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1998-2002: a golden age for
neutrino physics

"Evidence for oscillation of atmospheric neutrinos®
The Super—Kamiokande Collaboration, Phys. Rev. Lett. 81 (1998) 1562

"Direct Evidence for Neutrino Flavor Tranformation from Neutral—Current
Interactions in the Sudbury Neutrino Observatory"
The SNO Collaboration Phys. Rev. Lett. 89 (2002) 011301

"First results from KAMLAND: evidence for reactor anti—neutrino
disappearance
The KAMLAND Collaboration. Dec 2002. hep—ex/0212021

"Indication of neutrino oscillationsin a 250 KM long baseline
experiment.”
The K2K Collaboration. Dec 2002. hep—ex/0212007



No more wandering in the dark...

Test the flavours involved In the oscillation and the oscillation

predictions (appearance of new flavours and/or sinusoidal
pattern of disapperance)

MiniBoone [ confirm/disprove LSND

(sterile neutrinos?)
| CARUS+OPERA [ first direct evidence of

|mproved
appearance of new flavours precision
MINOS ] sinusoidal pattern + flavour on aim.
L. Oscillation
partecipation (NC/CC) oarameters

The final question:
Can we perform precision CKM physics also in the leptonic
sector? (determination of real angles and phases, CP, test of
unitarity etc.)



Thed , angle

Neutrino oscillations possible for massive neutrinos with a non
trivial mismatch between mass (v.) and gauge eigenstates (v )

—imiZL

Three light active neutrinos (v_, V, v) O Ulisa3x3

(approximately) unitary matrix and can be parameterised with
three angles and 1 (+2) phases. Recover the CKM formalism
(s,=sinv,):

—16
C.. 0 S..€

U=R(%,,)| o0 1 0 |R(9,)

—S.€ 0 C.,



Nature smplified alot the formulas...

—iAm L/2E

P(v,—v,)=2,, U, U U U_ e

Only differences of (sguared) masses enter the formula (no info on
absolute mass scale).

Three neutrinos U two differences Am? , and Am?,,

Nature has chosen for us a strong hierarcy:
Amzlz << Am223 = AleS

N\

"solar scale" "atmospheric scale"

If L/E istuned to maximise the P at Am?,, ("atmospheric scale”) all
the terms proportional to sin® (Am?  L/E) are strongly suppressed




If the atmospheric scale dominates;
P(v_ — ve)z1—Sin229138ir12A23
P(v,—v )=sin’29 sin’9 sin°A_
P(v_.—v_)=sin“29 ,cos’9_sin“A_,
P(v —v )=1-4cos’9 sin"9 (1-cos"9 sin’9 )sin“A_,
P(v —v_ )=cos'9 sin“29 sin°A
A,=127TAm L/E

Note that:
v No CP violating phase appears
vIf 9 =0 "atmospheric’ L purev, — v,

"solar" U purev_ — v,
U ,,measure the degree of decoupling of " atmospheric
oscillation" from " solar oscillations"



Subdominant contributions:;
In fact:

v1f Am?® Jisnot too small (e.g. 510~eV?) . OK!l Kamland!!
v1f sin? 28, not too small (e.g. O(10~ - 107) )

we can feature subdominant effectsin terrestrial
experiments (Superbeams or Neutrino Factories) to

v measur e the CP violation phase CKM like
v measure precisely sin® 239, precision
v measurethe sign of Am?_, physics!

the size of sin® 29, isthe missing link to assess the

potentialities of the third generation neutrino oscillation
experiments



What we know experimentally on sin® 23,7

The " golden channel” isv_disappearance
P(v_ — ve)=1—8in22 S n2A23

P(v— Ve)=1—Sin22913sin2A23—%Cosz9lzsin229135in22A315in22A21+

4 . 2 2 - 2 . 2
(cos™¢ ,sin“2¢ +cos"$ sin“29 ,C0S2A, )sin“A_

Reactor experimentswith L =1 Kmand E = afew MeV

In fact they test V. oV, I.e. the CPT coniugateof v _—v



CHOOZ

Steel shielding

1114.6 m
9979 m
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|low activity gravel shielding |
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Target : 5.57 m of Gd loaded scintillator (0.09 %)
Region I and 111 : 127.9 m of high-flash scintillator
192 PMT's on the geode (130 pe/MeV )

48 PMT’s for the veto

Detection technique:

v_p—en
e
‘ +H = 2.2MeV

+Gd = 8MeV
2y (2x511keV)

Prompt pulse (e¢*): 1.2-8 MeV
Delayed pulse within 2-100 ps
(n+Gd): 6-12 MeV

Background from reactor—OFF

Fit of the event rate versus termal
power of the reactors



Sistematics

Reaction cross section 1.9%
Number of protons 0.8%
Detection efficiency 1.5%
Reactor power 0.7%
Energy absorbed per fission 0.6%
Combined 2.7%
Results

|nformation coming from:

1) Overall rate

2) Positron E spectrum
3) Rate versus thermal power

No deficit has been observed
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Results

Analysis A

Y. =V,

909 CL Kaniokande {multi-GeV)

N —— —

BH 90% CL Kamiokande {sub+multi-GeV)
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95% CL

90% CL

sin’29,, <0.14 (90%CL)
@ Am?_=2.5 107 eV?
(LO approximation)

NL O results depend on solar

2
parameters Am- _, v,

v Any <2 10 eV? unchanged
vAmy  =410"eV?,sn29, =0.5
sine29,, < 0.11 (90%CL )

(more stringent)
S.Bilenky et al. Phys.Lett.B538(2002)77



What we know from theory on sin® 29 ,?

Not surprising since;
« Origin of Y ukawa sector of the SM completely unknown
« Leptonic mixing matrix seems VERY different from CKM
(bilarge mixing among particle with big mass differences).
« Most of GUT inspired models need fine tuning to
reproduce large mixings

Huge literature with predictions ranging from Chooz limits
(10%) to 10~or even smaller...



A note of caution!

The discovery of sin® 28, # 0 has ascientific relevance by itself:
the full three flavour mixing of neutrinosis still unestablished

However it has an even higher strategical value:

The terrestrial experiments seeking for CP violation (JHF+HyperK, Neutrino
Factories, etc) and making precision physics with the leptonic mixing matrix
are extremely expensive. No funding agency will spend 2billion$ if in the
meanwhile we don’'t have evidence of sin® 23 ,# 0: it could be the most

Impressive flop of the history of High Energy Physics!

How much can we improve the CHOOZ
limit in the forecoming years?



Can we use the next generation Long Baseline
experiments (MINOS+H CARUS+OPERA)?

Tuned for v —V, appearance. Could work also in Vv, - v_mode.

P(v —v )=1-4cos’9 sin°9 (1-cos’9 sin’9, )sinA_

\ 4
Precise

—P(v,—v_)=c0s'9 sin"29 sin°A
P(v —v )=sin"2$ sin°9_sin“A_,

measurement of 4, (mainly MINOS)

\
Evidence of v_appearance (mainly CNGYS)

Search

for sub—dominant mode v -v_ (3,,)



MINOS

v, Source: (NuMI)
120 GeV protonsfrom FNAL Main Injector

v, from pion decay

v, contamination from K and muon decay

detectors. (MINQYS)
1) ‘Far’ detector:
5.4 kKT magnetized iron/scintillator
tracker/calorimeter in Soudan mine
2) ‘Near’ detector:
9080 T version of far detector at FNAL







MINQOS is a coar se grain calorimeter
« 2.5 cmthick iron slabs
» Plastic scintillators with 4.1 cm granularity (thickness 1 cm)

 Toroidal magnetic field (<B>=<1.2 T)

However,
« The NuMI beam can be tuned at the oscillation maximum

(about 2 GeV for L=730 Km)
* A near detector helpsto deal with systematics
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Background

« NC events with 1 production (high energy tail of v, beam)

low energy spectrum, e.m. shower development delayed
(y conversion), small visible energy (Vu outgoing)

* CC events with 1 production and primary p unidentified
as before + visible primary muon

- V_ contamination from the beam
different energy spectrum, computed at near detector

-V, —V, oscillation with T - evv
low visible energy (outgoing v)



MINOS signal depends also on matter effect

Fermilab \iﬂdﬂn > p:28 g/cm3

=730 Km
Am: L
P(v -»v )=sin229msin29 sin’ = _S
u e 13 23 4E
2
2 Ae - 2
S= > —(:032913 +3ln 2913
Am23
. 2
Sin“29
Sin229gz ” &
S

Corrections of the order of +10-20% depending on sign of A,



Event selection

Sequential cuts on:
- Fraction of Einhighest cluster E, __/E_ > 0.7

« N stripsin highest cluster = 9
i Pu < 1 Gev Signal oHiciancy and background misiden s fcalion |

- 100pe<E,<600pe

'IIIIIIIIIIIIIIIIIII'"_'

AT AT
gyt

fraction

+

Neural net combining
variables related to the

event shape

1 2 3 4 5 B8 T 88 89 10
true neutrino energy (GeV)




Systematics
After event selection, background dominated by NC background
Am?,_=0.03eV? sn29,,=0.04
signal beam v_ v, CC v,V NC<10GeV  NC>10 GeV
8.5 5.6 3.9 3.0 15.7 11.5

Near detector: NC rate with 1° production
V_ contamination

Still remaining uncertainty at the level of 10%

v Differences in near—far detector (geometry and overlapping
events)

v Different angular coverage

Results will be limited by systematics
after about 2 years of datataking




Results

MINOS v —v, sensitivity

See M.Diwan et 4al.

2 NuMI|-Note-SIM0714

: EXCLUDED (90% C.L.)
2
-3

- 3-generation model, A mZ |>>]A n:ﬁzl, m>m,, [U_ | ‘= |U13|‘

P Super-K atmospheric v —v, (1998)

B CHOOZ v_—v, (1999)
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Sin? 2813 <0.00If Am223: 0.025 eV?
(CHOOZ sinz 29 »<0.14)



Cern Neutrinos to Gran Sasso (CNGS)

An high energy neutrino beam for
V_appearance

E, Is a compromise between

tuning at oscillation maximum
(low E) and high cross section for
tau production (high E)
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The beam

Beam composition : 97%v +2.1%v +0.9%v,
Neutrino energy <EV>—17GeV

Intensity: 4.5 10%p.o.t/y [1 6.7 10*p.o.t./y (+50% w.r.t. Proposal)
Baseline: 732 km

Site BA4
of SPS  Temporary shaft

Altitude
(m) 41

450

PGCN

400 L

SPS MORAINES

350
MOLASSE

300

250

200

0,5 1 1.5 2 2,5 2,5 3 3,5 Km



CNGSasatool for V, =V, Investigation

A beam tuned for tau appearance has.

v An energy not well tuned forv —v_ (1.27 Am? L/E < 172)
sl

v No near detector
v Need very precise detectors (small mass)

However:

v Employs detectors with very high granularity (tau decay

topology)
1) Strong suppression of NC 1 background

2) Subtraction of v, -V,
v Perform a"pure” sin® 29, . measurement



A pure measurement of Sin“29

CNGS isinsenditive to the CP violating phase
Suppressed by Am? ) L/E < Ame  L/E

CNGS MINOS
If Am?® _big eno 10™)) MINQOS could see distortion of its
appearance signal.

CNGS isinsengitive to matter effect "Solar scale”

) 2
SiIN“29 AM._LS
P(v 5v )= 2sin®g. sin°—=2—~
u e SZ 23 4E

2

) 2
Sin“29 Am-_L
/82’138in2923( 3 )/SV

4E

In case of null result it would bedifficult to put alimit on
sin“29 . dueto our complete ignorance of 0 and sign Am?

MINQOS |loose sensitivity with respect to CNGS



OPERA

T decay “kink” ’
N /

An appearance experiment for tau
detection on an event—by event basis

The cleanest channel to demonstrate vll = V. oscillations
BUT

v oscillation — hugemass AND T decay — O(um) resolution

—
L ead — nuclear emulsion sandwich



OPERA

get:
«1.7KT of Lead distributed |
about 200 000 bricks
*Trigger and brick finding
from plastic scintillators.

2 Spgctrometers
* Dipoles
e RPC @ sandwich” of
56 Pb sheets and
Charge and momentum of 56 emulsion films
penetrating particles




Background in OPERA

« NC events with 1 production
(high energy tall of v, beam)
as MINQOS but eccellent

1mip/2mip separation by grairf |

40 |

counting in emulsion + 1°
reconstruction

* CC eventswith 1

production and primary U
unidentified

suppressed by one order of
magnitude w.r.t. NC

30 [
20 [

10 [

ele

beam pion

interaction point

T

| 0

ctron pair —— (charge exchange)
\ «— electran pair

/1
v
ECC test
// x\ experiment
Y
-2 -1 0 1 mm




Background in OPERA

« V_ contamination from the beam
different energy spectrum

»V, —~V, oscillation with T - evv
kink observed on a event by event basis + low visible energy

Emulsion layers

1 ]

track segments



Event selection

« |dentified electron E>1 GeV (suppress low y component)
* Kink below 20 mrad
(against v, =V, oscillation with T - evv )
« E.<20GeV  (suppressv, contamination from the beam)

- Grain deposition near the vertex consistent with 1 m.i.p.
(NC with 1 suppression)

« P™5<1.5 GeV (NC and T - e reduction)

Scanning load

Scanning load Is dominated by the vertex finding of neutrino
Interaction [ roughly unchanged w.r.t. the standard tau analysis



Events

Kinematical analysis
(Am*=2.5 107 eV?; sirr20,,=0.076 ; sin“20,.=1)

Visible energy Missing p,

a

6 — vV, 190 = | Vp = Ve

: e , i [ . ----- v, beam cont.
s [ v_ beam cont. s od TV Y,

I . 5. e 8 —r b e NC

n T
4 - NC
______ 6 =

3 =
2 —
1 L
0 e L L L L L L s e oo g g T - o i et ._,‘_,i ______ e ot ey ol |

0 5 10 15 20 25 30 0 0.5 1 1.5 2 2.5 3

Visible Energy (GeV) \ Missing p. (GeV)

Powerful v_ CC (beam cont.) rejection Powerful NC bkg. rejection



Expected events
5 years data taking with the nominal CNGS beam and

Am?_=2.5x10 eV2, sin?20, =1

sin°26,, S Signal T-e vyCC v ,NC 'E:;:
0.095 Qo 9.3 4.5 1.0 5.2 18
0.076 8o 7.4 4.5 1.0 5.2 18
0.058 7° 5.8 4.6 1.0 5.2 18
0.030 50 30 4.6 1.0 5.2 18
0.011 30 1.2 4.7 1.0 5.2 18

OPERA is dominated by the intrinsic v beam contamination. Here, we
assume for consistency with other works a 5% error on the v flux. However,
given the small number of expected events in OPERA the sensitivity to 0, Is

dominated by the statistical fluctuations of the background

A systematic error up to 10% does not change appreciably the
experimental sensitivity




OPERA sensitivity to 0,

By fitting smultaneoudly the E_, missing p. and E,_distributions

Am? = 0.025 eV~
sin?28,,< 0.06 (old)
sin?29_,< 0.05 (new intensity) "

Am® . (eV?)

25x10~3 eV2 |

-3
10 |

—— Nominal intensity
----- High intensity (+50%) CINGS

10 v...|

SeeM'Komatsu’ P'Mig”OZZi’ 10° | """1'6_2 | I(I).I06I 10" -
F.Terranova, hep—ph/0210043 SR,




|ICARUS
Technology based on Liquid Argon TPC

« High granularity depending on the drift time resolution and the
Induction wire pitch
« Electronic detector: no scanning time lag

« Caorimetric measurement: 3%/VE11% (e.m.) ; 16%/VE1% (hadr)

"Bubble" size
=3x3x0.2mm3

measured for each
point

.l‘ Irl i
b ."- . i 4 ¥ h
/il Energy deposition
'.‘ |'II .I.
»Il ¥ "
| f ) y
v L RS ]




Construction and operation of big size detector has been recently
demonstrated (600 tons)
A 2.4 kton detector in Gran Sasso Hall B could be ready for 2006

' [ |
. H/f/”./4

- L AR ERCH
. )

Field SHAPMBREIEC T rodes
T(duringinstallation)



A different philosophy to seethe T

Granularity to poor to see the kink:

« Kinematical cutsto see distortion in the inclusive distribution of
visible energy, lepton and hadronic p. , missing energy €tc.

* Liquid argon is much cheaper than Emulsion Cloud Chambers [
high mass detectors can be built

Limitation from poor granularity less dramatic for Vv, - v_search
(kink finding is used only to anti—tag the v, —V, background)
Good detector for v_ appearance




Background in ICARUS

- v, contamination from the beam

different energy spectrum (the same problems as OPERA but
with better energy resolution)

V-V, oscillation with 1 - evv
kinematical cuts (less effective than OPERA kink—based
Suppression)

« NC events with 1° production
radiation length in Argon > Lead : easier to see converted
photon and employ a /e separation procedure

Senditivity per unit mass is approximately the same between
ICARUS and OPERA whenv v isnot the dominant

background. However ICARUS has higher fiducial mass.



Expected events

5 years data taking with the nominal CNGS beam and

A2, _=2.5x107% eV2, sin?28, =1

sne20, | o, Signal t-e | vCC | nuNC EZZ;:
0.095 % 27 24 _ - 50
0.076 8o 21 24 - - 50
0.058 70 16 24 - _ 50
0.030 5o 8.4 25 -~ -~ 50
0.011 30 3.1 25 - - 50

Including akinematical analysis similar to the previous one (OPERA) we get
ICARUS90% C.L. ; Am223: 0.025 eV?

sin*29,,< 0.04 (old intensity)

sin“29,,< 0.035 (new intensity)




| CARUS and OPERA combined

sensitivity
CNGS 5 years nominal beam

—— Combined

Am® , (eV?)

SK allowed 90%CL

10

i 3
S1n 2913



Comparing different scenarios

1)

Experiment S n22913 013
CHOOz <0.14 <11°
MINOS 2yr <0.06 <7.1°
ICARUS 5yr <0.04 <5.8°
OPERA 5yr <0.06 <7.1°
)
| CARUS+OPERA 5yr <0.03 <5.0°
=3yr CNGSx1.5
| CARUS+OPERA 5yr <0.025 <4.5°
CNGS new intensity

Limitsat 90% C.L. onsin’26 ,and 6.,

(Anv=2.5x107% eV? sin’,,




Future projects

L ow energy superbeams:
« Tune E and L to be at the oscillation maximum of Am__
« Very high intensity beam (" superbeams’)
 Near detector to lower systematics on beam contamination

JHF (E=1 GeV L=293 Km)
NUMI Off—axis (E=2 GeV L=800 Km)
BNL to Homestake (1<E<8 GeV L=2500 km)

Neutrino Factories
* Very pure v“+ vV, from p* decays at muon storage rings

- High intensity beamsto study v _— v, alm,
 Change of polarity (U~ decays) to see CP odd asymmetries



JHF to Super—kamiokande

Main facility: JHF 50 GeV proton syncrotron. Deliver 10+ pot/y (about
two order of magnitude higher than CNGS)

Detectors. near detector to be constructed (scintillator tracker). Far
detector already there (Super—Kamiokande).

Phase |: JHF to SK will improve substantially the knowledge of ©,and
perform a precision measurement (1% level) of Am,_,and o,

VS A
Phase Il: Builld a new huge < > ;,; o
detector (Hyper—K: 1Mton water) - 4O

_and fl_thher increqse (>_<5) of beam Eyﬁr&rﬁmm il o
intensity. CP violation in the “fﬁ R .jg ’

leptonic sector

{c} Ell][l,E'gl'll oo - 40D i A ETEE knn urood



« Low v_ beam contamination (0.3%)

Sengitivity

Search for "singlering" e—like events in SuperK amiokande.

* No tau background (below kinematic threshold)
* NC with single ™ production [1 low energy 1° (y back—to back)

JHF-SK 90% C.L .
A2, = 0.025 eV?

sin?29 < 0.006

90% C.L. sensitivities

4 | JHF Syear

- —WBB
: OAB
- - NBB

CHOOZ exciuded

2deg.
2GeVsn

._2 i _._1 i

10 .
0.5 sin22613 sin®20,0



A note of caution!

If JIHF-SK finds evidence of v_ appearance: OK [ phase Il + NuFact

What if JHF—=SK finds no evidence?
Can we say that Sin* 29 ,Istoo small and give-up phase I1?

JHF-SK tuned to maximize discovery potential:
* Energy tuned to maximum of oscillation probability

 Enhance the dependence of subdominant terms to be sensitive to 0

« Small dependence on matter effect (low baseline). In NUMI Off-
axisthereis also this dependence

In case of no—signal one should integrate on all the subdominant
parameters. Hence you could have high values of sin23 , still

allowed ] deterioration of sensitivity



Sensitivity reduction

Sensnmty to sin®283

_ JHF-SK
e
i

JHE=S K&NuMI

0.003 0. 034 Q. CﬂS 0 01 0.02 0.03
sin> 26

Assume Am?,_=3 10 eV?, sint28,,=1, Am? =5 10™ eV~

See P.Huber, M.Lindner, W.Winter, hep—ph/0211300



My own opinion...
This problem affects MINOS as well but not CNGS!!

CP violating phase:
Terms suppressed by [Am? , L/E]* (solar scale) but E . = 0.1E

minos CNGS
At CNGS further suppressed
Matter effect:
once more, being not at the oscillation max, the effect is suppressed

(see before). CNGS doesn’t care of the sign of Am?,
The (9., 12-9,,) degener acy:
This affect also CNGS (irrelevant if maximal mixing, 9,,=1v4)

CNGS makes a pure ¢, measurement and,
In this respect, it has a sensitivity comparable to JHF!!

Next generation superbeams should be tuned in a smarter way...
or we should stick on reactor experiments



Conclusions

 The knowledge of the parameter driving the sub—dominant
mixing between atmospheric and solar neutrinos (9 ,,) Isthe

missing piece to start precision physics of the leptonic CKM
matrix

« MINOS and CNGS can provide already a significant
Improvement w.r.t. CHOOZ

 The standard strategy
MINOS/ICNGS [ JHF phasel [ JHF phase ||
could be not the optimal one



