countries. No competitors exist for these measurements, due to the uniqueness of the quality of
the kaon beam at DA®NE.

SIDDHARTA is going a step forward with respect to DEAR, thanks to the use of large
area Silicon Drift Detectors (SDD) as triggerable X-ray detectors, which are replacing the non-
triggerable CCD (Charge Coupled Device) detectors used in DEAR. Preliminary tests of SDD

prototypes performed at the Beam Test Facility (BTF) of Frascati 57) as well as in the laboratory
showed that a trigger could be applied in SIDDHARTA with a trigger window of 1 us, which, as
calculated by Monte Carlo simulations will cut the background with respect to DEAR, by few orders
of magnitude. Further details concerning the SDD large area detector are reported in Sec. 6.3.1.

A cryogenic and pressurized target of hydrogen (deuterium) will be used, with a density
optimized such as to have the maximum number of measured X rays.

With an integrated luminosity of about 100 pb~! a measurement at the level of eV for the
kaonic hydrogen will become feasible. For the kaonic deuterium case the required luminosity is
about 200-300 pb~L.

4.8.2 Kaonic-helium measurement

At present, the only three kaonic helium X-ray transition measurements refer to the transitions
from the 3d to the 2p level 58) . The measurements are more than 30 years old and the results
are much larger than the theoretical prediction from optical models.

The average values of the measured shift and width of the 2p level are: € = -43 + 8 eV and
I' = 55 £ 34 eV while the optical-model 59) calculation predicts a shift of the order of 0.1 eV and
a width of about 2 eV.

It is thought that the optical-model is inadequate due to the fact that the effect of the A(1405)
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resonance is not taken into account. Because the protons in the helium nucleus are tightly bound,
the effective energy of the K ~p interaction in helium is much closer to the energy of the resonance
than in other nuclei.

Moreover, recent KEK results on deeply bound kaonic states in helium show that the A(1405)

might have a non-trivial dynamics 60) which should reflect itself in the kaonic atom as well.
In principle, since the overlap of the kaon and nucleus wave functions is small for the atomic
2p level, one expects the shift to be small. If the strong interaction shift of the 2p level is confirmed

to be large, then the shallow and absorptive KN potential is excluded 61), The large shift (bigger
than 10 eV) can only occur if the kaonic “nuclear” 2p pole comes close to the atomic one and
this happens only in a very narrow window of the K N interaction. A better determination of the
strong interaction parameters for kaonic helium is consequently needed.

Therefore, it is planned to measure again the kaonic helium X-ray transitions to the 2p level
in the framework of SIDDHARTA (in 2007) and to check the discrepancy reported by the previous
experiments with a much smaller errors. This measurement, due to the fact that the yield of the
kaonic helum 3d — 2p transition is about 10% for liquid helium, and bigger for gaseous one, should
be feasible with an integrated luminosity of few tens of pb~!. Due to a large energy efficient range
of the SDD detectors used in SIDDHARTA, which extends to 30-40 keV, the X-ray transitions to
1s level might be as well accessible, if yield is big enough. The study of the 1s level shift and width
might prove to be very interesting.

4.8.3 Measurement of other kaonic atoms

Other light and less light kaonic atoms can be systematically studied by SIDDHARTA. These
measurements help to establish a potential and compare it to the kaon-nucleon interaction, deep-
ening our understanding of the role of nuclear matter on kaon-nucleon interactions. In particular,
these studies are related to the deeply bound atomic as well as nuclear levels - as those recently

measured at KEK 62). These measurements have astrophysics implications as well, related to the
kaon-condensate in the neutron stars.

4.8.4 Sigmonic-atom physics

The study of sigmonic atoms gives complementary information to the kaonic ones and are important
for the understanding of QCD non-perturbative aspects, in particular of the chiral symmetry
breaking mechanism in systems containing the strange quark. In the case of DA®NE the X~
hadron is obtained as a product of the interaction of the negative kaon with nuclear matter, in
particular with the proton. The ¥~ such obtained with a certain probability might then form an
exotic sigmonic atom. The efficiency of this process is limited by the lifetime of the ¥~ and the
study of such atoms and the corresponding X-ray transitions might ask for a higher luminosity
machine than DA®NE. A feasibility study is in progress.

4.8.5 Precision measurement of the charged kaon mass

The 2004 Review of Particle Physics assignes a precision to the charged kaon mass which is an order
of magnitude worse than the one of the charged pion mass Mg = 493.677 £0.013 MeV, the errors
representing an uncertainty of about 26 p.p.m.; the pion mass is determined to about 2.5 p.p.m.
The value reported above is obtained by making a weighted average of six measurements 63) and
has a huge scale factor (5=2.4) to account for a serious disagreement between the most recent and
precise results, which differ by 60 keV.
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The uncertainty on the kaon mass has severe implications on the extraction of the K ~p and
K ~d scattering lenghts out of the kaonic hydrogen and kaonic deuterium measurements. The shift
is related to the scattering length by a relation in which the reduced mass of the system enters.
Then, it is clear that the precision of the kaon mass limits the knowledge of the scattering length.
A new method based on the measurement of kaonic nitrogen X-ray transitions was already

checked in the framework of the DEAR experiment 64)  Three previously unseen transitions,

at 14.0, 7.6 and 4.6 keV, were measured and the yield determined 65). The spectrum of kaonic
nitrogen transitions is shown in Fig. 4.5 (right panel). The energy of these transitions is related,
through the Klein-Gordon formula, to the kaon mass, allowing its extraction with a precision
limited by statistics and systematic errors.

Based on this feasibility study a new setup, with crystals and CCD detectors, was proposed
to perform the charged kaon mass measurement at DA®NE in the near future. The kaon mass
could be extracted with a precision better than 10 keV with an overall integrated luminosity of
few hundreds of pb~! 64)  As an alternative, a feasibility study is undergoing in the framework
of the SIDDHARTA experiment as well.
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Figure 4.5: Left panel: The continuous background kaonic hydrogen spectrum with the fitting func-
tion. Right panel: The kaonic nitrogen background subtracted spectrum measured by DEAR at

DA®NE 04)

4.9 Time-like nucleon form factors

As mentioned in Sec. 3.3.5, time-like nucleon form factors are complex functions of the total energy
squared s = g2, thus their determination requires the measurement of both moduli and phases.
The center-of-mass differential cross section for ete™ — BB with a spin-1/2 baryon B as a function

of the square of the total energy s is given by 66)
do  o?pB
—=—D 4.5
dQ 4s (45)

where

1 . s
D=|Guy|? (1+cos29)—|—;|GE |?sin’0 5  B=4/1—4m%/s, TE (4.6)

B
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Figure 4.6: Theoretical predictions for proton polarization Py as a function of total energy s at
9 = 45°. See 1) for details on different models.

and provide the analog of the Rosenbluth formula for measuring the time-like form factors. At
high energy the cross section is dominated by the magnetic term, due to the presence of the factor
1/7 in front of the electric form factor. At the physical threshold |G| = |G| by definition, thus
the angular distribution should be isotropic.

Present data on proton and neutron come from total cross section measurements assuming
for the proton |Gg| = |G| and for the neutron |Gg| = 0 in all the explored energy region, thus
the magnetic form factor can be obtained (even if not in a model independent way). Based on
this approximation, the absolute value of the proton magnetic form factor has been measured by
several experiments 67, 68) from the threshold up to 15 GeV?, while for the neutron it has been
measured only by one experiments 69). On the other hand, the electric form factor remains
completely unmeasured.

Polarization observables can be used to completely pin down the relative phase of time-like
form factors 06: 70 ) fact, the complex phases of the form factors make it possible for the
outgoing baryon to be polarized normally to the scattering plane without polarization in the initial
state. This polarization is given by 66, 71)

sin26 sin26
Py=—F- g(GE‘GM):?
It is directly proportional to the phase difference between the two form factors and, due to the
presence of the factor sin26, takes its maximum value at 45° and 135° and vanishes at 90°.
Different models have been developed to calculate the outgoing proton polarization, based on

different extrapolation in the time-like region of space-like fits (for a review see 71)). The predicted
polarization is substantial and has a distinct s—dependence which strongly discriminates between
the models, as shown in Fig. 4.6. No experimental measurement of polarization observables have
been done so far, thus leaving the form factor phases completely unknown.

As the minimum beam energy required is & 1 GeV, the complete determination (moduli
and relative phase) of the nucleon form factors can be obtained in the high energy upgrade of
DA®NE (Sec.4.2.2). Total efe™ — NN cross section as well as the normal polarization of the
outgoing baryon have to be measured. A high intensity beam is necessary in order to measure
cross sections of the order of 1 nb. The extraction of |G| and |G| requires a large acceptance
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detector in order to carefully measure angular distributions. Both pp and nf final states must be
detected with suitable efficiency and resolution, and the installation of a proton polarimeter for
the measurement of §);p must be possible. Beam polarization is not mandatory, nevertheless, if
available, it will helps in the extraction of the form factors with smaller sistematic uncertainty by
measuring the longitudinal (P,) and sideways (P,) components of the nucleon polarization, which
are proportional to the initial electron polarization.

How to perform this program using the FINUDA detector 72) at the upgraded DA®NE
collider, is discussed in the following. This detector has the advantages to be conceived so to
minimize the amount of material crossed by particles, thus reducing the proton detection threshold.
For the measurement of ete™ — nfi cross section, a suitable cylindrical antineutron converter has
to be inserted. It could be placed immediately beyond the OSIM array, 9 cm from the beam: in
this way the annihilation charged products emitted towards the outer part of the apparatus can
be traced. A good converter material must have high antineutron annihilation cross section, low
charged pion absorption, high conversion efficiency for 7°. The choice of 1.5 cm of carbon seems
optimal, because the same material can be used as proton polarimeter as well.

The counting rates described below are computed assuming a beam luminosity of 1032 cm™
s~! corresponding to an integrated luminosity of 9 pb~! per day, which is reasonably achievable
with electron beams of energy of the order of 1 GeV or more.

2

4.9.1 Moduli of Form Factors: cross section measurement

The nn final state is detected through the identification of the antineutron annihilation star on the

converter. Taking into account the detector response, one can estimate 73) a detection efficiency
for the annihilation star ranging from 30% at threshold decreasing up to 6% for neutron kinetic
energy of 40 MeV and higher.

Assuming an integrated luminosity of 9 pb~! per day and with 60 days of data taking at each
fixed beam energy starting from 1 GeV beam energy and using reasonable values of |G /| taken

from the available data 67), the projected experimental yield is shown in the two upper plots
of the left panel in Fig. 4.7. Full (open) points refer to the assumption |Gg| = 0 (|G| = |Gum|)-
In this calculation, an angular bin of 15° has been chosen, obtaining a statistical error on each
point of the order of 20% or less. By fitting these angular distributions over the FINUDA angular
coverage ) = 45 — 135° with the function

f(6) = A(1 + cos*d) + Bsin?8 (4.8)

it will be possible to extract both neutron form factors with reasonable precision, as shown in the
lower left plot of Fig. 4.7 for the case |Gg| = |Gm|.

In the case of pp final state, one has to identify the emitted proton, having a much higher
efficiency as compared to detection of the antiproton annihilation star. Taking into account the
amount of material crossed by the outgoing protons (the 1.5 cm of carbon converter included),
one can estimate a detection kinetic energy threshold T ~ 40 MeV, which corresponds to 1 GeV
beam energy. At fixed polar angle, one can assume a detection efficiency close to 1 and geometrical
azimuthal acceptance of €, ~ 0.85. The projected data are computed again assuming an integrated
luminosity of 9 pb~! per day and with 60 days of data taking at each fixed beam energy, taking
the proton magnetic form factor from experimental data and assuming |Gg| = |G|, as generally
done to extract the |G| experimental data, or assuming the ratio |Gg|/|G | decreases with

the total energy s with the same slope as in the space-like region ). By fitting the angular
distribution with the Eq. 4.8, one can extract the form factors shown in the upper plot of the right
panel in Fig. 4.7. In the whole energy range up to s = 9 GeV?, the statistical error on |G| is
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Figure 4.7: Projected data for neutron (left) and proton (right) form factor extraction in 60 days
of data taking for each beam energy.

few percent and below 10% on |Gg|. In the lower plot of the right panel in Fig. 4.7 the ratio of
the electric to magnetic form factor is shown: the data will allow a clear distinction among the
different behaviours.

4.9.2 Phase of proton Form Factors: polarization measurement

The proton polarization can be measured through secondary scattering of the emitted proton in
a strong interaction process, where the spin-orbit coupling causes an azimuthal asymmetry in the
scattering. The scattering cross section is given by

do

0= 000, T)[1+ A(0s,T) P, cosgs] (4.9)
where 6, and ¢, are the angles of the scattered proton with respect to the initial direction and P,
is the polarization on the polarimeter plane. The function A(f,,T) is the analysing power of the
material. A commonly used material for polarimeter is carbon, for which the analysing power is
well known at least up to 20° for proton kinetic energy from few tenth of MeV up to 1 GeV.

Experimentally, the polarization P, is obtained by measuring the left-rigth asymmetry

_ Np—Np 2

—(A)P, (4.10)

R=— - =
Ngr + N, 7T

where N, (Ng) is the number of protons scattered on the left (right) with respect to the y axis
on the polarimeter plane. An angular cut at small angles has to be set in order to suppress the
background of multiple scattering events, leading to a polarimeter efficiency of the order of few
percent 75).

In the counting rate estimations, a polarimenter efficiency €po; &~ 3% is assumed. Due to
this low efficiency, a longer data taking run must be dedicated to the polarization measurement,



4.10. USE OF THE LINAC/SPARXINO BEAM AS A NEUTRON SOURCE 97

however in principle this measurement can be done together with the cross section on proton and
neutron measurements. Assuming an integration on all proton production angles between 45°
and 135° and averaging the analysing power over scattering angles between 5° and 20°, one can
estimate that in one year of data taking at the beam energy of 1.2 GeV the proton polarization
can be measured at the level of 30%. For lower or higher photon energies, the relative error will
rise by a factor of two, due to either the lower polarization (according to theoretical calculations)
or the decrease of the ete™ — NN cross section. It must be stressed that these counting rate

estimates have been conservatively performed assuming a luminosity of 1x10%? em—2s~!.

4.10 Use of the LINAC/SPARXINO beam as a
neutron source

The usefulness of low-energy, high average intensity electron beam for production of secondary
neutron beams is well known since many years, although in the past it has always suffered from
the lack of power-effective accelerating structures. The presence at Frascati of the LINAC of
DA®NE and of the SPARXINO facilities (Sec. 4.1.2), with an intensive R&D program, might
open the way to obtain and use a pulsed neutron beam at LNF.

The construction of a simple low-cost neutron source to be built around the existing accel-
erator (the DA®NE linac) appears as a rather interesting opportunity in the near future. In a
longer timescale, it could be followed by the development of a high intensity neutron facility to be
implemented on SPARXINO.

The main applications of a fairly intense, pulsed neutron source are to establish a nuclear
data system, to develop instrumentation for future spallation neutron sources, to test and prove
models in experimental neutron astrophysics. It allows material science and medical applications
and provide some insights in fundamental items (e.g. neutron electric dipole moment and charge-
independence of nuclear force).

The neutron yield per kW of beam power has been estimated 76) for electron energies above
40 MeV to be 1.21x10 x Z966 for high-Z material targets. The yield of photoneutron is pro-
portional to the convolution of the (y,n) cross section and the bremsstrahlung spectrum, which
decrease rapidly with photon energies. The resulting curve increases rapidly for constant current

up to ~25 MeV and more slowly afterwards 77) . For constant beam power, the neutron yield
changes very little with electron energy above 35 MeV. A low-energy, high-current Super Con-
ducting LINAC, as ELBE machine, seems best suited to a neutron production, allowing to obtain
a high duty-cycle too. High fluxes have been obtained also at normal conducting, conventional
electron LINAC, like Pohang, Oak Ridge, Geel, Dubna.

The first phases of a long term project, which has already started by performing Monte Carlo

simulations )

, are:

e the design of the neutron radiator, implying the optimization of neutron production material,
target geometry and mechanical structure; the choice of an adequate moderator, the evalua-
tion of effects on the neutron-beam and the accurate simulations (EGS, FLUKA, MCNP) of
neutron flux, energy and time spectra;

e the design of the neutron beam line: realization of a prototype, testing and implementation of
detectors, measurement of standard capture and fission cross sections to determine neutron
fluences and energy resolution and the evaluation of different background components.
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4.11 Testing T invariance in electromagnetic in-
teractions

Experiments to study the symmetry properties of physical system can set limits on the degree of
which the discrete symmetries such as P, CP and CPT are conserved. These limits constitute
direct informations about the basic character of the fundamental interactions. Since the discovery
of the violation of C'P invariance in the decay of the long-lived neutral K meson 78), interest
has been frequently revived in the search for violation of time-reversal (T') invariance which must
occur if CPT holds. The extremely good limits on parity conservation for strong interactions
also provide evidence that electromagnetic interactions are invariant under parity (Pst), since the
limits are much smaller than electromagnetic corrections to the strong interactions. There is also
strong evidence that the electromagnetic interaction is invariant under the product Cy; - Py - Ty,
where the subscript st denote the particular choices of these discrete symmetry operators that are
determined by the strong interaction alone. For strong interacting particles no complete theory
of electromagnetic interactions exists, and it turns out that there exist no evidence that electro-
magnetic interactions is, or is not, invariant under Cy; or Ty and this should provide sufficient
incentive for further experimental efforts in this direction.

A direct test of T" invariance in the electromagnetic interactions by hadrons can be done by
measuring the inclusive asymmetry in the scattering of electron/positron beam on polarized proton
target in the region of the nucleon resonances. It will be possible to consider any final state or
all the final state combined, if they are not identical to the initial state. In fact, this latter case
corresponds to the elastic scattering, where the asymmetry is null by current conservation and
hermiticity in the single photon exchange approximation.

For example, T-invariance can be tested looking at the reaction e* + NT — e* 4+ I', where
N is the transversely polarized target and I is different from N and it can consist of all possible
final states (continuum and resonances) of the same total energy and momentum, or of certain
resonance states.

No sizable violation of T have been found in previous experiments performed at Cam-

bridge 79) and at SLAC 80) in the first few resonances region, over a range of % between
0.4 and 1.0 GeV2. A more precise study can be done using a positron and electron beam and
looking at the asymmetry:

(Ue*T - Ue*J,) + (U€+T - Ue*J,)
(o=t +0e=)) + (Oet1 + 0t )

ATyior = (4.11)

where the 1 and | are two different state of polarization of the target. Eq. (4.11) is free from Final
State Interactions (FSI) by definition, because only the scattered lepton is detected. Moreover it’s
not sensitive to higher-order effects, such as the interference between one photon exchange and two
photon exchange amplitudes. This contribution should be small, because it involves an additional
power of « (it is proportional to a®). Furthermore it depends on the sign of the lepton charge and,

therefore, it cancels when beams of opposite charge are used 81).

Using the et source already available for DA®NE, it is possible to have both beams of the
same quality and of the same energy. The desired energy for the proposed measurement will be
3 GeV, in order to cover the first 3 resonances. This energy would need a further upgrade of the
DA®NE linac beyond the proposed SPARXINO one (Sec. 4.1.2).

Taking into account a current of I=100—200 nA, that is already available at the DA®NE
injector, the only solution for a transversely polarized target is a solid one. The best target
material for polarized protons in terms of polarization, resistence to radiation damage and fraction

82)

of polarizable nucleons is the ammonia NHj . Using a standard electron spectrometer with a
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solid angle of several msr, it is possible to increase the precision of the previous measurements by
two orders of magnitude after 1 month of data taking for each beam.

In fact, a possible test of T" invariance could also be made looking at slightly different reactions,
although experimentally less clean:

a) et + Nt — e* + N + 7, where a pion is detected in the final state. The problem of
eliminating spurious effects arising from FSI, that may simulate a T violation, has been studied
in 83). However, with this channel it’s possible to investigate all Generalized Parton Distributions,
which give important informations on the internal structure of the nucleon.

b) et + N — e*+ N*, with an unpolarized target and one of the outgoing particle transversely
polarized; the spin of the final state can be analised by measuring the spin of the final nucleon in
its subsequent decay N* — N + .

c) Reactions with eTe™ annihilation in the final state, like 7~ +p —n + et +e™.

d) v+ N — w4+ N + [, for testing T invariance in weak interactions.

4.12 Measurement of 2+ contributions in elastic
scattering

As already mentioned in Sec. 4.9, there is strong discrepancy in the measurements of Gg/Gar,
the ratio of proton electric and magnetic form factors, obtained from Rosenbluth separation and
from polarization transfer techniques at large value of Q> 84) It has been suggested 85) that
this discrepancy could be described taking into account two-photon exchange (TPE) contribu-

tions 89 86) Dedicated experiment is planned at JLab by using the e~ beam 87). However, the
most straightforward way to measure these effects is through the comparison of the cross sections
obtained in the positron-proton and in the electron-proton elastic scattering. In this case, TPE
corrections have opposite sign, resulting in a magnification of the effect. The elastic cross sections
of electron and positron-proton scattering can be written as o(e*) = 0porn(1 F e Z0a,), where 02,
is the TPE correction. The charge asymmetry is defined as:

o(et

o(e”

~—

R= —1=—2e.28,, (4.12)

~—

and it represents a direct and model-independent measurement of the TPE contributon.

Only old measurements from ’70s have been done to date 88). All of them suffer of low
accuracy due to the low intensity of the secondary positron beams obtained impinging the electron
beam on a converter.

As for the case mentioned in Sec. 4.11, using the et source already available for DA®NE, it
will be possible to obtain a primary positron beam. The desired energy is again 3 GeV: in fact, in
this case, the value Q?=6 GeV? can be reached, that is the region where the discrepancy of the
measurements of Gg /Gy is bigger. Current intensity of 1—3 pA are expected. Using a standard
electron spectrometer and a standard unpolarized target, 1 month of data taking for each beam
will explore in a satisfactory way the region of interest.

4.13 Experiments with Synchrotron Radiation

DA®NE is an extremely intense and high performing synchrotron radiation (SR) source from the
infrared to the soft X-ray energy range. The high current circulating in the ring, the possibility
of collecting a significant emission from the bending magnet by inserting optical elements close
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to the accelerator, the presence of several wigglers to push the energy range of the light up to
few keV, the low heat load on mirrors and optics elements due to the low critical energy of the
machine, are significant features that make DA®NE a very interesting SR source in a wide and
very peculiar energy range. For example, running up to 2 A, a total flux in the vertical plane
of about 2 x 10 ph/s/mrad/0.1%bw, at critical energy, can be easily obtained from bending
magnets. By collecting a reasonable amount of horizontal divergence very high fluxes on the
sample can be achieved; in many cases they are comparable to those obtained using undulators on
third generation sources. Nowadays the potentialities of DA®NE have been partially explored and,
the use of this machine as a competitive SR light source open to a wide national and international
multidisciplinary community requires a strong commitment of INFN with an investment both in
equipment and human resources.

The SR use requires a long-term schedule and a “stable” and “repetitive” operation conditions
with a clear assignment of dedicated time (to be negotiated with other users of DA®NE) to allow
a plan of beam time for the different SR experiments. In SR dedicated shifts it will become
also possible to run DA®NE in low emittance mode, thus increasing the brilliance up to values
comparable with those available at low energy third generation synchrotron radiation facilities. In
this way both the national and the international SR user community will really experience this
facility as an attractive and competitive synchrotron radiation laboratory.

Moreover, any further developments, which need several years to be completed, requires the
knowledge of the “fate” of DA®NE at least in the next 5-10 years. In fact, all planned upgrades
are strongly linked to the existing machine parameters and the new planned beam lines needs a
clear characterization of the light source.

The possible presence of a X-FEL source at LNF in the coming years implies a scenario where
the laboratory may become crucial to develop the necessary know-how and support for the use of
next 4th generation FEL sources.

4.13.1 Infrared

Nowadays infrared synchrotron radiation (IRSR) studies are growing at a fast rate and the in-
creasing demand of new beam lines emerges in the most industrialized countries. In the infrared
region, a low energy electron beam (e.g., for E>0.5 GeV) does not affect the synchrotron radiation
spectral distribution, while intensity is proportional to the current circulating in a storage ring, as
a consequence an ideal infrared source to be used for spectroscopy and micro-spectroscopy is a low
emittance, stable low energy storage ring with high current (>1 A) possibly working in topping
up mode. Moreover, a low energy storage ring, because of the bigger source size better match
an infrared Focal Plane Arrays (FPA) detector, a device that strongly enhances capabilities for
infrared spectro-microscopy.

In the last ten years there has been considerable progress in the application of infrared micro
spectroscopy to the analysis of human tissues in the context of disease diagnosis. It has been
convincingly demonstrated in many studies that infrared spectroscopy can be used to classify
tissues as normal or pathological. The central tool used in such studies is the infrared microscope,
used for single point spectroscopy, for two-dimensional scanning and, more recently, for imaging
with focal plane array detectors.

Impressive results of diagnostic relevance have been achieved using the existing instrumenta-
tion but it is necessary not only to coordinate the research effort but also increase the number of the
existing synchrotron infrared facilities to promote access to European experts from all countries to
identify the technological developments of both instrumentation and detectors to extend diagnos-
tic achievements towards clinical diagnostic methods. The special contribution that synchrotron
infrared microscopy can make to this field lies in the up to 1000x higher brilliance (photon flux
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per unit source area and unit emission angle) of synchrotron light sources.

Regardless of the light source, lateral resolution in infrared micro spectroscopy is defined
by the aperture used in the microscope, down to the diffraction limit of 0.61 A/NA (in the case
of a focal plane detector array, the pixel size is the aperture). Fourier transform-infrared micro-
spectroscopy using synchrotron radiation may collect data with high resolution on the scale of
10-100 seconds up to area of a few microns opening a new scenario: infrared spectroscopy of entire
cells and tissue.

In practice, synchrotron light sources provide good spectral data at a lateral resolution less
than the size of a single human cell, whereas with a conventional source an assembly of up to 1000
cells would need to be measured in order to achieve the same data quality. The latter approach
would require that the assembly of cells is homogeneous and pure, which is not a realistic require-
ment for biological materials. Moreover, in this field, IR spectroscopy has important advantages
compared to other techniques: the use of non-ionising radiation and the almost negligible damage
of the samples under analysis. While in light microscopy image contrast is achieved with stains
or a fluorescent material, the use of chemical reagents or stains is not necessary with IR. Image
contrast is simply produced from intrinsic IR absorption bands.

Starting from these considerations, a new project for a spectro-microscopy optimised IRSR
beam line is strongly suggested at DA®NE because with its high-brilliance, polarized and broad-
band radiation one will be able to perform experiments competitive with those performed at other
IRSR facilities from the near-IR up to the far-IR range.

4.13.2 Soft X-Ray

X-ray Absorption Spectroscopy applied to biophysics is a key technique to establish the local
electronic structure of metal atoms inside proteins; in this context crystallography is ineffectual.
About 30% of proteins coded by genomes are metalloproteins, and ~40% of all enzymes carries a
metallic catalytic site. Biologically interesting metals include Mg, Ca and many members of the
first transition series plus Se, Mo, etc. Such application has emerged slowly and its potential is
far from being fully exploited. Nowadays, it is partly limited by experimental difficulties, provided
that access to state-of-the-art soft X-ray beam lines is possible. The latter condition is barely
satisfied at the SR European sites. X-ray imaging is a well-sound multidisciplinary technique that
profits of the brilliance and continuous spectral distribution of SR.

Today, most of the soft X-ray studies for biomedical microscopy/imaging work in the so-
called water window: between the K shell edges of O and C, the absorption of the organic matrix
is minimal. The photoelectric cross-section of higher Z atoms, e.g. Ca or metals, or contaminants
present as traces in the biological systems, provides the natural X-ray image contrast. In the
soft X-ray range, contrast absorption microscopy exploits the element specific absorption by a dual
imaging of the sample below and above the K (or L) edges of the atomic species under investigation
and the image difference enhances its spatial distribution.

New labelling techniques for localizing specific proteins within cellular structures are nowa-
days functional: natural and/or biotechnological antibodies can bind high Z elements, e.g. silver
and gold particles, to the protein of interest in order to locate the sharp absorption increases and
identify the regions of protein concentration.

The development of SR sources typically 10 orders of magnitude more brilliant than con-
ventional X-ray tubes has boosted the interest in X-ray optics for microbeam forming: tapered
polycapillaries (Kumakhov lenses) are particularly interesting for soft X-ray optics due to their in-
herently hollow structure (no low energy cut-off), and reduced chromatic aberration (white beam
focusing). Polycapillaries are among the most promising systems for increasing 100-1000 times the
flux density while concentrating the beam spots below 0.1 pm.
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One of the most interesting development in SR research is related to the combination of micro
focusing with spectroscopy: X-ray spectromicroscopy allows performing micro X-Ray Fluorescence
(u1-XRF) and micro X-Ray Absorption Spectroscopy (u-XAS) on non homogeneous or spatially
structured materials. p-XRF exploits the excitation of secondary X-ray fluorescence by scanning
the micro-beam over the sample area and provides the 2-D distribution of the atomic elements con-
stituting the material, or the trace elements map. Micro X-ray absorption near edge spectroscopy,
u-XANES, provides complementary information on the electronic state, local structure (and chem-
ical speciation) of the atomic scatterers (in selected sites) by tuning the beam energy across their
absorption edges. These techniques are gaining popularity in biomedical research, technological
applications (e.g. microelectronics), and materials science. For instance, in geosciences Mg, Al,
Si and S are among the major constituents of the Earth’s crust. Any fine sample analysis by
1#-XAS needs to be coupled with an imaging technique, like u-XRF, capable to firstly identify the
regions of interest by mapping the elemental distributions. An interesting development of perform-
ing time resolved X-ray spectroscopy is given by quick Extended X-ray Absorption Fine Structure
(quick EXAFS): here the energy scan time is reduced moving continuously the monochromator
and recording the data on the fly. In this case, the use of an intense photon flux from a spectrally
continuous X-ray source is mandatory: in this sense, the SR from insertion devices on high circu-
lating current machines, like the wiggler source and beam line at DA®NE, is appropriate in the
soft X-ray range. The use of fluorescence, or secondary electron detection is suitable for study-
ing reactions at a minute scale range also in dilute samples: in particular, organic systems can
be analysed by quick EXAFS during their redox reactions, furthermore reducing their irradiation
damaging. X-ray Magnetic Circular (Linear) Dicroism, XMCD (XMLD), coupled to XAS is the
workhorse technique for studying the physics of magnetic systems. It is the only element-specific
spectroscopy that can distinguish between the spin and orbital part of the magnetic moment. Im-
portant edges covered by electric dipole transitions into empty magnetic states are present in the
soft X-ray region, namely the transition metal Ly 3 edges, the rare earth M, 5 edges and actinide
N4 5 edges. Recently, XMCD and XMLD extend also into other areas, such as magneto-electronics,
organo-metallic chemistry, earth and environmental sciences and biophysics (e.g. metalloproteins).

4.13.3 VUV Beam Lines

DA®NE is an extremely intense and high performing SR source in the energy range between 5 eV
up to 1000 eV. Such characteristics will be exploited at best by performing a number of specific
spectroscopy experiments which require high flux but not an extreme high energy resolution and
brilliance. Along with such “machine specific” experiment a wide variety of other techniques, which
will benefit from, but do not necessarily require, very high fluxes, can be performed. Since no single
beam line can be efficiently used in the energy range of interest, two beam lines are proposed; the
first one (BL1) is suitable for the lower energy range, from 5 eV up to 150 eV, while the second
one (BL2) will cover the region from 60 eV to 1000 eV. BL1 will be mainly dedicated to the study
of band dispersion in solids, to angle-resolved resonant photoemission and to shallow core levels
photoemission. It will operate between 5 and 150 eV using both a normal incidence monochromator
and a plane grating monochromator. BL2 will be used for X-ray absorption spectroscopy (XANES
and SEXAFS), micro-spectroscopy, photoelectron diffraction and resonant photoemission, using a
plane grating monochromator in the photon energy range 60-1000 eV. A technical and detailed
proposal is available for evaluation. The scientific motivations can be summarized as follows:

e SR spectroscopy has a large impact on the study of the properties of advanced materials such
as semiconductor interfaces and heterostructures, magnetic thin films, biological samples,
superconductors and clusters. This type of applications is of considerable importance and
interest; funding of this laboratory will catalyse at LNF high-level research in materials
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science of interest for physics, chemistry, biology and technology.

e The branch-lines are designed for spectroscopy (photoemission, core absorption and emis-
sion); this field corresponds to the interests of numerous potential users in Universities and
research centres in Italy and abroad. The branch-line energy range (5 to 1000 eV) is ideally
matched to the emission of DA®NE bending magnets (whose critical energy is 208 eV).

e The access to a spectro-microscopy, which needs a high flux photon source, will allow to use
the aforementioned techniques with sub-micron spatial resolution, opening unprecedented
capabilities to study nano-structures, nano-technology as well as biology on its close to natural
scale.

e Interdisciplinary research, R&D, and technologically oriented studies of interest to INFN,
shows a growing attention to experiments where the use of a well equipped ultraviolet syn-
chrotron radiation center will be beneficial. Soft X-ray optics to be used in astrophysics
experiments, low photon energy detectors also used in high energy physics (like RICH), high
flux and emittance electron sources, etc. need to be calibrated just in the energy range that
will be available in this laboratory. Proposals that involve the construction of large VUV
detectors to be used in space missions could also benefit from the availability of such a facility
because VUV beam line offers several advantages over traditional sources. In fact VUV beam
line have a continuum emission covering a very broad energy range with a flux that may be
precisely calculated, and a well defined time structure in the ps or even in the ns scales.
Several INFN sections are interested in such activity. Moreover, accelerator vacuum science
needs input from material science in order to correctly predict dynamical vacuum behaviour
relevant for the operation of machines like the LHC or the Free Electron Lasers.

e The plans of building an X-ray FEL near Frascati will require the use of SR, to face some of
the most complex technological challenges and an effort to develop and characterize optics
and fast detectors to be adapted to the unprecedented characteristic of a FEL. A test facility
could represent a key issue to a successful scientific exploitation of such new light source. In
fact the SPARX/SPARXINO (Sec. 4.1.2 projects require the R&D of detectors and optics
that can be carried out using the high photon flux in the 5-1000 eV range available at
DA®NE. For the X-FEL projects, the presence of an active SR laboratory at the LNF would
represent a very effective way to develop and implement the necessary know-how to get full
advantage of the 4" generation FEL sources.

4.14 Resonant detectors for gravitational waves

A resonant detector for gravitational waves (GW) consists of a large cylindrical mass, suspended
around its middle circumference and hanging in a vacuum chamber. By considering only the
dominant lower-order resonant mode, a bar of mass M can be schematized as two point bodies of
mass M /2 each, joined by a spring. Such mechanical resonator will be driven by a GW as long as
it has spectral components at the resonant frequency of the mass-spring system. If the detector is
a high-@ resonator it will continue to vibrate long after the GW has passed and the oscillations are
monitored by a suitable transducer attached to one of the end faces of the bar. Since a multi-spring
mass resonator can detect not only the amplitude but also the propagation direction of the waves,
recently the idea to construct spherical antennas has been seriously considered. By their nature this
kind of detectors are narrow-band devices, with good sensitivity in a bandwidth of a few Hz around
their fundamental resonant frequency (typically of the order of 1 kHz). The fundamental limitation
to their sensitivity comes from the thermal motion of the atoms in the bar: it produces an average



104 CHAPTER 4. FUTURE ACTIVITIES AT THE LNF

noise level against which one search the GW signal. For this reason, in the modern resonant
detectors the bar and the transducer operate at a temperature of 4 K or less. Four resonant
bar detectors distributed worldwide are presently in operation: ALLEGRO at Lousiana State
University, AURIGA at INFN Legnaro Laboratories, EXPLORER at CERN, and NAUTILUS at
LNF. All these instruments consist of a bar made of Al 5056, 3 m long (so that the resonance
frequency is around 900 Hz), and involve the use of cryogenic and superconducting technique for
noise reduction. Their main features and performances are summarized in Table 4.2 (for details

see 89) and references therein). LNF is strongly involved in the running and development of
EXPLORER and NAUTILUS. These detectors are operated by the same collaboration (the ROG
group) and are the only detectors equipped with a cosmic-ray veto system.

| Detector | T (°K) | f (Hz) | Af (Hz) [ /S, (Hz71/?) |
ALLEGRO 4.0 915 50 1.2 x 10721
AURIGA 4.5 870,930 120 1.5 x 102!
EXPLORER 2.6 905,921 35 1.5 x 102!
NAUTILUS 3.5 935 30 3 x 1072

Table 4.2: Main characteristics of the resonant-mass detectors presently in operation. Sy, is the
minimum noise power spectral density. The bandwidth Af is defined as the frequency range where
VSh < 10720 Hz"'/2. Notice that AURIGA performances refer to a non stationary operation
condition.

At present, small (about 60 cm diameter) spherical detectors are also under development:

at Leiden University in Holland (MiniGRAIL) and at Sdo José dos Campos INPE in Brazil 89).
These detectors are expected to cover a frequency window of about 200 Hz centered around 3 kHz
with a sensitivity level to GW bursts better than 1072°. Beside the data taking, resonant-mass
detector community is devoting a relevant effort in enhancing the performances of their devices.
The improvements are mainly focused on: i) increasing the duty cycle and lowering the background
noise by upgrading the cryogenics and acting on the vibration attenuation system, and ii) increasing
the sensitivity and the useful bandwidth by improving the coupling bar-transducer and the noise
performances of the SQUID amplifier. The near future goal is to get a duty cycle higher than 90
%, to increase the sensitivity by about a factor 10, and to enlarge the useful bandwidth above 100
Hz.

The analysis of the data collected by NAUTILUS and EXPLORER during the 2001 run

produced a very interesting result 90). the sidereal time distribution of the coincidence events
shows a small excess around the sidereal hour 4, when the detectors are favourably oriented with
respect to the galactic disc. The analysis of the 2003 run data is still in progress, but, independently
by its result (confirmation or disproof of the coincidence excess), it appears very important to

maintain in operation these detectors in the near future. In fact, as demonstrated in 91), a search
for GW burts based on the coincidence between LIGO and VIRGO (Sec. 5.6) has a very poor sky
coverage. This means that NAUTILUS and EXPLORER, (and, of course, AURIGA), even if in a
restricted band around 1 kHz, could be the only detectors enabling to perform sensible coincidence
studies with initial VIRGO. These studies will also be important for improving the present upper
limit in the amplitude of the stochastic background.
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Chapter 5

Participation to Offsite Activities

The LNF is involved (see Chap. 3) in the major scientific programs of the international laboratories
(CERN, DESY, Fermilab, JLab, LNGS and SLAC), contributing to the design and the operation
of the state-of-art devices needed to the research in different fields of fundamental physics. In
the following, the most natural extension of the LNF projects in the near and mid-term future
is presented. Each section is devoted to a particular field of interest, i.e. Accelerators (Sec. 5.1),
HEP (Sec. 5.2), Nuclear Physics (Sec. 5.3), Astroparticle (Sec. 5.4), Neutrino Physics (Sec. 5.5),
Detection of the Gravitational Waves (Sec. 5.6) and Synchrotron Radiation experiments (Sec. 5.7).

5.1 Accelerators

The future activities of LNF Accelerator Division (AD) will be mainly related to the Linear Collider
accelerator physics, with the CLIC and TESLA collaborations and the European projects ELAN,
PHIN and EUROTeV, with an involvement in the X-FEL project (EUROFEL). These projects
have in principle programs which extend in the next decade at least. Their feasibility will depend
on the decision of the governments and international communities such as high energy particle
physics and synchrotron light users. In any case the AD has both the expertise and a very good
involvement in the international collaborations to participate to these enterprises. Of course the
amount of involvement will depend on the weight of the on site activities and on the resources
available at LNF. In the following is a brief description of the LNF AD involvement.

5.1.1 Linear Collider

CARE (Coordinate Accelerator Research in Europe) is a project financed by the 6th EU Framework
Programme (FP6); it will last 5 years starting from January 2004. Its objective is structuring and
coordinating European research on accelerators for particle physics and it is focused on three main
items: neutrino beams, eTe™ colliders and high intensity proton beams. Most European particle
physics laboratories and many universities from 12 different countries are participating with about
50 scientists. CARE includes 3 “Network Activities” (NA) and 4 “Joint Research Activities”
(JRA). The NA will provide a unique European Forum to develop a coordinated program for
accelerator R&D and experimental studies in existing machines relevant for the selected theme,
assemble a community capable of sustaining these realizations, foster the participation of new
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groups in the European countries and enhance the present synergy to avoid duplication of work.
In particular:

e BENE (Beams for European Neutrino Experiments) has as objective to establish a roadmap
to upgrade the current CNGS (neutrino beam to Gran Sasso) facility and to propose the
next major neutrino facilities. Three possibilities are presently considered: an intense muon-
neutrino beam (Superbeam), a Neutrino Factory, a Beta-Beam.

e HEHIHB will focus on High Energy High Intensity Hadron Beams.
e ELAN (Electron Linear Accelerator Network) has the following objectives:

— to coordinate European R&D on electron linear accelerators and colliders;
— to optimize present technologies (TTF, TESLA);
— to define a roadmap for multi-TeV colliders (CTF, CLIC).

The JRA will provide powerful means for carrying specific accelerator R&D activities to
develop new components or systems required for improving the existing HEP infrastructures or
necessary for new infrastructures. JRA are divided into 4 subgroups:

e SCRF (R&D on Superconducting Radio Frequency) will further develop superconducting
technologies toward higher gradient and optimized RF systems to be used on TTF and new
linear accelerators and on X-FEL.

e PHIN (Charge production with electron Photo-Injectors) will develop new electron photo-
injectors for high charge and high brightness beams for linear colliders and related state-
of-the-art technologies to be used on CTF and multi-TeV linear accelerators, with some
application at X-FEL.

e HIPPI (High Intensity Proton Pulsed Injector) will study system components for realizing
high-intensity proton pulsed injectors, to improve the proton flux for different facilities at
CERN (fixed target experiments, neutrino beams for CNGS experiment, ISOLDE, LHC),
CCLRC-RAL (ISIS, potential for neutrino beams), GSI (heavy ion synchrotron SIS).

e NED (Next European Dipole) will promote, in collaboration with the European industry, the
development of enhanced performance magnets, allowing to upgrade the LHC toward higher
luminosity and possibly higher energy on the long term.

LNF has the responsibility of the coordination of PHIN JRA, dedicated to the production of
long trains of high charge bunches, development of photo-cathodes, laser systems, RF guns, and
alternative e- source. The AD is also involved in the work package on beam diagnostics of SCRF
and in all the three Network Activities.

EUROTeV is the Design Study for a 1 TeV Global Linear Collider. Submitted to the EU
on March 2004 it has been approved by the reviewers in July. It has started in January 2005 and
will last three years. This collaboration aims at being the nucleus of the European section of a
Global Design Team. It is dedicated to those subjects requiring R&D to improve the performance
or reduce the costs for the realization of a linear collider. It is subdivided into eight work pack-
ages: Beam Delivery System, Damping Ring, Polarized Positron Source, Diagnostics, Integrated
Luminosity Performance Studies, Metrology and Stabilization, Global Accelerator Network (GAN)
Multipurpose Virtual Laboratory. There are 23 participating laboratories from 6 countries. The
LNF AD has the responsibility of coordinating the effort on the Damping Ring work-package,
dedicated to study items crucial to achieve the extremely small emittances required. LNF AD is
also involved in the Global Accelerator Network.
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5.1.2 EUROFEL

EUROFEL is a Design Study to prepare the construction of several new infrastructures in Europe
which will provide intense, short pulse continuously tunable laser radiation in the VUV and X-ray
regimes, exceeding both modern synchrotron radiation and laser plasma sources by several orders
of magnitude in peak and average brilliance. Submitted to the EU in March, it has been approved
by the reviewers in July 2004.

The objectives of the Design Study sub-groups in which INFN-LNF is involved are described
hereafter:

e Photo-Guns & Injectors: for the improvement and optimization of high brightness electron
sources for the new European infrastructures. The project is focused on the design, construc-
tion and testing of new components, subsystems, materials or techniques for the production,
manipulation, diagnostics and control of low emittance and high current beams, up to the
early stage of acceleration. The new components, devices and techniques will be tested at the
test facilities PITZ (Zeuthen) and SPARC (Frascati), and in the existing major European
laboratories. This sub-group is coordinated by the SPARC group leader.

e Beam Dynamics: for the study of the critical beam dynamics effects that impact on the
transport of high quality electron beams for FELs, specifically the case of small emittance
(~1 mm-mrad) combined with short bunch length (<1 ps) and high charge (~1 nC).

e Synchronization: for synchronisation issues of the FEL machines, where many devices need
to operate synchronous on sub-picosecond timescales, maintaining synchronization for many
hours of operation.

e Seeding and harmonic generation: to find answers and test techniques essential for the design
of the seeding and high-gain harmonic-generation (HGHG) mechanisms of the new VUV-X-
ray FELs in Europe, aimed to increasing the stability, coherence and wavelength region of
these FELs. Both theoretical investigations and tests with prototypes of new hardware will
be performed. Special attention will be made to make use of available infrastructure, like
SPARC, in these tests.

e Superconducting CW and near-CW linacs: for the proposed CW linac-based light sources, a
number of critical aspects of the superconducting linac must be resolved for these infrastruc-
tures to be technically realizable and to reduce the required investment and operating cost.
They include the development of superconducting RF photoguns/injectors that are able to
(a) operate CW and (b) produce low-emittance beams at high bunch charge and average
current needed for FEL light generation in the VUV and X-ray range.

Experimental Activities

5.2 High Energy Physics

The participation to short and medium-term activities of the experiments at CERN, Fermilab and
SLAC can be mostly seen as the logical continuation of the programs already launched that have
been presented in Sec. 2.8. In the following few considerations on the ongoing project are reported.
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5.2.1 Physics at Tevatron

Tevatron, at Fermilab, will continue to investigate the high-energy frontier till the end of 2008
when the LHC at CERN is expected to be operational. In the meantime at Fermilab there are
plans to complete the upgrade of the accelerator complex by the end of year 2007 in order to
increase machine luminosity, and to acquire new computational resources to support analysis of
the larger volume of data. The physics issues to be addressed by CDF-II include searches for the
Higgs boson, supersymmetry, B-meson studies, and precision measurements of the top quark and
the W boson properties. During the previous Tevatron run (RUN-I), of the order of 100 top quarks
was studied. The new run (RUN-II) will produce an order of magnitude more top quarks allowing
precise measurements of its mass and couplings.

The involvement of the LNF in CDF-II would be kept for the few remaining years of Tevatron
running with a renewed participation on data analysis. D)uring RUN-I, the LNF group contributed
1

mainly on the measurement of the top cross-section and in the study of anomalies/excess

observed in the “lepton + 2,3 Jets” events 2).

Relevant contributions to the analysis of the new data would be favorably considered also
because CDF-II could represent a sort of training for the LHC era for the people involved in both
the experiments, CDF and ATLAS, and for the students that could acquire a fruitful experience

in the usage of the new software technologies and in the analyses of the data at proton colliders.

5.2.2 B physics at PEP-II
The huge amount of unique data delivered to BABAR (over 100 fb~! in 2004), will allow the

completion of the vast physics program of the experiment 3) Data collected so far are consistent
with the CP violation description provided by the SM, although there are possible indications of
new phenomena (Sec. 3.2.3).

The U.S. HEP program assigns high priority to the operations, upgrades and infrastructures
for the B-factory at SLAC. Support for B-factory is expected through 2008 and includes “...the
completion of the upgrade to the accelerator complex and the BABAR detector to provide more
data; additional computational resources to support analysis of the larger volume of data; and,
increased infrastructure spending to improve reliability. Funding for SLAC operations includes
support from the Basic Energy Sciences (BES) program for the Linac Coherent Light Source
(LCLS) project, marking the beginning of the transition from HEP to BES as B-factory operations
are terminated by FY2008 at the latest ” (from FY2006 Congressional Budget - Science/High
Energy Physics, p.274).

BABAR data taking will continue through 2008 and the PEP-II luminosity will increase from
the present ~0.9x10%* em~2 s7! to 2-3x10%* cm™2 s~! in year 2007.

The LNF participation to BABAR (Sec. 2.8.2), and especially to the data analysis activities
would be compelling in the next five years, giving the opportunity to reach remarkable results in
flavor physics, including improved measurements of the o and ~y angles of the unitarity triangle, of
the | Vi | parameter, new searches for physics beyond SM and for exotic states like pentaquarks
or new (double) charm states.

5.2.3 The LHC program

Major efforts to construct, test, commission the LHC detectors began in 2002 and a significant
ramp-up of these activities will continue through 2006 in anticipation of the accelerator turn-on in
2007.
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The LHC Software and Computing program will deserve special work in order to develop a
computing system to process, store and distribute for the analyses the huge amount of anticipated
data.

The physics goals of the LHC have been reported in Sec. 3.2.1, 3.2.2, 3.2.3 and include searches
for the Higgs boson, supersymmetric particles, the exploration of the top quark structure, among
other topics. Novel sensitivity in the study of B-mesons to improve and complement the knowledge
provided by the experiments at the asymmetric B-factories is expected since the beginning of the
LHC operation.

The ATLAS-LNF group, once the installation and commissioning of the muon detector will
be completed in 2007, will focus the efforts on data reconstruction and analysis. The acquisition of
the new software technologies, like in the case of CDF-II, is crucial. This topic could represent the
opportunity to initiate in the LNF a new kind of collaboration among people belonging to different
experiments interested to contribute to the computing program. In this context, the participation
to the Atlas GRID with the realization of a TIER-2 node in close collaboration with the LNF
Computing center, constitutes a working example for the next generation of experiments of the
whole LNF high-energy physics community.

Another field of interest of the ATLAS group is the handling of the data-flow and the event
filtering. This issue will become particularly relevant in ATLAS when, in 2010-2011, the LHC will
reach its design luminosity, crossing at a frequency of 40 MHz and producing an average of 23
inelastic p —p interactions per crossing. The Trigger-DAQ system 4) at that point must be capable
of a total bandwith of 160 Mb/s: such a tremendous throughput must be reduced by means of
further two trigger levels to the final expected rate of 100 Hz on disk. The last, High-Level-Trigger
is composed by a level-2 trigger followed by an Event Filter where a reconstruction as similar as
possible to the offline one will be applied. The involvement on this multi-sided activity, leading
to the growing of yet well experienced skills in a field of interest for the experiment, could be
compelling for the group in the mid-term future.

Road map in the next years is well marked also for the other experiment at CERN, LHCb.
The group has strong construction, installation and commissioning responsabilities on the muon
detector system covering the time scale until 2008. After this phase, the efforts would be turned on
the side of the software development for Monte Carlo simulations and data analysis. The common
computing strategy of the experiments at the LHC is coordinated by the LHC Computing Grid
(LCG). LHCb intends to utilize many aspects of LCG and will have in addition experiment-
specific components. Before the processing of real physics data can begin, simulations campaigns,
or Data Challenges, have been planned to test the adopted computing model, to verify the related
software and to generate Monte Carlo events for detector and High-Level-Trigger studies and
physics analyses. In year 2004 the Data Challenge result has been the production of O(10%)
events, half of which generated with LCG resources, mostly at CERN, UK and Italy (CNAF). On
this respect the opportunity to realize in the mid-term future an LCG center at the LNF would
deserve some discussion in relation with the INFN commitment on LCG.

Besides the ongoing projects summarized above there are new experiments deserving more attention
and discussion in a medium and long-term perspective.

5.2.4 Kaon physics at hadron machines

The LNF research activities have been focused on Kaon physics by the experiments at DA®PNE.
The remarkable expertise and the strong interest in this field could suggest in a natural way
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the participation to the new experiments at the hadron machines (Sec. 3.2.3) devoted to the
measurement, of the K— wvv decays, especially if the proposal for performing the measurement

with K+ beams at the CERN SPS in 2011 3) will be approved.

The goal of the project is the collection of about 100 KT — 7«twr events with a sig-
nal:background ratio of 10:1 in two years of data taking.

Challenging aspects of the NA48-3 experiment include particle tracking at 1 GHz total rate,
high-purity kaon identification, hermetic photon vetoes for m° rejection in excess of 107, muon
rejection in excess of 10°, minimization of accidental backgrounds. State-of-art detectors are
needed to fulfil the experimental requirements.

The potentially overlapping schedules of new projects at DA®NE would be discussed consid-
ering also the advantage of a more strict collaboration between the CERN and the LNF community
involved in the study of the kaon sector. The level of the involvement in the project would be de-
termined after the decision on the future activities will be taken in 2006.

5.2.5 Plans for the International Linear Collider

The High Energy Physics Advisory Panel (HEPAP) identified an ete™ accelerator at a c.o.m.
energy of 500 GeV or higher as the highest priority next research facility for high energy physics.
The worl-wide participation in Linear Collider R&D is increasing to reach the long-term goal of the
construction start of an international facility in the next decade. Active international participation
to the study of the accelerator systems, physics studies and detector development is underway since
the past decade (Sec. 3.2.2).

The R&D work carried out in the Lab on the detectors at the International Linear Collider
ILC still maintains the aspect of a facultative, single-man/small-group activity. This has been
the way to approach the ILC project in Italy. Other nations have a more developed strategy and
nation-/world-wide collaborations are growing to discuss and study the best experimental setup
for physics at the ILC (Sec. 3.2.2).

The International Linear Collider Steering Committee (ILCSC) and the International Com-

mittee for Future Accelerators plan a Global Design Initiative (GDI) to start in 2005 6) hosted by
a laboratory (to be chosen) for logistic support. The GDI milestones include a preliminary costing
document for at least one complete experimental setup (2005), a Technical Design Report (TDR)
for the Accelerator (2007), the LC site selection (2008), submission of the Letters of Intent to the
Global Lab that will select the experiments and will asks for two TDRs (2009-2010).

At present, small Italian groups from LNF, Como/Milan, Padua, Romalll, Turin and Trieste
have been involved in the R&D work for the Electromagnetic Calorimeter (LCcal), the Tail catcher
(Capire) and the Vertex Detector (Mimosa, SUCIMA).

The project would deserve more efforts, starting with the organization of an Italian group of
dedicated people. For the near-term future the LNF involvement could represent an opportunity
to develop new expertise in physics and in the field of the detector technologies.

5.3 Hadronic and Nuclear Physics

The activity described in the following represents a continuation of the program described in
Sec. 2.10. The short and medium-term activities of the experiments at DESY and JLab will have a

logical evolution in the proposed PAX experiment 7) at GSI and in the approved 12 GeV upgrade
at JLab 8). The hypernuclear study of the FINUDA experiment will be continued by the approved

PANDA experiment 9) at GSI that will perform precision y-ray spectroscopy of single and double
hypernuclei.
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5.3.1 Experimental measurements for accessing Generalised Parton
Distributions

As mentioned in Sec. 3.3.4 the Generalized Parton Distributions (GPD) 10) are able to offer a
unified theoretical description of hard exclusive and inclusive processes, giving a clear connection
betweeen fundamental QCD, phenomenology and experimental observables. For a review see 1)
Experimentally, the GPDs can be accessed in Deeply Exclusive Scattering (DES), such as Deeply

Virtual Meson Production (DVMP) and Deeply Virtual Compton Scattering (DVCS). In case of

DVMP (like 7°, p°, w, ¢, etc.), a QCD factorization proof was given recently 12) 1tis mandatory
to impose that the virtual photon should be longitudinal, in order to select the perturbative gluon
exchange. This process permits to have in a separate way the polarised and unpolarised GPDs, by
the selection of specific channels. In fact, the vector meson channels (p%i, wy,, ¢r) are sensitive
only to the unpolarised GPDs, while the pseudoscalar channels (7%, 5, ..) only to the polarised
one.

Dedicated DVCS experiments, using upgrades of the existing detectors, will be performed
at HERMES and JLab in the very near future. These will provide much better statistics and an
improved separation of the exclusive process by detecting all final state particles. Specifically a
Recoil Detector will be installed in HERMES at the end of 2005: it will cover a large fraction
of the solid angle around the HERMES target and it will improve the identification of exclusive
events in DVCS and in DVMP. The expected running period will be 2006-2007. In addition, in the

Hall B at JLab, dedicated data taking for DVCS are scheduled for this year 13) A small forward
PbW Oy calorimeter has been recently installed close to the target point of the CLAS detector to
allow the detection of photons emitted at small angles.

It appears worth noting that the complete extractions of the GPDs requires an extensive
program, involving the measurement of a variety of channels and observables. Such kind of mea-

surements are among the primary goals of the 12 GeV upgrade approved at JLab 8).

5.3.2 Transversity measurements

The complete description of the parton distributions of the nucleon in leading twist (leading order
in Agep/Q) requires three sets of distributions: the unpolarised distributions contained in Fj(z),
the helicity distributions contained in g; () and the still unmeasured transversity structure funtion
hi(z), as already discussed in Sec. 3.3.3. Transversity has been explored in theory, neverthless it
escaped experimental attention due to the fact that it is chiral-odd, and therefore it is not accessible
via inclusive lepton scattering measurements, where chirality is conserved. Semi-inclusive DIS in
which a chiral-odd observable may be involved provides a valuable tool to probe the transversity

distribution. The chiral odd and T-odd Collins fragmentation function Hi- correlates the transverse

polarization of the struck quark with the transverse momentum of the produced hadron 14),

leading to characteristic single spin asymmetries in the ¢ distribution of the outgoing hadron.
Recently it has been shown that also the final state interactions via soft gluon can result in leading
twist single spin asymmetries, involving the T-odd distribution function F}%, called also Sivers

distribution function 1?). The Collins and the Sivers effects are virtually indistinguishable when
scattering off a longitudinally polarised target, then a transverse polarised target is necessary, as

discussed in Ref. 16)

At present HERMES provided first data 17) on transverse asymmetries, using a transversely
polarised hydrogen target. 2M events are expected for the end of 2005 by this experiment, allowing
not only a more precise determination of the Collins and Sivers asymmetries but also enabling
to look at various other channels to access transversity, i.e. double spin asymmetries in pion
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leptoproduction or two hadron (interference) fragmentation. After completion of this transversity
measurement, a first experimental determination of the u and possibly the d quark transversity
distribution is envisaged.

Also the CLAS collaboration proposed the measurement of transverse polarized effects in

hard scattering by using a transverse polarized target 18) ' The foreseen transverse target sin-
gle spin asymmetries in combination with the data available from longitudinally polarised target
would allow extraction and separation of different GPDs and transverse momentum dependent
distributions, eventually giving access to the orbital angular momentum of partons.

A full investigation in different laboratories and in different kinematical domain will allow to
verify the predictions of QCD for the transverse spin structure of the nucleon.

5.3.3 Exotic hadrons of multiquark states

In the past, the search of pentaquark states, i.e. baryons with a minimal ggqqq structure, where
the antiquark has a different flavor than the other quarks, has been pursued for many years in 7 /N

and KN experiments (see for example 19)). However, the quality of the data available at that
time and the lack of precise theoretical predictions did not allow any conclusive result.
Few years ago, precise predictions about masses and widths of an antidecuplet of pentaquark

baryons have been made 20) . In this antidecuplet, three states have exotic quantum numbers: the
OT with strangeness S = 1, predicted to be the lightest particle and very narrow (~10-15 MeV),
and the 2=~ and 2 with § = —2. Only last year, evidence of the existence of the ©T has been
suggested by several experiments 21), by studying different reactions with different experimental
methods and observing peaks in the invariant mass of the KN system. The discovery of the
Pentaquark has been considered by the USA Department of Energy (DOE) office of science as one

of the “Top 10 achievements in 2003 in all areas of science” 22), However, due to the low statistic,
none of these experiment alone is able to make systematic studies and set in an unambiguous way
all the properties of the @. Moreover, several other experiments 23), exploring different kinematic
regions and with different reactions, doesn’t have any evidence for the @T. All these experimental
findings have triggered a rapid increase in the theoretical activities: in the last year, hundreds
of papers have been published on this subject, but the predictions on pentaquark properties, its
production mechanism and excitation spectrum is still debated. Clearly, more accurate studies are
needed before the observed peaks in the NK system can be identified with the baryon pentaquark
state ©T.

Further evidence for the ©* should be searched for in a variety of reactions, and spin, isospin
and parity of this state should be established in future experiments. A lot of proposal have been

submitted and approved in 2004 at JLab. New data on p 24) and d 25) targets have been taken
in 2004 with photon energy up to around 4 GeV and by using an upgrade of the Start Counter
detector and dedicated triggers for the detection of multiparticle final states, in order to measure
both decay modes of the ©F into K°p and K*n. The primary goal of these experiments is to
confirm with higher (by factor of 10) statistics the published results, establishing the KN mass
spectrum with precise measurement of mass, width and errors of any observed peak. Total and
differential production cross section as well as the decay angular distributions will be measured,
for the determination of the quantum numbers still unknown. Thanks to the high acceptance and
resolution of the CLAS detector, all reaction channels, exclusive and inclusive, will be investigated.

Two more experiments 26, 27) 4re planned at higher energy, by using tagged photons from
a 6 GeV electron beam on proton and deuterium. Both experiments, toghether with the O, will
search for the higher mass pentaquark states (as the =2~ for which evidence has been reported by

the NA49 experiments at CERN 28)) and also non exotic pentaquarks, such as the 2~ and Z°,
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the three ¥ and the two N° and N7 states. These latter states are not expected to be narrow,
and may require a significant amount of data to be identified.

As can be seen, a large part of the 2004 and 2005 JLab activity has been dedicated to the
study of the pentaquark baryons. If their existence will be confirmed, the hadron spectroscopy of
exotic multiquark states will become a key subjet of the JLab future physics program.

5.3.4 Antiproton Physics at GSI with PANDA Spectrometer

A new international accelerator facility for research with ions and antiprotons (FAIR) is under

construction at GSI and the experimental program will start in 2012 29), The project foresees
a scientific program that covers a broad range of aspects of modern hadronic physics like nuclear
structure physics, nuclear matter physics, plasma physics, atomic physics and antiproton physics.
Experiments with antiprotons have demonstrated to be a rich source of high quality information
for hadronic physics; therefore with the new High Energy Storage Ring (HESR) for antiprotons at
GSI the physics of strange and charm quarks will be deeply explored. With a high performance
full solid angle magnetic spectrometer (the PANDA detector) some crucial points of this scientific

field will be analyzed and hopefully clarified 9).

Experimentally, studies of hadron structure can be performed with different probes such
as electron, pion, kaon, proton or antiproton beams, each of which have its specific advantages.
In antiproton-proton annihilation, particles with gluonic degrees of freedom as well as particle-
antiparticle pairs are copiously produced, allowing spectroscopic studies with unprecedented statis-
tics and precision. Antiprotons of 1-15 GeV/c will therefore be an excellent tool to address the
open problems mentioned above. The following experiments are foreseen:

e Charmonium (c¢¢) spectroscopy: precision measurements of mass, width, decay branches of
all charmonium states, especially for extracting information on the quark-confining potential.
The unequaled resolution in the pp formation process and small systematic uncertainties give
the unique opportunity to improve dramatically our knowledge which can not be achieved
elsewhere.

e Firm establishment of the QCD-predicted gluonic excitations (charmed hybrids, glueballs) in
the charmonium mass range (3-5 GeV/c) using high statistics in combination with sophisti-
cated spin-parity analysis in fully exclusive measurements.

e Search for modifications of meson properties in the nuclear medium, and their possible rela-
tionship to the partial restoration of chiral symmetry for light quarks. Particular emphasis
is placed on mesons with open and hidden-charm, which extends ongoing studies in the light
quark sector to heavy quarks, and adds information on contributions of the gluon dynamics
to hadron masses.

e Precision y-ray spectroscopy of single and double hypernuclei for extracting information on
their structure and on the hyperon-nucleon and hyperon-hyperon interaction.

Furthermore, as soon as the HESR facility will reach the full design luminosity other physics
opportunities will open up like:

e extraction of generalized parton distributions from pp annihilation,
e D meson decay spectroscopy (rare leptonic and hadronic decays), and

e search for CP violation in the charm and strangeness sector (D meson decays, AA system).
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For the envisaged experimental program a nearly full coverage of the solid angle together
with good particle identification and high energy and angular resolutions for charged particles and
photons are mandatory. The proposed detector is subdivided into the target spectrometer (TS)
consisting of a solenoid around the interaction region and a forward spectrometer (FS) based on a
dipole to momentum-analyze the forward-going particles. The combination of two spectrometers
allows a full angular coverage, it takes into account the wide range of energies and it still has suffi-
cient flexibility, so that individual components can be exchanged or added for specific experiments,
e.g. for the experiments with hypernuclei or for the special needs of CP violation studies.

The workload required for the design and the construction of all components of the PANDA
detector is shared among the institutions involved. At present these are 44 from 12 countries. Italy
in general, and INFN in particular, is deeply involved in the project with many groups. At present
each group has just expressed its interest in some technical issue. The commitments concerning
the effective contribution of each group to the PANDA project will be defined during 2005 in a
Memorandum of Understanding. In the preliminary distribution of tasks LNF is involved in the
tracking of the TS. More details on the detector development activity related to this project are
given in the chapter devoted to the future detector developments.

5.3.5 Spin Physics at GSI: PAX project

The proposed polarized antiproton beam at HESR will give a wealth of single and double spin
observables opening a window to new fundamental physics, which can be studied neither at
other facilities nor at HESR without transverse polarization of protons and/or antiprotons like
the transversity distribution. The most direct way to obtain information on transversity is the
measurement of double transverse spin asymmetry App in Drell-Yan production of lepton pairs by
using both transversely polarized beam and target. The measurement of App is also planned at
RHIC, in Drell-Yan processes with transversely polarized protons, throught the measurement of

two transversity distributions, one for a quark and one for an antiquark (both in a proton). The

double spin asymmetry A7 expected is very small, of the order of the per cent or less 30).

The situation with the PAX measurement of the Ar7 in Drell-Yan processes with polarized
antiprotons and protons, p'pt — {11~ X, is a much more favorable one. The expected PAX values
of square energy of center mass s=30-50 GeV? and the square of the invariant mass of the lepton

pair M?=10 GeV? are well suited for the definitive observation of App 7). There are some unique
features which strongly suggest to pursue the study of A{ in the pp channel with PAX:

a) In pp processes both the quark (from the proton) and the antiquark (from the antiproton)
contributions are large. The measurement of a large App and the determination of the valence
quark dominated h? at PAX is distinct from the possible measurement of a very small asymmetry
at RHIC which would probe the very different sea quark region. Furthermore, the Drell-Yan events
at HESR will get their main contribution from the x; ~ x> region so that from the PAX data
alone one can essentially access and deduce the x-dependence of h(z, M?), which is important
for any further applications of the so determined h¥(x, M?) to the interpretation of the single spin
asymmetry measurements.

b) There is the possibility of using the Drell-Yan continuum expression at M < 4 GeV in the
J/¥ | ¥’ resonance region because the unknown quantities cancel in the ratio giving Arr; this, in
conjunction with the resonance data, enhances substantially the sensitivity of the PAX experiment
to Apr and to obtaining direct information on h¥(zy, M?) h¥(xs, M?).
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5.3.6 The Quark Gluon Plasma at LHC: the ALICE experiment

The real challenge in Quark Gluon Plasma (QGP) physics is to find, study and combine many
different observables that carry information on a state of the matter which is short lived and not
at all observable. These observables can be classified into two large groups:

- global observables, which help in determining the geometry of the collision, the initial conditions,
and some general feature of the produced system such as its shape and spatial evolution, and

- the signatures of the QGP, i.e. these observables which have a different behavior whether the
plasma is formed or not. All these observable must be globally analyzed to understand the prop-
erties of this matter.

The Relativistic Heavy Ion Collider (RHIC) at BNL is the first collider specifically designed to
study heavy ion collisions and characteristics of the QGP. Four experiments are presently running at
RHIC, and their results have demonstrated a universal in-medium suppression of high transverse
momentum hadron production as compared to elementary collisions at similar v/s. The RICH
results can be interpreted in terms of modification of parton fragmentation functions due to the
parton energy loss in “hot” nuclear matter, in analogy to the recent HERMES results for the “cold”
nuclear matter. While RHIC is expected to study accurately the phase transition from normal
matter to deconfined matter, since it may produced energy density which are close to the critical

one, the ALICE experiment 31) at LHC will study the QGP phase well above the critical point.
The ALICE experiment (A Large Ion Collider Experiment) has been designed with the goal to
achieve the measurements of the largest possible set of observables (hadrons, leptons and photons)

over a large portion of phase space. The proposed electromagnetic calorimeter 32) (combined
with a TPC tracking system) will allow for the first time the measurements of the electromagnetic
component of the jet which permit a detailed study of jet fragmentations functions. In addition
with a such device it will be possible to study for the first time the quenching of hadrons up to
transverse momentum of few hundred GeV where scattering (Cronin) effects are expected to be
negligible.

5.4 Astroparticle physics

Astronomical and astrophysical signals are allowing us to test existing theory in entirely new
ways, and new theoretical developments connecting the origin and evolution of the Universe to the
laws of quantum physics, particle theory and general relativity are driving further observational
tests. The major developments over the next decade can be summarized as follows. First of
all, the mapping the relic radiation left over from the Big Bang to determine the nature of the
primordial perturbations that gave rise to galaxies and stars. It is crucial the understanding
of the nature of the Dark Matter, the confirmation that the Universe is dominated by vacuum
energy (a cosmological constant) and that the expansion of the Universe is accelerating. As noted
previously, a major breakthrough would be the understanding the origin of CP violation which was
responsible for the production of the matter-antimatter asymmetry in the Universe. Studies of the
neutrinos from astrophysical sources are needed to understand the nature of the source objects - the
sun, supernovae, active galactic nuclei, gamma ray bursts. Finally, future programs plan detailed
mapping of the sources of the ultra-high energy cosmic rays to solve the long-standing mystery of
their origin. In the recent years, the progress in the field of fundamental physics has induced a
growing number of INFN researchers to propose and carry out - in their own laboratories - scientific
experiments to be conducted in space, by Russian and American carriers on board satellites, the
Space Shuttle, the MIR Space Station and the International Space Station. These activities, also
consisting in building space qualified instrumentation, are often conducted in the laboratories and
divisions of INFN with a significant investment by INFN itself and with the contribution of other



120 CHAPTER 5. PARTICIPATION TO OFFSITE ACTIVITIES

Agencies like ASI (Italian Space Agency). INFN researchers have been and are - in part or fully
- involved in the realization of instruments and apparatus which have already been launched in
space (AMS-01, NINA 1 and 2, SilEye 1-2, SIRAD) or that will be put into orbit in the next
years (ALTEINO, AGILE, PAMELA, LISA-Pathfinder, AMS-02, GLAST, LARES, EUSO). Most
of these missions are to start taking data in orbit between 2005 and 2008; after this period (except
for EUSO and LISA, due for 2010 and 2013 respectively) no further space experiments involving
INFN researchers have been programmed, yet. Nevertheless, in the wave of the experience gained
in planning and carrying out the present missions, discussions have started about perspectives of
next generation space missions and of possible strategies to be followed in order to establish a kind
of "road map” driven by the major scientific objectives and by the technical capabilities and skills
so far acquired. It is also worth mentioning that this possible “second phase” of Astroparticle
Physics experiments conducted in space would greatly profit from the development of a specific
R&D carried out not only on single detectors or instruments, but also by initiating, within INFN
facilities, activities specifically devoted to space qualification and integration of payloads and micro-
satellites (Sec.6.2.2.1).

5.5 Neutrino physics

As noted in Sec.3.5, the short—medium term perspectives in neutrino oscillation physics are rather
well defined (Fig.5.1). LNF strongly contributes to the CERN to Gran Sasso Neutrino (CNGS)
physics programme and in particular to the construction of OPERA. Frascati is presently involved
in the design, construction and commissioning of the magnetic spectrometer, the brick assembling
machine and wall support structure 33), cNGS commissioning and data taking is scheduled
in summer 2006. The OPERA data taking is highly non-trivial since it involves nearly on-line
emulsion scanning. In the short—-medium term, and in particular after the detector commissioning,
LNF plan to contribute to the scanning task both locally with a dedicated microscope and at LNGS.
The local scanning station is under construction. Emulsion scanning is a rich technology, requiring
mastering of precision mechanics and optics, image grabbing and sophisticated 3D reconstruction
techniques. A large range of applications, well beyond particle physics, are envisaged with emphasis
on biotechnologies and space physics. The full exploitation of these possibilities is a fascinating
experimental task for the medium term and it represents an interesting complementary activity
deeply connected to the CNGS commitments of LNF.

K2K (Japan)
MINOS (US)
CNGS (Italy)
JPARC (Japan)

o~

2003 2005 2007 2009 2011 2013

Figure 5.1: Medium term roadmap for the study of neutrino oscillations with long-baseline accel-
erator experiments.

It has often been remarked that the long term roadmap for neutrino oscillations is very
unclear and highly debated. As pointed out in Sec.3.5, the main reason is the complete lack of
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hints concerning the size of the #;5 angle. Relatively very large 613 could be accessible already
at CNGS/MINOS (#13 2 7°) or at new reactor experiments to be carried out before ~ 2010
(e.g. DoubleCHOOZ). A major improvement in the knowledge of this parameter is expected

after the completion of the japanese T2K experiment 34) Large values of 613 are needed to
exploit the physics capabilities of massive long-baseline experiments with traditional high intensity
proton beams (“Superbeams”). In spite of the various setups that can be envisaged, multi-kiloton
detectors for v, = v, (low Z materials for v. appearance identification) combined with ~ 1 MW
proton drivers operating at O(10 GeV) are able to explore region of sin” 26,3 of the order of 102
(“Phase I superbeams”). To access the 10~ region or address CP violation if sin? 26,3 ~ 1072, a
new generation of massive detectors and multi-megawatt proton sources must be built (“Phase IT
superbeams”). This extension represents the ultimate evolution of traditional beams since the v,
search is now limited by the intrinsic v, beam contamination and background systematics. Further

progresses along this line could be obtained only with very unconventional proton drivers 35) . The
overall costs of a Phase II superbeam overtake 1G$ and synergies with other physics items must be
found to justify such an investment. An upgrade of the Phase I japanese superbeam from JAERI
to SuperKamiokande (T2K) partially fulfills this requirements since the JAERI facility is a general
purpose laboratory for particle physics, material science and biophysics while the construction of
a new gigantic (~1 Mton mass) water Cerenkov detector (HyperKamiokande) could also allow
a significant progress in the proton decay search and in the detection of solar, atmospheric and
supernova neutrinos. However, it is very unlikely that any upgrade will be supported in case of null
result at T2K. US physicists are currently considering a phase I setup based on the existing NuMI

beam operated in the off-axis configuration 36) 1 implies however the construction (on surface)
of a 50 kton low-Z detector in a very short timescale to be competitive with T2K. A larger baseline
(810 km versus 290 km) offers some sensitivity to matter effects (sign of Am3;) but the latter can
be exploited only for very high values of #;3. Further increase of the sensitivity in the 1073 region
could be envisaged after the completion of a multi-megawatt proton driver operating at 8 GeV.
Europe has currently neither a powerful proton driver nor a massive detector for v, appearance.
Accessing the T2K sensitivity in a timescale comparable with the japanese facility would be unlikely
even with a very aggressive funding profile. In a longer timescale, an interesting way out is offered
by the beam technologies that allow the detectors to operate in v, appearance mode (i.e. search for

Ve — v, transitions and their CP conjugate) as the Beta Beams 37) or the Neutrino Factories 38),
In particular, the Beta Beam concept offers a strong synergy with nuclear physics (high intensity
radioactive beams) and low background contamination in the v, — v, channel. The small energy of
the parent ions requires, anyway, the construction of the megaton water Cerenkov. The latter has
been proposed as the principal detector for a new underground laboratory at Frejus, which could

start data taking a few years earlier than HyperKamiokande 39). Physics performances would be
very similar since the improved background rejection is compensated by the lower neutrino energy

(~ 300 MeV). An increase of the beta beam energy 40) could be envisaged by a fast cycling
refurbished SPS at CERN. This machine is currently considered as an option for the luminosity
upgrade and (in a longer timescale) the energy upgrade of the LHC. In this case, the detector mass

could be significantly reduced 41) and the baseline would match the CERN-LNGS distance. In this
configuration, denser detectors operating in v,, appearance mode can be exploited and therefore
smaller experimental halls than Frejus (e.g. LNGS) are needed. Finally, a refurbished SPS would

simplify ion injection into the LHC and provide very high gamma betabeams 42)

. High gamma
beta beams are currently under investigation in the US, as well 43),

Unless the value of 6,3 is particularly high, full exploration of the leptonic mixing matrix will
be carried out only with dedicated Neutrino Factories. Significant technical progresses have been

achieved but several basic issues have to be fully addressed, yet. The Neutrino Factory is presently
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considered as the ultimate facility for oscillation but a long and intense R&D (probably ~ 10 y)
will likely be necessary to assess feasibility for this ambitious option.

As noted before, in the last decade a large effort to identify viable non-conventional neutrino
sources has been made and several R&D are in progress in Japan, Europe and US. For what
concerns the detector technologies, the large masses and costs involved drive most of newly proposed
designs toward straightforward extensions of well-established techniques. By far the most successful
technology in the O(1) GeV energy range is water Cerenkov, which could be scaled up to the 10°
ton size even with state-of-the-art photodetectors. Besides conservativeness, the main advantage of
this approach is the additional physics case that a gigantic water Cerenkov can provide (improved
sensitivity to proton decay, additional supernova, atmospheric and solar neutrino studies etc.). On
the other hand, the excavation of the cavern, the related engineering problems and the production
of photodetectors raise up enormously costs and environmental impact with respect to present
detectors. Moreover, pattern recognition in water Cerenkov is mainly limited to “single ring” events
(sub GeV neutrinos) so that, depending to the outcome of the machine R&D, this detector could
be poorly tuned for a high energy neutrino factory or a Beta beam. Clearly, the superior imaging
capability of Liquid Argon TPCs a la ICARUS 44) represents an ideal solution to this limitation
since it allows event identification in the multi-GeV range and preserves most of additional non-
accelerator physics case of Cerenkov detectors. However, scaling of the ICARUS technology and
cost in the range competitive for the precision determination of leptonic mixing (~ 100 kton) is

highly non trivial, although recent progresses in LAr technology 45) are very encouraging. Finally,
several possibilities are open for single-purpose detectors. By now, magnetized iron detectors are
the most straightforward setup for physics programmes based on Neutrino Factories or high energy
Beta Beams. Similarly, low-Z detectors optimized for the appearance of v, represents the obvious
solution for Superbeams operating in the multi-GeV range.

LNF has been extensively involved into the design and construction of large scale neutrino
detectors, especially at LNGS (LVD, MACRO, OPERA, ICARUS). It is clear that oscillation
physics will continue to make use of these technologies although the role of LNGS after CNGS is
currently undefined. We do not expect a clear roadmap to emerge before the completion of CNGS
or even T2K (discovery of 615 # 0).

On the other hand, special attention should be paid to non-oscillation physics. In particular,
next generation experiments for neutrinoless double beta decay are going to approach non trivial
region of the parameter space and most of the new proposals show potential synergies with dark

matter searches or high precision solar neutrino spectroscopy 46) spite of the limited know-
how at LNF, the next revolution in neutrino physics could come from the determination of the
Dirac/Majorana nature of neutrinos themselves and technological progresses in this sector should
be carefully monitored.

5.6 Interferometric detectors of gravitational waves

In its simplest scheme a laser interferometric detector is a Michelson interferometer whose mirrors
and beam-splitter are suspended. Waves impinging upon the detector induces a differential motion
in the mirrors at the ends of the two arms. This implies a difference between the phase of the
light beams circulating in the two arms, and, thus, a change in the intensity of the recombined
output light. The scale of such a detector is set, not by the velocity of sound (as in the case of
a bar detector), but the velocity of the light. This implies that for the same GW the length of
each arm of the interferometer has to be larger than the length of a bar by a factor x = ¢/vs, and,
correspondingly, is much larger the absolute displacement. However, since typical values of x are
of the order of 10%, each arm should have a length ~ 100 km. Due to the curvature of the Earth,
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arms of this size are impossible to build on the surface of the Earth: practical values for the arm
length cannot exceed a few km. This problem is solved in the interferometric detectors enhancing
the effective optical length of the arms by folding the light in the arms with the use of optical
delay lines or Fabry-Perot cavities. As a consequence of their nonresonant feature, the sensitivity
of such detectors is inherently wideband. In fact, the noise always limits the bandwidth of laser
interferometers. Their sensitivity is limited by seismic and thermal noise in the low frequency
region (typically < 100 Hz) and photon shot noise in the high frequency region (> few kHz).

VIRGO is a 3 km long arms interferometer built by an Italian-French collaboration, and is
currently under final commissioning (the first scientific run is foreseen for the end of this year). A
reduced version (without the Fabry-Perot cavities) of this interferometer has been under test with
good results during the 2000-2002 period. As clearly evident from Fig. 3.3 of Sec. 3.6, VIRGO is
the only instrument able to explore the low frequency region (just where more astrophysical GW
sources are expected). This feature is due to the very efficient seismic attenuation system (the
Super-Attenuator) to which all the main optical elements of this interferometer are suspended.

During the construction of current interferometric detectors (TAMA, LIGO, GEO600, VIRGO),
the R&D and preparatory work for their upgraded versions have been going on. The design for the
second generation upgrade of the LIGO detectors (Advanced LIGO) is based on the technology
already employed in GEO600. The efforts are, essentially, focused on i) increasing the laser power,
ii) implementing the signal recycling, and, iii) reducing the internal thermal noise by using mono-
lithical suspensions for the main optical elements. These upgrades are expected to be implemented
in 2007 and should consistently enlarge the useful bandwidth towards the low frequency region and
improve the sensitivity by more than a factor 10 in amplitude, as shown in Fig. 3.3. In its present
setup, the VIRGO interferometer already incorporates some advanced elements. For these reason
the upgrade to an Advanced VIRGO is expected to be much less demanding and expensive. As
for the future of GEO600, the plan is its conversion in a high-frequency detector. This strategy
is motivated by the fact that, because its shorter arms, it will be more difficult to achieve a good
low-frequency response against thermal noise at room temperature.

5.6.1 Long-term future of the GW experiments

As for Europe, a design study for a GW observatory (EGO) has been submitted to EU at the

beginning of this year 47) | This observatory aims to reach a very high sensitivity in the frequency
range 1 Hz + 10 kHz. To achieve this goal a multi-detector design is under study: an interferometer
to cover the frequency band 1 Hz + 10 kHz, and a combination of a non-classical light interferometer
and resonant detectors for frequencies greater than 1 kHz.

The interferometers are a third generation detectors that will require: i) an advanced version
of the VIRGO Super-Attenuator; ii) the cooling of the last stage of the mirror suspension to a
temperature of a few kelvin; iii) suspended optics of large masses or a quantum-non-demolition
locking scheme for the interferometer mirrors (to limit the radiation pressure noise); iv) optical
components with extremely low losses to tolerate the high light power (~ MW) stored in the
interferometer. Finally, the need to overcome the Standard Quantum Limit (due to the uncertainty
principle) for traditional GW detectors will require the use of squeezed light. For the high frequency
band will be used two resonant detectors of new conception:

e Dual is made by two nested cylindrical or spherical massive bodies whose quadrupolar modes
resonate at different frequencies. The signal is read in the gap between the bodies as their
differential deformations. During the oscillations of the bodies their coincident centres of
mass remain at rest, thus providing for the rest frame of the measurement. The useful
sensitivity band of this kind of detector extends between the first quadrupole modes of the
two masses and is expected to be of a few kHz in the kHz range.
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e Sphere is a large cryogenic hollow sphere optimized for detection around 300 Hz and 1 kHz.
This detector present unique properties with respect to all the others: it is able to determine
the source direction, the polarization and the spin of the GW. The latter feature appears
very appealing in light of the possible existence of scalar GWs.

According to the time schedule outlined in the EGO proposal 47), after the design study
and the construction phases (4-years long each), the observatory should be enter in operation at
the beginning of 2013. In 2012 is also expected to be operative the space interferometer LISA.
This is a joint NASA-ESA space mission that will place into a special solar orbit three laser
transponding spacecraft to create a nested set of interferometers in a triangular configuration. The
space environment allows the path length to be increased to 5 million kilometers. This detector
has an excellent sensitivity (v/Sp ~ 10722 Hz'/2) over the frequency band (1 <+ 100 mHz), beyond
the reach of any ground-based detector. Sources in this detection band include both binary star
systems in our Galaxy, and cosmological sources associate with massive (from 10 to 10® times the
Sun mass) black hole interactions.

As for the long-term future, the ROG group is also actively involved in the design study of the
EGO observatory. Taking into account the experience acquired during the operation of NAUTILUS
and EXPLORER, it appears natural for the ROG people to be involved in the construction of the
resonant high frequency detectors. Between Dual and Sphere, the latter appears more interesting
because it is sensitive also in the medium frequency range covered by the interferometers and for
its sensitivity to scalar GWs. Given the high sensitivity levels expected for this detector it could
be necessary to reduce the effects of the cosmic ray background. For this reason an ideal location
of Sphere could be the LNGS.

5.7 Synchrotron Radiation experiments at ESRF

The future of GILDA is strongly linked to the future of ESRF and the Italian participation to this
European project. Two possible scenarios are taken into consideration: an increase of the current
and a change of the magnetic elements to produce light. The first possibility requires only a light
up grading of the optical elements to treat the higher flux coming from the bending magnet due
to the increase of the circulating current. On the other hand, the change of the source from a
bending magnet to an insertion device will require a very deep modification of the beam line due
to the different nature of the source. Taking into account only the first possibility, improvements
are foreseen to let the beam line be still very competitive in the near future. Big effort will be given
to the development of the ancillary equipment for sample conditioning like high pressure and very
high temperatures. A new experimental set up will give the opportunity to perform in-situ studies
of the structural changes of catalysts in reaction environment. It will be possible to warm up the
sample up to 1000°C and input different gasses monitoring the output gasses produced. This kind
of studies will surely require improvements of the monochromator to perform on the beam line
very fast X-ray absorption scans (Quick- EXAFS). A system for studies on in-situ grown clusters,
by magnetron sputtering and rare gas aggregation, is being developed in Frascati. This apparatus
will be designed to be easily inserted on the GILDA beamline. Concerning the detection of the
X-fluorescence a new improvement is foreseen. Silicon drift detectors (SDD), originally developed
for high energy physics experiments, have been recently successfully applied to X-ray spectroscopy.
They are very promising because with Peltier cooling they reach an energy resolution (FWHM<
168 eV at 5.9 keV) comparable to that of liquid nitrogen cooled Ge detector. The plan is to first
test SDD detectors on the beam line in different conditions and then, on the basis of the results
and of the experience acquired, to develop a SDD crystal ball to cover a large solid angle. In order
to extend the actual detectable reciprocal space in XRD measurements necessary to achieve very
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fast and precise long-range order structural information the study of the use of a curved imaging
plate is being taken into consideration. All the improvements reported and related to the future
operation of the GILDA beam line will require a big effort from the Frascati group from a technical
and a scientific point of view.
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Chapter 6

Plans in High-Technology Areas

The progress on radiation detectors has been always correlated with the advancements on the var-
ious experimental physics fields. New physics challenges generally call for new advanced detectors;
novel detector technology allows to achieve new physics frontiers.

At LNF the first example of new generation electronic detectors 1) was realized in the
framework of the experiments at the ADONE electron-positron collider. In previous experiments,
detectors like streamer chambers or flash tubes with photo-camera readout were generally used.

In the next years, extensive R&D on detectors was performed at LNF on different kinds of
radiation devices, mainly gas detectors and scintillation detectors. These detectors were used in
various applications: tracking and identification of charged particles, large electromagnetic and
hadronic calorimeters and large area muon detectors, as reported in Table 6.1.

All these developments have been possible thanks to the high professional contribution of
the various technical services (Sec. 2.7) that, during all these years, have grown up inside the
Laboratory increasing significantly the role of the LNF groups in the framework of the international
scientific collaborations.

In the following, taking into account the foreseen experimental physics scenarios in which
LNF experimental physics community will be involved in the near and far future, possible R&D on
new detectors for the different fields of application will be described, ranging from the high energy
physics at accelerators to astroparticle, neutrino and cosmic ray physics, nuclear physics, matter
studies and medical applications.

6.1 Detectors for High Energy Physics

The LNF high energy physics groups are heavily involved in the most important international
experiments at the European and American hadronic machines. In particular a big effort on
detector R&D and construction has been recently performed for ATLAS and it will continue in
the near future (3-5 years) for LHCb. In the framework of the BTeV collaboration, R&D on straw
tubes and their integration in the apparatus has also been performed.

There is also a great interest on possible upgrades of the KLOE apparatus in view of the
possibility of a second generation high luminosity DA®NE machine (Sec. 4.2.3).

Regarding long term projects (10-15 years) for the next Linear Collider there is a participation
to the Muon and Calorimetry working groups.

129
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Streamer Tubes ALEPH, SLD, NUSEX, MACRO
Drift Chambers KLOE
Drift Tubes ATLAS
Straw Tubes BTEV, FINUDA, PANDA
RPC BABAR, OPERA, GLASS, CAPIRE
MWPC LHCb
GEM LHCb, ALFAP
Cerenkov(N2) DIRAC
CCCD DEAR
SDD SIDDHARTA
Germanium FINUDA2
BGO GRAAL
HAD Calorimeters (Fe-stream.tubes) ALEPH, SLD
EM Calorimeters (Pb-scintill.) ATACE
RICH HERMES
EM Calorimeters (Lead glass) HERMES
HAD Calorimeters (Fe-plast.Scint.) CDF
EM Calorimeters (Pb-Scint.Fibers) KLOE, LCCAL

Table 6.1: Detectors know how at LNF

6.1.1 Gas Detectors: wire chambers

Large wire chamber systems have been designed for both ATLAS and LHCb detectors at LHC. At
LNF high precision drift tubes and small gap Multi Wire Proportional Chambers (MWPC) have
been developed.

6.1.1.1 MDT for ATLAS

The LNF-ATLAS group is responsible for the construction of all the muon precision tracking
chambers 2) of the middle stations in between coils of the air toroidal magnet, that is 94 chambers
of dimensions ranging from 1.2 to 1.7x3.6 m. The chambers are composed by high pressure
drift tubes (3 cm diameter), called MDT (Monitored Drift Tube), operated at 3 bars. The LNF
group has significantly contributed to the R&D to fulfill the very tight requirements on both the
mechanical precision of the assembly (absolute wire position accuracy down to 20 pm) and the
single tube intrinsic performances (single wire position resolution of ~ 80 pum).

6.1.1.2 MWPC for LHCb

The LNF-LHCb group works on the muon apparatus with responsibilities for detectors, electronics
and detector support mechanics.

The muon trigger of the experiment is given by a coincidence of five muon stations within a
very short time window of 25 ns (the LHC bunch spacing time). In order to achieve a good trigger
efficiency, the chambers must provide a very high detection efficiency, 99% in 25 ns time window,
corresponding to a time resolution of better than 3 ns (r.m.s.).

The biggest part of the muon apparatus will be equipped with MWPCs 3), while for the
innermost part (R1) of the first muon station (M1), where particle rates up to 1 MHz/cm? are
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expected, a new detector based on Gas Electron Multiplier (GEM) technology has been proposed
(Sec. 6.1.2). To fulfill such very stringent requirements small gap (2.5 mm), small wire pitch (2.0
mm) quadri-gap MWPCs operated with fast CF4 based gas mixture have been developed.

The LNF group has significantly contributed to the optimization and engineering of the
detector needed for the mass production of about 300 MWPCs. The commissioning of the MWPCs
is foreseen by the end of 2006.

6.1.1.3 Straw tubes for BTeV

The Frascati group is involved on the R&D 4) on straw tubes technology, their mechanical inte-
gration with p-strip Si detector and the position monitoring system of detectors with optical strain
gauges with micrometric resolution. The R&D work is planned to continue during 2005, despite
the cancellation of the experiment because of the US research budget cuts.

The straw tube detector design is similar to that one used by the ATLAS experiment, while
a completely innovative design of the assembling and mechanical support of the straw tube, which
acts, at the same time as support for the u-strip Si detector, has been developed. The design
is based on a straw-grooved rohacell sandwich, surrounded by a Carbon-Fiber reinforced plastic
(CFRP) shell, on which the Si-detector will be assembled. Straw tubes are kept in place by the
5)

grooved rohacell without mechanical tension . In order to verify the straws circularity after

glueing, high-precision x-ray tomographic techniques are being developed 6).
The position monitoring of pixel, microstrip and straw-tube detectors will be performed
by position detectors using Fiber Bragg Grating (FBG) sensors that exhibit a sensitivity at um

level 7). The R&D on FBG sensors foresees long term tests and radiation hardness characteri-
zation. Also, a repositioning device with micron precision for the accurate location of the pixel

detector after each accelerator store is being developed 8).

6.1.2 Gas Detectors: Micro-pattern

For the region R1 (~ 3m? area) of the first muon station of the LHCb detector the LNF group,

in collaboration with INFN-Cagliari, proposed 9) a detector based on GEM, a relatively new
micro-pattern detector technology developed at CERN by Sauli.

The GEM 10) consists of a thin (50 pum) kapton foil, copper clad on each side, chemically
perforated by a high density of holes having bi-conical structure, with external (internal) diameter
of 70 um (50 pm) and a pitch of 140 um. By applying a suitable voltage (400-500 V) between the
two metal sides, an electric field with an intensity as high as 100 kV/cm is produced inside the
holes, which act as electron multiplication channels for the electrons released by ionizing radiation
in gas. In safe condition, gains up to 10*+10° are reachable using multiple structures, realized by
assembling more than one GEM at close distance one to each other.

The GEM detector, recently approved required a extensive R&D in terms of gas mixture
optimization in order to achieve good time resolution and aging properties under strong irradiation.
The LNF group has the responsibilty of the mechanical design of the final detector and will be
involved in the construction of 50% of the chambers. The commissioning of GEM detectors for
LHCb is foreseen by the end of 2006.

GEM technology, or more generally micro-pattern detector technology (like Micromegas),
could have in the near future very interesting developments. As an example GEMs used as readout
system in TPC (Time Projection Chamber) seem to offer many advantages with respect to the
usual wire solution (Sec. 6.1.3). In addition GEMs, due to their intrinsic robustness, can be also
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used in space physics for applications in which gas detectors are mandatory, such as in Transition
Radiation Detection (TRD).

A further natural application of GEM detectors is the X-ray medical imaging, especially for
soft X-ray detection (< 10-15 keV, in radiology), for which the use of Xenon based gas mixture
ensure very high detection efficiency; while further R&D and new ideas are needed to exploit
this technology in nuclear medicine where hard X-ray detection is required for high Z material as
efficient converter.

6.1.3 KLOE upgrades

The KLOE detector, optimized for the study of CP violation in K° decays and more generally for
Kaon physics, consists of a very large (3.5 m long, 4 m diameter) Drift Chamber (DC) surrounded
by a lead-scintillating fibres EM calorimeter, immersed in a ~0.52 T solenoidal magnetic field.

A possible upgrade of the present apparatus could be the insertion of a light vertex detector.
This upgrade is strongly suggested by various physics items, such as charged Kaon physics (to
increase statistics (> factor 4) and improve the identification of Kaon interactions in the material
located at a small radius) and Kp-Kg interferometry at small AT (and AR). A vertex detector
would also increase the tagging efficiency and push to the ultimate limit the systematic errors
on tracking pattern recognition and event selection in the measurement of (—:’/(-:. Based on the
experience of present physics analysis, KLOE would also greatly profit from the measurement
of the longitudinal coordinate by an inner vertex detector. All of the above has a fundamental
importance in case of a significant upgrade (> factor 10) of the DA®NE luminosity.

The vertex detector would be inserted between the beam pipe and the cylindrical inner wall
of the DC (10 cm < r < 25 cm); the available space in Z (-30 cm < Z < 30 c¢m), probably including
Front End Electronic (FEE), is limited by the QCAL EM calorimeters surrounding the two low-
B quadrupoles. It is important to note that an upgraded accelerator implies a new beam pipe
and Interaction Region (IR) quadrupoles, and therefore a brand new QCAL. Since the new IR
quadrupoles and QCAL would be significantly smaller that the present ones, some more space in
z could be available for the vertex detector.

The main requirements for a vertex detector at KLOE are:

e a transverse spatial resolution in X-Y of ~100-200 pm, while ~500 pm in the Z direction
should be sufficient;

e the detector must be very light, < 1% Xy in the angular range of interest 20° < 6 < 160°;
e it should operate at a background rate of the order of 100 kHz/cm?.

Two possible vertex detector technologies have been considered and will be described in the fol-
lowing: the first one, based on standard double-sided p-strip Silicon technology, will provide few
points along the track with very high spatial resolution on both X-Y and Z directions. The second
option, based on the more innovative and light technique of the Time Projection GEM (TPG)
allows for a more dense track reconstruction with lower but still sufficient spatial resolution.

6.1.3.1 p-Strip Silicon Vertex detector

The double-sided u-Strip Silicon technology represents the standard choice for a compact vertex
detector. Considering the limitation on material budget imposed by physics, a maximum number
of three layers with a single wafer thickness of ~ 300 pum (0.3% Xy) can be proposed. This thickness
would ensure the lowest cost and highest reliability. However it should be noted that developments
in the near future might allow the use of 100-200 pum thick wafers (which are already commercially
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available) with a similar cost and reliability. In this case five or more layers, instead of three, could
be installed.

The wafer length could be 4-6 inches, the strip pitches 100 pm and 150 pm respectively in
r-¢ and Z direction. Considering a mechanical support made of 0.5-1 mm thick composite material
(0.1-0.2% X in case of carbon fiber), such a silicon detector will fulfill the stringent requirement
on material budget.

Concerning the detector performances, spatial resolutions of 0;,,_4 ~ 60 pm and oz ~ 100 pm
can be easily achieved with alternate r-¢ and Z strips readout. Following such a readout scheme
the number of electronic channels would be ~ 30,000 and ~ 70,000 respectively for r-¢ and Z
directions.

A careful evaluation of the FEE positioning (near or far the detector) should be done considering
both performance and material budget requirements.

The main advantage of this solution is that both the detector and the FEE are practically

commercially available and then easy to be implemented. In particular, buying entire “ladders”
(modular units equipped with silicon, support substrate and integrated electronics) is possible
and it might be more convenient, financially and technologically, than going through the effort of
acquiring the required sophisticated silicon detector assembly tools (alignment machine, bonding
device, etc...) and the needed know-how.
One of the strong advantages of a Si detector is that it represents a well-proven and reliable
technology both from the point of view of operational experience and physics reach, successfully
adopted in all possible accelerator environments (electron-positron colliders, like LEP and PEP-II;
CERN and FNAL fixed target beam lines; hadron colliders, like Tevatron and LHC).

6.1.3.2 Time Projection GEM Vertex detector

The Time Projection GEM, or TPG, is an innovative high performance version of the standard
TPC. The idea is to use a multi-step GEM instead of the usual MWPC system for the end-cap
readout of the TPC.

The advantages of a TPG with respect to a TPC are manifold:

e absence of direct non-gateable ionization in the end-cap;

e intrinsic ion feedback suppression, close to 1%, and possibly as low as 10~3. No gating is
required, then the detector is self-triggering;

e high (>95%) ionization electron collection efficiency;

e fast electronic signals due to the total absence of ion tail and to the reduced induction gap
thickness;

e narrow pick-up pad response function, As ~ 1 mm;

e improved intrinsic two-track resolution, due to the absence of ion tail and the small induction
gap: AV~ 1 mm™3, compared to 1 cm ™2 of a classic TPC;

e 1o Lorentz distorsions: the electric field is essentially parallel to the magnetic field throughout
all the GEM, small local distorsion being possibile only inside the GEM holes.

To the above list possible advantages due to the high modularity, robustness, simplicity of assembly
procedures and low cost of the GEM technology should be added.

The GEM solution seems to be the natural choice for the readout of the TPC: the GEM
detector is intrinsically a “TPC” with a small drift region.
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Presently there are several groups around the world working on TPG R&D for different
applications. At LNF the required know-how to start a profitable R&D for the proposed new
KLOE vertex detector is present.

A possible design of the KLOE TPG vertex detector, a barrel with dimensions of the order
of 12 ecm < r < 22 cm and -30 cm < Z < 30 cm, is based on the use of composite materials
for both the internal (not structural) and external cylinder and also for the end-plate structural
mechanical support. This solution easily allows to keep the material budget of the barrel structure
to less than 1% Xo. While on end-plates, due to the contribution of the foreseen three GEM foils
(globally 0,3% Xp) and the readout pad PCB (<0.6% Xp), the material budget would be ~ 1%
Xo, excluding the FEE.

Considering 10 pad rows in r-¢, with Ar ~ 1 cm and A¢ ~ 1-2 mm, the expected spatial

resolutions are: 0,_4 ~ 200 pm and oz < 500 um, for a total number of electronic readout channels
of 50,000 or 100,000 depending on A¢ pad pitch. The lower performances of the TPG solution with
respect to the p-strip silicon detector is possibly balanced by the larger number of reconstructed
track points available (10 for TPG instead of 3 of Silicon).
Also for the TPG solution a careful evaluation of the FEE positioning (near or far from the
detector) should be done considering both performances and material budget requirements, even
though in this case the possibility to put the FEE far from the end-plates of the detector seems
more realistic.

6.1.4 Detector studies for next Linear Collider

There is global consensus in the high energy physics community that, after LHC, the next particle
physics frontier machine will be an electron-positron linear collider (LC) with an energy up to
about 1 TeV.

Physics and detector studies are in progress in Asia, Europe and North America. Linear
colliders will allow precision studies of top quark and electroweak gauge bosons, Higgs boson
properties and decays, Higgs mechanism tests and, beyond the Standard Model, supersymmetries
searches in a complementary way to the LHC expected discoveries.

From the point of view of detector studies, although huge efforts have been performed in
detector development for the LHC program, the LC environment requires significant additional
and different detector R&D challenges. The main challenges at LHC were related to the high
event rate and the prohibitive radiation levels associated with the p — p energies and luminosity
required.

At LC these problematics are sensibly reduced, but, with respect to LHC, detectors are
required to exhibit unprecedented improved performances:

e improved position resolution (6(IP) < 5 pm in r-¢,z) and two-track resolution for vertex
detectors that should be very light, to reduce multiple scattering and v conversion, allowing
flavor tagging;

e very light central tracker with better momentum resolution and reduced photon conversions,
A(1/p)~ 2+5107° (GeV/c)™L;

e higher 3-D granularity electromagnetic and hadronic calorimeters to enable fine jet recon-
struction and particle flow measurement (§E/E ~ 30%/+/E(GeV));

e improved hermeticity over the whole apparatus, implying excellent forward coverage at very
small angle (down to <5-10 mrad).
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The most general detector design at LC foresees a vertex detector, a main and intermediate /forward
tracker system, an electromagnetic and hadronic calorimeter inside a coil, the coil, an instrumented
flux return yoke acting as muon detector and forward calorimeters.

Presently there are two LNF groups active in the R&D for the study of the muon and
electromagnetic calorimeter detectors. Some interest could also arise in the near future for R&D
on the central tracker, for the low mass high resolution TPG option (Sec. 6.1.3.2).

In the following, a brief description of such contributions is given.

6.1.4.1 Muon detector at the next Linear Collider

The muon detectors at LC, beside the identification of muons by their penetration through the
iron, due to the limited calorimeter depth (from 5 to 7.5 interaction lengths) will serve also as
backup calorimetry, allowing for the detection of significant deposits of leaking hadronic energy.
Two candidate technologies, Resistive Plate Counters (RPC) or strips made of plastic scintillation
counter are being studied.

The proposed detector is realized with screen-printed resistive coated float glass (high volume
resistivity, p ~ 5x 10712 Qcm, glass), exhibiting a moderate rate capability in streamer mode, ~
90% efficiency at 10 Hz/cm?. Improvement of the rate capability is expected either operating
the detector in avalanche mode (reducing dead zone), or using glass with lower volume resistivity.
While the first option is relatively easy to implement, the second one might require some efforts
for the engineering of the production procedures of the so called quasi-semiconductive glass, the

only solution to substantially reduce resistivity in glass material 1)

6.1.4.2 EM Calorimetry at Linear Collider

The Electromagnetic at LC (LCCAL) is required to measure electromagnetic showers, deposited
by single shower particles, with good energy resolution, of the order JE/E ~ 10%/+/E(GeV),
and to be finely longitudinally and transversally segmented for the separation of the various jet
components, in order to achieve the required jet energy resolution of dE/E ~ 30%/1/E(GeV).
Different technologies are being considered:

e Silicon-Tungsten (Si-W) sandwich calorimeter, which provides the highest granularity (~1cm?);

e Tile-Fibre Calorimeter, which exhibits less granularity (from 3x3 c¢cm? to 5x5 c¢cm?) but has
significantly lower costs;

e a mixed option consisting in Tungsten-scintillator tiles, for energy reconstruction, plus some
Si-pad layers suitable placed at different depths.

The LNF group involved on the R&D of this last option, in collaboration 14) with other INFN
institutions and ITE of Warsaw, has recently obtained interesting and promising results with a
prototype of LCCAL tested in different experimental environments (CERN-SPS H6 beam line and
LNF-BTF electron beam facility). The prototype, composed by 45 layers (50 in the final design)
of 3 mm thick lead foil (Tungsten in the final version), interleaved with 5x5 cm? plastic scintillator
tiles (with WLS) with PM readout, and with three Silicon layers (at 2, 6, 12 X,) with 0.9x0.9
cm? pads, has shown an energy resolution of dE/E ~ 11.1%/+/E(GeV) in the energy range 5-30
GeV, a position resolution of o,,s ~ 2 mm at 30 GeV and an e/ rejection < 1073,
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6.2 Detectors for neutrino experiments and space
physics

6.2.1 Detectors for neutrino physics

The design and construction of OPERA 15) at Laboratori Nazionali Gran Sasso (LNGS) has been a

remarkable opportunity to develop specific know-how at LNF. Frascati contributed enormously 16)
to the mechanical design of the experiment thanks to the skills of the technical services (SPAS and
SSRC particularly), which turned out to be rather unique both within INFN and compared to the
other international Labs that have joined the OPERA Collaboration.

For what concern the detector development, LNF has been mainly involved in the prototyp-

ing and construction of Bakelite RPCs 17, 18)  The difficulty of this task is partially relieved by
the very low counting rate in the underground site as compared to detectors operating at acceler-
ators (e.g. the BABAR RPCs). On the other hand, the RPCs developed for OPERA have to be
extremely reliable over time since they cannot be substituted after the installation of the magnet.
Their area (2.91x1.14 m?) is the largest built for a particle physics experiment and the border
is irregularly shaped to allow the passage of the magnet bolts and limit the size of dead zones.
Clearly, reliability has been the main concern. Several validation tests were performed before in-
stallation: test of gas tightness at the production site, mechanical and electrical tests and efficiency
measurements with cosmic muons. In particular, the mechanical tests have been fully automatized
in the surface laboratory hall of LNGS. In parallel, long term operation tests and studies of specific
mixtures have been carried out. After more than three months of operation at cosmic ray fluxes,
equivalent to five years of operation underground, the detectors show stable currents (lower than
1 pA) and counting rates (around 300 Hz/m?), with no efficiency losses. Commissioning of the
magnet and data taking with cosmic rays will be carried out in 2005 and 2006 while beam data
taking is foreseen for summer 2006.

The next technological challenge for OPERA at LNF is the emulsion scanning during data
taking. Modern emulsion scanning techniques are a mixture of state-of-the-art technologies:
CCD/CMOS high speed image grabbing, real time filtering, low aberration optics and precision
mechanics for emulsion positioning and handling. Current microscopes developed outside LNF
have reached the nominal speed of 20 cm?/h optimized for vertex detection. Similar devices will
be installed at LNF but will be dedicated to more specialistic searches after a preliminary candidate
selection. These searches are mainly related to electron identification or =/ u separation at the end-
point of their range. Their physics applications range from the identification of the 7= — v, D.e”
channel, to pure v, appearance without decay kinks (an indication of v, — v, oscillations), to
charm rejections in 7 appearance searches.

6.2.2 Detectors for space physics
6.2.2.1 p-satellites

The space qualification, the cost of launches for satellite weights above a few hundred Kg and
their time duration represents an obstactle, which is out of the control of HEP funding agencies,
like DOE and INFN, which in many cases pay and build half (or more) of the experiments. This
difficulty has recently led to the consideration of an additional and complementary approach, based
on the deployment by commercial launchers of small and light (1-100 Kg) satellites (p-satellites),
where the acceptance is recovered by networking them. This option was discussed at an internal
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INFN meeting about the on-going and future INFN initiatives in astro-particle physics in space
held at LNGS in May 2004 19).

This “modular” approach is scientifically sound provided that the physics case can be pursued
by segmenting the experimental acceptance (GF) into a network. It also allows a lower cost feasi-
bility test, like test-beam experiments in HEP. The approach seems also financially affordable for
INFN, given that typical costs are few MEuro for the first p-satellite, decreasing with multiplicity.

As an example, at the Surrey Space Center 20), was launched and operated about 1 p-satellite/yr
since the mid ’80s. This modular approach, if viable, would be strategically convenient, since one
should not rely completely on national space agencies: p-satellites can be launched commercially
within months. When possible and strategically convenient, selected INFN sites could acquire
partial certification for Space Qualification (SQ).

6.2.2.2 Satellite laser-ranging experiments

This category of satellites carries on board many Corner Cube Reflectors (CCRs), which are used
to track (“ranging”) their positions along their orbits. CCRs are special mirrors which always
reflect an incoming light beam back in the direction it came from. The satellite ranging is achieved
by shining from Earth multiple laser beams (each coupled to a telescope for aiming at the satellite)
managed by the International Laser Ranging Network (ILRS). The reflected laser beam is also
observed with the telescope, providing a measurement of the round-trip distance between Earth
and the satellite.

The general relativity predicts that a rotating central body like Earth will drag the local
space-time around it (frame dragging). This effect, predicted by Lense and Thirring (LT) in 1918,
will cause the precession of the node of an artificial satellite of Earth (the node, or nodal line, is the
intersection of the Earth equatorial plane with the satellite orbit). LARES/Weber-Sat, is being
designed by a Collaboration of Italian and US Universities, the ILRS, INFN-LNF and INFN-
Lecce. LARES will measure LT at 1% or better, taking advantage of the recent high-accuracy
EGMs (Earth Gravity Models) and exploiting a thorough geometrical, mechanical and thermal
characterization and, possibly, a new satellite design to reduce and control the thermal thrusts.
The LNF group has been funded by INFN to perform R&D activity to find a suited satellite
structure to strongly suppress the thermal thrusts (TTs) due to radiation pressure from the sun
and the earth. An additional physics goal of LARES is the improvement of the limits on the
violation of the Einstein Equivalence Principle.

A strong suppressions of the TTs, which are nowadays the limiting non-gravitational pertur-
bations, opens the way to study new physics effects on the orbital elements of artificial satellites
like LARES. In particular, perigee shifts are among the most sensitive observables to new physics.

For example, a recent string-inspired brane model 21) might imply perigee shifts observable after
five years of ranging data for LARES on an orbit similar to the LAGEOS ones; this possibility is
currently under study. Measuring such an effect for the Moon with Lunar ranging data is greatly
complicated by the difficulty of knowing the Moon center of mass; while this knowledge is extremely
simplified for an artificial satellite. Of course, models like 21) are on a less firm theoretical ground
than GR, but are still appealing, also because superstrings are thought to offer a way to the quan-
tization of gravity. New ideas coming from the intersection of experimental particle physics and
relativistic astrophysics can rinvigorate the use and scope of the International Space Station in the

next ten years. See also the discussion by the ESA astronaut R. Vittori in 22),
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6.3 Detectors for nuclear experiments

6.3.1 A Large Area Silicon Drift Detectors for SIDDHARTA

The Silicon Drift Detectors (SDD) were developed as position sensing detectors which operate in

a manner analogous to gas drift detectors 23) Recently, SDD started to be also used as X-ray
detectors in X-ray Fluorescence spectroscopy, electron miniprobe analysis systems and synchrotron
radiation applications. SDDs with sensitive areas of up to 10 mm? are commercially available for
several years already. The typical energy resolution is better than 140 eV (FWHM) at 5.9 keV
and -20°C. The outstanding property of a SDD is its extremely small anode capacitance, which is
independent of the active area. Thus, the electronics noise is very low, and much shorter shaping
times than for PIN diodes or Si(Li) detectors can be used. Hence it can be expected that SDDs
with an area much larger than 10 mm? still have a good energy resolution. Taking into account the
small shaping time, a triggered application of the large area SDD as an X-ray detector, with a time
window limited by its active area (drift time), can be envisaged. One of the ideal applications of
such a triggered large area SDD detector is the measurement of exotic atoms X-ray transitions at
DA®NE (SIDDHARTA). The X-ray energies, ranging from few to tens keV, are well in the range
of maximum efficiency of SDDs, while a trigger based on a time-window of the order of us was
demonstrated by Monte Carlo simulation to dramatically reduce background rates and to allow
for a precision measurement of exotic atom transitions. The trigger in this case is given by the
specific process which generated the K~ at DA®NE, namely a back-to-back reaction of the type
o— KTK~.

A program to develop such a kind of large area triggerable (1 ¢cm?) SDD detectors, with
integrated electronics (JFET) on it, has started at LNF, in collaboration with MPI (Max-Planck
Institut), PNSensors and Politecnico di Milano.

The experimental requests put forward for these detectors are:

e energy range of interest: 0.5 - 20/40 keV, with a selectable gain;

e capability to operate mainly under high energy events (backgrounds), with an event rate of
the order of KHz/channel;

e energy resolution better than 140 eV (FWHM) at 6 keV of energy;
e stability and linearity better than 10~* for a precision measurement;
e trigger at the level of 1us.

The total number of channels to be processed is 200 for a total area of 200 cm?.

6.3.2 The central tracker for PANDA

The PANDA experiment 24) 2t GSI aims to study fundamental questions on hadron and nuclear
physics in interactions of antiprotons with nucleons and nuclei. The LNF group has responsibilities
in the central tracker (CT), for which two alternative options are presently under study: a Straw
Tube (ST) tracker and a Time Projection Chamber (TPC) with GEM readout. The tracking region
of the PANDA spectrometer will occupy a region inside the superconducting solenoid starting at
a radial distance of 15 cm from the beam line, up to 42 cm. Along z this region extends 40 cm
upstream and 110 cm downstream of the interaction point. In this region the magnetic field will
have a strength of 2 T with a homogeneity of about 10%. The CT should provide measurements
of tracks coordinates, in both z and y directions, with a resolution of about 100 pm, and along z
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of about 1 mm. The expected rate of events will be 107 per second, with a multiplicity of 4 + 6
tracks per event, therefore drift-chamber devices with small cells could be used.

6.3.2.1 Straw tube tracker

The PANDA ST tracker will consist of a set of double-layers of 150 cm long straw tubes filling
the tracking volume. The first and the last double-layer will be parallel to the beam axis, while
the remaining will be arranged at a tilted angle ranging from 2 to 3°, allowing z coordinate
reconstruction. In the region closer to the beam axis the straws occupancy will be higher, due
to curling low-energy tracks, therefore the straw diameters will be different: smaller for the inner
layers, bigger for the outer ones. According to the experience of other experiments, and on the
basis of software simulations, a detector with straw tube wall thickness of about 100 ym made
of carbonated Kapton, and anode wire diameters of 30 pm is being studied. The gas mixture
under test are all based on Argon. Another crucial point of this kind of detector will be how
the straw tubes are mechanically sustained. A solution avoiding a heavy mechanical frame is
envisaged, therefore tests to glue the tubes altogether building planar self-sustaining modules have
been performed. Studies to produce cylindrical modules of glued straws are also under way at
LNF.

6.3.3 Time Projection Chambers

A TPC with its low material budget constitutes an ideal device for tracking charged particles in
3D space, fulfilling all the requirements on PANDA tracking. Such a device consists of a large
gas-filled cylindrical volume inside a solenoidal magnetic field, surrounding the interaction point
and covering the full 47 solid angle. Up to now, all TPCs have been operated in a pulsed mode,
where an electrostatic gate to the readout region is opened only when an interaction in the target
has occurred, and is closed immediately thereafter, preventing avalanche ions from penetrating
the drift volume. Due to the beam properties at the GSI storage ring, the TPC in PANDA has
to operate continuously, i.e. the technique of gating cannot be applied. This determines obvious
problems of ions feeding back into the drift volume, and about an order of magnitude higher
granularity in all three spatial coordinates to be able to sustain a continuous readout. These
limitations may be overcome using the GEM as charge amplifier. Therefore, a TPC readout
by GEMs is an interesting alternative to the ST tracker for PANDA. The development of such a
detector constitutes a challenge both scientifically and technologically, but would present a number
of advantages, as very low material budget, particle identification at low momenta, and very good
tracking performances. At LNF GEM devices are being studied (Sec. 6.1.2), therefore in case the
PANDA tracking choice will be a TPC with GEM, the LNF PANDA group will contribute to the
development of this detector too.

6.4 Synchrotron radiation

Silicon Drift Detectors (SDD, Sec. 6.3.1), originally developed for high energy physics experiments,
have been recently successfully applied to X-ray spectroscopy. They look very promising because
with Peltier cooling they can reach an energy resolution (FWHM< 168 eV at 5.9 keV) comparable
to liquid nitrogen cooled Ge detector one. Therefore, SDD can be used for the detection of the
X-fluorescence in synchrotron light sources. The plan is to first test SDD on a beamline in different
conditions and then, on the basis of the results and of the experience acquired, to develop a SDD
crystal ball to cover a large solid angle.
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6.5 Capillary Optics

Presently X-ray optics (and, for that matter, neutron optics) is an independent area of physics

undergoing a new stage in its development 25) | This fact can be explained by the close links to
modern technology: the apparent decline of interest in studies of this kind, which can be explained
by technological difficulties, has been successfully overcome. Lately a new area of X-ray optics,
capillary optics (polycapillary optics) emerged. Capillary optics has for the first time allowed to
really control X-ray radiation within a broad frequency range. The new optics, which differs favor-
ably from other methods of X-ray radiation focusing, mainly due to the large angular acceptance
(up to a few tens of degrees) at rather small spatial sizes, makes it possible to monochromatize a
radiation beam, to effectively turn it by large angles, to transform a divergent beam into a parallel
beam and vice versa, and finally to focus the radiation with intensity increasing by a factor of 100
to 1000 (or even more). All this has made the list of applied problems in which X-ray optics may
produce a real breakthrough only longer.

The use of capillary structures has contributed greatly to experiments in diffractometry, in
3D elemental analysis, in controlling beams of synchrotron radiation, in the production of high-
power sources of X-ray radiation, and in many other areas. Promising results have been obtained
in the use of capillary optics in X-ray lithography, as well as in X-ray imaging techniques. So far
these results have been obtained in laboratories, but pilot models on their basis are already in
use. The widest area of research involves applications of the new optics in medicine, in particular
in mammography and angiography, and in boron-neutron capture therapy (capillary optics is a
powerful instrument for controlling beams of thermal neutrons). There is hope that research in
these areas will produce in the near future new medical devices that will help in the early detection
of cancer and cardiologic disorders, and devices for radiotherapy also.

In addition to what said above, capillary systems are really new interference elements. The
manifestation of the wave properties in such macrostructures is of great interest, since the charac-
teristics of interference can really be controlled. It is also interesting how capillaries and capillary
systems can be used as X-ray waveguides.

One of the main research subjects of experiments on propagation of X-rays in capillary
structures is a problem of its use for the increase of radiation density. In experimental tests
performed at BESSY 26) 1o study the focusing features of a capillary lens for various energies of
synchrotron radiation in the range of 5+20 keV, the intensity of radiation was increased about 150
times for the optimum interval of 7+8 keV. As expected, for higher energies of radiation falling
down in the gain has been detected as well as for lower energies. The latter is in a good agreement
with the point that each capillary lens works effectively only for optimal energy range. Next
step will be performed at the DA®NE ring X-ray beamline, by focusing synchrotron radiation in
order to increase the density of radiation on a sample. Special alignment procedures by means
of conventional X-ray tube source and new compact and effective XRF spectrometers are being
developped at the DA®NE Synchrotron Radiation laboratory.

A milestone of capillary optics applications in medicine will be to decrease the irradiation
dose by factor of 10 to 100 and to increase the contrast resolution, due to the strong suppression
of radiation scattering, that will be very important for X-ray diagnostics at early stages of the
disease (tumor size of 50 mm, present status ~ 150-200 mm), for X-ray therapy of skin cancer
(depth of treating ~ 1-2 cm) and for therapy of small tumors. Capillary optics becomes a powerful
instrument in boron-neutron capture therapy of cancer as well as in developing a new type of
neutron microscope. Studies in these fields are presently performed within a mutual agreement
between LNF and UNISANTIS SA (Switzerland).

Capillary optics can be used in many areas where it is necessary to increase the density of
X-rays and thermal neutrons, in general, to monitor the level of radiation. Examples of possible
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applications are: the creation of a new class of medical apparata for early detection of cancer and
cardiologic disorders; the creation of new types of microscopes and tomographs with a resolution
of about 0.1 mm for biology and related areas of research; the creation of devices for elemental
microanalysis (with a recording limit of about 10712 g), transferring images, studying crystals, and
perfecting diffractometers; the development of X-ray lithography for the fabrication of integrated
circuits with a resolution of about 0.1 + 0.2 pm; the design of new X-ray sources with a power
of about 10 W and with an effective focal spot smaller than 20 pm (radiation pulses of about
10*? ph/s, which corresponds to an integrated intensity of about 107 & 10® ph/s); the creation of
new types of telescopes in the X-ray range; the exploitment of its bending efficiency, with special
angle-tuning benders.
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Conclusions

Next three years will be crucial for many of the activities in the Laboratory. Some of them require
concern for a successful start-up (Sec. 2.3, 2.8.4, 2.9.1, 2.9.2, 2.10.1, 2.11) and others are well
advanced or in the completion phase (Sec. 2.8.1, 2.8.2, 2.8.3, 2.10.2, 2.10.3, 2.10.4) and demand
strong efforts to produce maximum scientific output from data analyses.

KLOE data taking, with the collection of 2 fb~!, will be completed by the end of 2005. The
following years (2006-2007) will be devoted to the Hypernuclear Physics program of the FINUDA
experiment (Sec. 2.10.2) and to the study of kaonic atoms with SIDDHARTA (Sec. 2.10.1).

The accelerator experiment to exploit the Strong Radio Frequency Focusing concept (Sec. 4.2.3),
although not funded yet, is expected to enrich the know-how on the high-luminosity frontier of the
meson factories in the same period.

The two Synchrotron Radiation Lines are expected to face with increasing operativity. The ap-
proval of the proposal for a new line providing X-rays from 60 to 1000 eV could allow further
activities on this interdisciplinary field of interest for material science, chemistry, biology and
high-technologies.

The Sparc program, after the realization of the advanced photo-injector will progress in testing
new accelerator concepts that hopefully will bring the technology to the stage where it can be
considered for the use in a vast number of applications.

The Beam Test Facility will continue to provide e™/e™ beams from few MeV to 750 MeV at tunable
intensities to a wide user community interested to study the performance of new particle detectors.

It is important to push now for a call of interest for new experiments preparing the decision to be
taken during 2006 for the future facilities in the Laboratory.

The major alternatives presented in Chap.4 have the potentiality to change the character of the
LNF and differ for scientific programs, user communities and costs, among other factors.

The DA®NE luminosity optimization, allowing peak luminosities of 2-3x 1032 cm 2 s~ ! (Sec. 4.2.2),
fulfills the requirements of the SIDDHARTA-2 experiment on kaonic atoms (Sec. 4.8), and of the
Hypernuclear spectroscopy on medium-high atomic-number nuclei with FINUDA.

Since these programs require total integrated luminosities of the order of a few fb~!, such an option
presents the best compatibility with the development of a Synchrotron Radiation (SR) user facility,
with the SPARXINO experiment, and the operation of the Beam Test Facility sharing the LINAC.

The DA®NE energy upgrade from 0.51 to 1.2 GeV per beam allows the study of the threshold
region for NN production and the measurement of the nucleon form factors presented in Sec. 4.9. A
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preliminary version of the Letter of Intent 1) has been circulated at the Workshop on Nucleon Form

Factors, held at the LNF in October 2005 2), where it was discussed and positively acknowledged.
With minor modifications of existing detectors, the measurements of both, the moduli, and the
phases of the proton and the neutron form factors in the time-like domain, should be accomplished.
The Lol contains also requirements for the performance of the DA®NE ring upgraded in energy.

The realization of a new ¢-factory, capable to deliver integrated luminosities of at least 30 fb—!
in smooth, steady running conditions, open the possibility to achieve new results in the field of
kaon physics. In particular, the study of rare Kg decays and K;—Kg interferometry represent
the highlights of the particle-physics program of this option (Sec. 4.3). Since the primary focus
shifts from Ky decays to rare Kg decays and K —Kg interferometry, substantial upgrades of the
KLOE detector are desirable. In particular, it is very natural to conceive the possibility of a
vertex detector to improve the resolution close to the interaction region (Sec. 6.1.3). The physics
program should also have a natural connection with existing and planned experiments on rare K+
and K, decays at fixed-target hadron machines. For instance, the measurements of the rare decays
Kg — 7%t ¢~ at the ¢-factory are closely linked to the measurements of the corresponding K,
modes at fixed-target experiments (Sec. 4.3).

The project could also be well suited for the Hypernuclear program with the Ge detectors (Sec. 4.7)
and for the experiment on the kaonic atoms (Sec. 4.8.1).

In principle, by an increase of the cost under evaluation, the new ¢-factory could also be designed
for running at the NN threshold (Sec.4.9) without compromising the peak luminosity at the ¢
resonance.

The time-sharing of the facility is an issue for the accomplishment of different physics programs;
in particular, the operation with different detectors require the study of an efficient solution for
the installation/disinstallation procedure.

The discussion on the interest and the feasibility of these programs has been issued in a dedicated
47 57 67 7)

More topical workshops and dedicated discussions have been done in 2005, namely at KAONO05 8),
at the LNF Spring School 2005 9), and at the International Workshop on Hypernuclei 10).

workshop at Alghero in September 2003 3) and in several international conferences

Accelerator Design Studies for the energy upgrade and for the new ¢-factory reported in Sec. 4.2
are advancing and should be finalized in the drafting of a Conceptual Design Report (CDR) by
the end of 2005. Also the CDRs of the upgrades of the KLOE and FINUDA detectors should be
circulated in the same period.

The project of a high-luminosity 7/charm factory (Sec. 4.2.4, 4.6, 4.5), which will be discussed in

a Workshop 11) 4t the LNF in March, 2006, seems to be slightly over-dimensioned for the present
LNF infrastructures and require the involvement of an international community much wider than
for the realization of the other initiatives.

All the ongoing activities will be subjected to a multistage review by the LNF Scientific Committee
and other advisory bodies appointed also by the National Scientific Committees of the INFN. It is
worth stressing that a decision should be taken in 2006 not only to focus the local activities but
also to settle the level of involvement in other international programs which will be determined
after the selection of the new project.
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