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the Standard Model of Particle Physics

1

Loy = — ZFSVFCWV i1h D) gauge sector

- Vi, H + h.c. flavour sector
- ‘Duﬂ‘z —V(H) EWSB sector

- Ny M N (Majorana) V-mass sector

@ are there elementary scalars in the SM ? Higgs boson 2

@ do they cause spontaneous symmetry breaking ?
— fermion and gauge boson masses

@ foremost task of the LHC is to find the Higgs boson




Search for the Standard Model Higgs Boson at LEP

ALEPH, DELPHI, L3 and OPAL Collaborations
The LEP Working Group for Higgs Boson Searches!

2
2

b
Li

LEP  5=z00-209 Gev Loose LEP 5= z00-209 Gev Tight

L HiH

-3

= [hala
Backzround

B Sipnal (115 GeVie's

Backzround

B Sipnal (115 GeVie's

[
=

—
ri

all = 109 GeVie all = 109 GeVie
Diata 119 17 [Hata 1% 4
Backpd 1165 158 Backgd 14 1.2

Sipnal 10 7.1 Sipnal N 2.2

Events/ 3 GeV/c
Events / 3 GeV/c

—
=

g 120

m,,rec (GeV/cY) m,rec (GeV/cY)

histograms are MC predictions; in loose and tight selections, cuts are adjusted so as to obtain,
for my= 115 GeV, approximately 0.5 and 2 times more expected signal than background events
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Theoretical bounds on the SM Higgs mass
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were the SM valid up to Mp, then
M1 would be limited to a small range
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Higgs potential (lower bound on mn)
classic V[¢] = —p°d? + X ¢*

H

expand about the vev ¢ — vV + \ﬁ = =

renormalization group improved PT

2 RG
quantum corr. A\¢' — A¢* (1 +v1n 2 + .. ) - )\ (A) ¢4 (A)

¢ = (exp/dtv(t)) ¢t
Running coupling

dA(t ,
% = O\ (t) ()\2 +3\h? — 9h + .. ) h: top Yukawa coupling
2
initial conditions at A =v) Ao = L pg =
4v? v

if my is too small, h; dominates = A(t) decreases

For the vacuum to be stable, A(t) must be > 0 below A = lower bound on my

as(mZ) — 0.118 S ~
0.006 mu = 130 GeV at A = Mgur

my > 129.5 + 2.1 (my — 171.4) — 4.5



Higgs potential

Altarelli,Isidori

m=174 GeV  o,(m;)=0.118 =]

10 15
Log,,(A/1GeV)




Upper bound on my

Running coupling
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Upper bound on my

Running coupling

d\(t :
% = Oa(t) ()\2 + 3\ hf — 9hf§l + .. ) h: top Yukawa coupling

« e e . . _ m%{ my
const = b initial conditions (at A =v) ), = 5 hot =~

if mu is too large, A2 dominates = A(t) increases

Ao

A(t) ~ Landau pole (signals PT breakdown)
1 — bt

The upper bound on my is obtained
by requiring that no Landau pole occurs below A

mH < 180 GeV if A ~ Mgur
600 + 800 GeV if A ~ O(TeV)
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Hierarchy problem in the SM

Symmetry principles protect against power-like divergences

photon self-energy 01’ o<><+ m? In A
WVQNW gauge symmetry protects against quadratic divergence

electron self-energy ~ 0m, o<><+ me In A
- ‘!Jj:i\? —

chiral symmetry protects against linear divergence

3G
Higgs self-energy omy = 4\@;2 <2m%/[/ +my +mj — 4771%) A?

no symmetry protects against quadratic divergences
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Fine tuning and unnaturalness

Higgs self-energy
mi (Q°) — my (Q)) =
implies that

mir(QF) —

3G
4/ 272

(2miy +mZ +m7 — 4m;)(Q% — QF)

3G
4/ 272

because for ()7 = O(v?) the Higgs mass is in the range of the EW data m7,(Q7) = O(v?)

(Zm%/v + m2Z + m%{ — 4mf) Q(Q) = const. = O(V2)

but for Q2 = O(M3%,) one must fine tune m7;(M3,) to the level of v?/Mz, ~ 1077

for the cancellation to yield a figure of O(v?) ===  unnatural

A natural solution to hierarchy: supersymmetry

postulate a new symmetry principle, which yields new particles that
cancel the quadratic divergences of the Higgs self-energy, such that

dm3 ~ O(m3;)In A




Higgs search - Tevatron reach

Tevatron has collected

combined CDF /DO thresholds
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Higgs search - Tevatron reach

Tevatron has collected
so far about 2 fb"!

combined CDF /DO thresholds
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Although it cannot
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integrated luminosity to
claim discovery above
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(114.4 GeV), it could L T o]
collect enough to hint 80 100 120 140 160 180 200

at some evidence for a Higgs mass (GeV/c?)
signal

— 95% CL Imit
—— 30 evidence
—— 50 discovery
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production at Tevatron Run-l|
SM Higgs production

gg —h

/
/

gg,qq — tth

TeVALHC Higgs working group
1 Coovv v b e ey b
100 120 140 160 180 200

m, [GeV]

@ in the intermediate Higgs mass range My ~ 100 — 200 GeV

gluon fusion cross sectionis ~ 0.2 — 2 pb

WBF cross sectionis ~ 20 - 100 fb

@ WH, ZH vyield cross sections of ~ |0 — 300 fb



LHC

- Heavy ions

Vs =14 TeV Ly, = 10 cm? s
Liiviaq < few x 1033 cm2 s (until 2009)

(e.g. Pb-Pb at Vs ~ 1000 TeV)

(after 2009)

TOTEM (integrated with CMS):
pp. cross-section, diffractive physics

ALICE :
ion-ion,
p-ion

/'\

The
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LHC cryodipole
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Point 4

ATLAS and CMS:
general purpose

27 km LEP ring
1232 superconducting
dipoles B=8.3 T

Here:

LHC Completed Structures (CV, EL, HM, MA! :

ATLAS and CMS

LHCD :
pp. B-physics, CP-violation




Main dipoles 1232
Quadrupoles ~ 400
Sextupoles

Octupoles/decapoles ~ 6000

dipoles & more




“nominal luminosity” (reached gradually !) :
— 2808 bunches (25 ns spacing), N=1.15 x 10"/ bunch,
full squeeze at I.P. (=L ~10%*cm=3s1)

Stage 1

Initial commissioning
43x43 to 156x156, N=3x1010
Zero to partial squeeze

L=3x1028 - 2x103"

Stage 2 Beam commissioning

75 ns operation
936x936, N=3-4x1010
partial squeeze

L=10%2- 4x10%

Shutdown

Machine checko
Stage 3 75ns commissioning
25 ns operation
2808x2808, N=3-5x1010
partial to near full squeeze

L=7x103%2- 2x1033

Stage 4

25 ns operation
Push to nominal per bunch
partial to full squeeze




(Revised) LHC schedule

as presented to CERN Council on 23 June 2006

® | ast maghet installed : March 2007
Machine and experiments closed : 31 August 2007

B First collisions (Vs = 900 GeV, L~10%° cm™2 s™!) : November 2007
Commissioning run at injection energy until end 2007, then shutdown (3 months ?)

® First collisions at Vs=14 TeV (followed by first physics run): Spring 2008

L. Evans,
- Sectors 7-8 and 8-1 will be fully commissioned up to 7 TeV in 2006-2007. | CERN Council,

If we continue tfo commission the other sectors up to 7 TeV, 23/6/2006
we will not get circulating beam in 2007.

* The other sectors will be commissioned up to the field needed for de-Gaussing.

* Initial operation will be at 900 GeV (CM) with a static machine (no ramp, no squeeze)
to debug machine and detectors.

* Full commissioning up to 7 TeV will be done in the winter 2008 shutdown




CMS-PARA-DD1-11/07/37

ATLAS & CMS

Overall weight (tons)
Diameter

Length

Solenoid field

ATLAS
7000
22 m

46 m

2T

CMS
12500
15 m
22 m

4T




Oct. 2006

h - LA e “{i’ | L { Al

Barrel toroid: cool down started (November 06, T~120 K), first tests of full field
in Sept O7. End-cap toroids: will be installed in the pit end 2006-beg 2007




from the CERN news

Just before midnight on 9 November the largest superconducting magnet ever built was successfully
powered up to the magnetic field of about 4 tesla. An electrical current of more than 21 000 amperes
passed through the eight gigantic coils of the magnet.

This magnet is a main part of the ATLAS detector, one of the four big experiments on the Large Hadron
Collider (LHC) due to be commissioned next year. The ATLAS Barrel Toroid magnet consists of eight
superconducting coils, each in the shape of a round-cornered rectangle, 5 metres wide, 25 metres long
and weighing 100 tonnes. It provides a powerful magnetic field for the ATLAS detector and will work
with other magnets in the ATLAS experiment to bend the paths of charged particles in collisions.

During a six-week period in July-August, the ATLAS Barrel Toroid was cooled down to -269°C, just four
degrees above the absolute zero, the temperature needed to create and maintain a superconducting
state. Once the magnet reached full power, the current was gradually switched off and magnetic energy
of 1.1 Gigajoules, the equivalent of about 10 000 car traveling at 70 km/h, has been safely dissipated,
raising the magnet temperature to -218°C.



http://public.web.cern.ch/Public/Content/Chapters/AboutCERN/CERNFuture/WhatLHC/WhatLHC-en.html
http://public.web.cern.ch/Public/Content/Chapters/AboutCERN/CERNFuture/WhatLHC/WhatLHC-en.html
http://public.web.cern.ch/Public/Content/Chapters/AboutCERN/CERNFuture/WhatLHC/WhatLHC-en.html
http://public.web.cern.ch/Public/Content/Chapters/AboutCERN/CERNFuture/WhatLHC/WhatLHC-en.html

At the surface, solenoid inserted on 14 Sept. 2005;

cooled down to 4.5 K in February 2006;

ramping up the current, now at 125 kA (2.5 T)

— magnetic test/field map starting Aug./Sept. 2006 (MTCC)

Magnetic length
Diameter
Magnetic field
Nominal current

| Stored energy

o
_‘.1




Towards Physics: the CMS Magnhet Test and Cosmic Challenge (MTCC)

Cosmics run of a ~full detector slice (few percent of CMS coverage) inside 4T field.
Magnet being energized, detector closed, data taking started ...

Test: defector installation and closing; magnet commissioning and field map;
combined operation of full chain detector-electronics-DAQ-trigger-DCS-software
identical to final experiment; timing, calibration, alignment procedures
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Closing CMS ...




CMS Physics Technical Design Reports
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CME TDR B4
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and Software
Physics Technical Design Report, Volume I
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The data analysis challenge

The full picture of the data flow
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The data analysis challenge

The full picture of the data flow

29ns

PIPELINES

~

\ Example:
For 10° Hz, Level 2

BUFFERS input rate, and the

Level 2 decision time
of | ms one needs
100 processors




An example of the trigger menu table

m [otal Rate: 50 kHz. Factor 3 safety, allocate 16 kHz

Trigger Threshold Indiv. Cumul rate
(€=90-95%) (GeV) | Rate (kHz) (kHz)

1ely, 2ely 29,17 4.3 4.3
Tu, 21 14, 3 3.6 7.9
11, 21 86, 59 3.2 10.9
1-jet 177 1.0 114
3-jets, 4-jets 86, 70 2.0 12.5
Jet * Miss-E- 88 * 46 2.3 14.3

21 %45 0.8 15.1
Min-bias 0.9 16.0

P. Spicas




LHC kinematic reach

Atlas and CMS

Btlas and CM5 rapidity platceau
00 Cantral+Fwd. Jets

COF/DD Central Jeks

H1

LHC opens up a
new kinematic range

ML,

F ’s for th ducti f ticle of M -
eynman XS T0r e pI"O uction or a par ICle OT mass $1,2 14 TeV (&




LHC Event Simulation

Parton showering and hadronisation are modelled
through shower Monte Carlos (HERWIG o PYTHIA)




Cross sections at high Q?

separate the short- and the long-range
interactions through factorisation

1
Ty = E fD Ar1adrs _i'fﬂ '__'._li_r:"-%] 3 ."-i:l--,I _fb ‘B {_rIf:n -'I-‘!E-‘JI
a.b

K Ogpx | Ty, T2, ot} as(pz), olus), #_” #_' ;l
1 o =

X =W, Z, H,QQ, high- Erjets, ...
o is known as a fixed-order expansion in o

6 =Cad(l+cas+cpaz +...)
¢1 = NLO c2 = NNLO
or as an all-order resummation
6 = Cald[l + (c11L + c19)as + (coal? + co1 L + 020)04% + ...
L=I(M/qr),In(1 —x),In(1/x),In(1 —-T),...
C11,C22 = |L C10,C21 = NLL c20 = NNLL




MRST 2001 PDF’s
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LHC +s=14TeV

'* GHz

a inelastic

SUSY qq+qg+gg
tanp=2, p=mz=m/2
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LHC is a QCD machine

processi di SM sono
background a segnali
di Nuova Fisica

1 fb1 Events on tape

(per exp)

W-=>uv 7 x 100

Z>uu 1.1 x 10¢

t SWbWb > puv+X 8 x 10

QCD jets pr150 ~ 106

Minimum bias ~ 106




What data samples in 2007 ?

ATLAS preliminary | | Vs =900 GeV, L = 10?° cm? s ‘

Jets p; > 15 GeV

Ml Tets p. > 70 Gev
|

F. Gianotti
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Number of days of data taking

® Start to commission triggers and detectors with collision data (minimum bias, jets, ..)
in real LHC environment

B Maybe first physics measurements (minimum-bias, underlying event, QCD jets, ...) ?

B Observe a few W— Iv, Y = uu, J/¢y — uu ?




With the first physics run in 2008 (Vs = 14 TeV) ....

1 fb? (100 pb!) = 6 months (few days) at L= 1032 cm2s!
. . with 50% data-taking efficiency
F. Gianotti — may collect a few fb! per experiment by end 2008

Channels (examples ...) Events to tape for 100 pb! | Total statistics from
(per expt: ATLAS, CMS) some of previous Colliders

W—=mnv ~ 108 ~ 104 LEP, ~ 10% Tevatron
Z = U ~ 10° ~ 106 LEP, ~ 10° Tevatron
tt = WbWb —pnpuv+X ~ 104 ~ 10% Tevatron

QCD jets pr> 1 TeV > 103
g8 ~ 50 =

With these data:

* Understand and calibrate detectors in situ using well-known physics samples
eg. -Z—ee,un tracker, ECAL, Muon chambers calibration and alignment, etc.

-t = blvbjj  jet scale from W — jj, b-tag performance, etc.

* Measure SM physics at Vs =14 TeV: W, Z, t1, QCD jets ...
(also because omnipresent backgrounds to New Physics)




Example of “early” discovery: Supersymmetry ?

F. Gianotti
If SUSY at TeV scale — could be found "quickly” ... thanks to:

-large |98  cross-section — =~ 10 events/day at 1032 for  [M(q,8) ~ 1TeV
- spectacular signatures (many jets, leptons, missing E;)

~ q
M (TeV) i S < -
q

25

Our field, and planning for future
facilities, will benefit a lot from quick
determination of scale of New Physics.
E.g. with 100 (good) pb? LHC could say
if SUSY accessible to a <1 TeV ILC

M uine mass (TeVicT) /X% X1 Threshold (T

BUT: understanding E{™S¢ spectrum

05 | (and tails from instrumental effects)

ATLAS + CMS is one of the most crucial and
5 difficult experimental issue for
e 1 10 10 | SUSY searches at hadron colliders.

Luminosity/expt (fb1)




Needed JLdt (fb™) What about the SM Higgs boson ?
per experiment F. GIANOTTI. ICHEP 06

[-P}
g i
: _ § Irdt=30" " EH_(HYL bb)
' 37 discovery EE (no K-factors) A H = Zz(*) - 41
i 5 "
10 i -~ 98%C.L. g o,  ATLAS oW
i —= 10 “ " qqH — qq WW
I Eo F A qqH — qq7t
0 __ Total significance
<1 fb! for 98% C.L. exclusion
. <5 fb! for 50 discovery
A over full allowed mass range
. .ﬁ 10
1 Eia A’A i
i ,‘_, 47 IR (N (TSI . SRR AR
51 ‘
ﬂ_ﬁ e 1
o 100 120 140 160 180 200
oo ATLAS + CMS my (GeV)
10 = preliminary
i 24
22F-
100 300 400 SO0 &0 700 3009001000 20 - - |—|
- [l Higgs
. . . my (GCV) 1a§|:|ZZ‘
here discovery easier with 16 — 4
14F
gold-plated H — ZZ — 4| - [7bb

— by end 2008 ?

I TR S AT T R T A —
50 100 150

PR B

H — 4l narrow mass peak, small background

H—- WW — |vlv (dominan’r at the TevaTron): 200 2|56_L ' 360 " 350 400
. 4 lepton invariant mass (GeV)

counting channel (no mass peak) e

o7

No. of events at 50 discovery luminosity
i
M



‘ HIGGS PRODUCTION AT LHCI

SM Higgs production
I I I I ‘ I I I

10° \

LHC

gg —h

gg.qq — tth

gb — qth

TeV4LHC Higgs working
\

group
\ \ \ \

\
100 200 500
m, [GeV]

@ in the intermediate Higgs mass range My ~ 100 — 200 GeV

L) gluon fusion cross section is ~ 20 — 60 pb
1;:_5._,3' WBEF cross sectionis ~ 3 — 5 pb
{;,_n_% WH,ZH,ttH vyield cross sections of ~ 0.2 —3 pb




HIGGS PRODUCTION MODES AT LHC

In proton collisions at 14 TeV,and for My > 100 GeV
the Higgs is produced mostly via

Q gluon fusion gg — H

L) largest rate for all My
'i?.;_:ﬁ' proportional to the top Yukawa coupling ¥+

@ weak-boson fusion (WBF) qq — qqH

i
sﬁ.f second largest rate (mostly u d initial state)

L2 proportional to the WVVH coupling
Q@ Higgs-strahlung qq — W (2)H

L)  third largest rate

L) same coupling as in VWBF

L tt(bb)H associated production

same initial state as in gluon fusion, but higher x range

proportional to the heavy-quark Yukawa coupling v¢



HIGGS DECAY MODES AT LHC

proportional to the Yukawa coupling squared,
and thus to mf

proportional to mf/m

but dominated by top quark Yukawa coupling

H--+--<( dominated by EWV coupling

proportional to

Decay width into 11//°11" plays a significant role




i,
Lo =

‘ HIGGS DECAY AT LI'ICI

I'(H) [GeV]

total width

Branching Ratio

(950901 0/ xa-day]

250 300
Higgs Mass (GeV)

branching fractions




‘ INCLUSIVE SEARCHES: H — "y"yl

CMS
H — ~y
my = 130 GeV/c?

Small BR: ~ 103

=4
L
—
—
-
=
LF
—_—
=1
=
=
L
—
[ 1.
5=
=
=
-y
=
=]

Large backgrounds
from pp — 7y

CMS and ATLAS have | e a0
very good photon-energy M. (GeV/e?)
resolution: O(1%)

Search for a narrow 77 invariant mass peak, with 7 < 150 GeV

Background is smooth: extrapolate it into the
signal region from the sidebands




INCLUSIVE SEARCHES: H — ZZ — [Tl 171

Q@ Cold-plated mode: cleanest mode
for 2my; < myg < 600 GeV

@ Smooth, irreducible background
from pp — £ 4

& Small BR: BR(H — ZZ) is afew %
at threshold




INCLUSIVE SEARCHES: H — ZZ — [Tl 171~

Q Fully reconstructed invariant
mass of the leptons

1y

\ .
E/.

p H p

_'..‘_

=i P 3
(=] n

Events for 100 b~ / 2 GeV/c®

en
T T 1

(=]
T

5—

- CMS, 100 fb"

H -« ZZ* -~ de My, = 130 GeVie'

W =150 Gevie®
my, = 170 GeVic’

ZZ* + 1l + Zbb

o

o —
100 110 120 130 140 150 160 170 180 1 200

m,, (GeV/c

& Silver-plated mode H — Z7 — [Tl v

useful for myg ~ 0.8 — 1 TeV




\ INCLUSIVE SEARCHES: H — WW — [Tul b |

ATLAS TDR

&
=

g 000

@ Exploit [~

Events /5 GeV
£
=

angular correlations

& Signal and background have
similar shapes: must know
. . 200 250
background normalisation well m, (GeV)

myg = 170 GeV
integrated luminosity: 20 fb~'




ASSOCIATED PRODUCTION: Hitt — ttbb

I
Ln

CMS L. =30fb"
k=15

]

events / 10 GeV/e?

gen. my 113 Ge Vit

const.: 1363 =376
mean @ 1103 +4.14
sigma: 1432+ 370

=

TS0 1000 150 200 250 300
m. (jJ) [GeVicT]

@ Search channel for m = 120 — 130 GeV

Q@ Measure h; BR(H — bb) with h; = Htt Yukawa coupling

L) must know background normalisation well




‘ WEAK BosoN FUSION: qqg — qqH |

mpy = 120 GeV

mpy < 140 GeV

mpy = 150 GeV

mpy < 140 GeV

@ WABF can be measured with good statistical accuracy:
o X BR =~ O(10%)




‘ WEAK BOSON FUSIONI

A WBF event Lego plot

n=—ln
1l —cosf

Q@ VVBF features

L) energetic jets in the forward and backward directions

L) Higgs decay products between the tagging jets

L2 sparse gluon radiation in the central-rapidity region,
due to colourless 1W/Z exchange

L2 NLO corrections increase the WBF production rate
by about 10 %, and thus are small and under control
Campbell, Ellis; Figy, Oleari, Zeppenfeld 2003




‘ SIGNAL SIGNIFICANCE AND (STAT + SYST) ERROR I

INCLUSIVE HIGGS PRODUCTION
-1 H - YY T T T T

L dt= [
(no K-factors) ;_tIH g Z_Z>(*l))b) 41 - solid : gluon fusion
- - dashed : WBF

ATLAS H > WW° S vy |
qqH — qq Ww" [ dotted : ttH
qqH — qq7t ' Aoy/oy = V(Ng+Ng)/Ng
' 200 fb~' of data

Signal significance

_ Total significance

Aoy/oy (%)

hep-ph/0203187
ST QCD/p.d.f. uncertainties:

my (GeY) O(5%) for WBF
Ng O(20%) for gluon fusion

| ‘ | | | | | ‘
100 120

| L | |
140

160

Statistical significance:

VNs + Ng luminosity uncertainties: O(5%)




‘ HIGGS COUPLINGS AND QUANTUM NUI\!IBERSI

The properties of the Higgs-like resonance are its
couplings: gauge, Yukawa, self-couplings

quantum numbers: charge, colour, spin, CP

Duehrssen et al’s analysis hep-ph/0406323

use narrow-width approx for [ (fine for my < 200 GeV)

production rate with H decaying to final state xx is
o(H)*™ T',I';

o(H) x BR(H — zx) = T
p

I',
branching ratio for the decay is BR(H — zx) = -

. |
observed rate determines




& WABF and gluon-fusion rates yield measurements
of combinations of partial widths o e GHZ)
'y I —@HW)
Hr - from gqq — qqH, H — 71 | a

I'wl,

from gqq— qqH, H — 771

without Syst. uncortainty

from qq — qq H H— Wt . 2 Experiments
L dt=2*300 fb

WBF: 2*100 fb
from ¢gg— H — 1

from ¢gg— H— ZZ"

from gg — H — W™

. i
Note that [ can be estimated: 110 120 130 140 150 160 170 180 190
m,, [GeV]

direct observation of H yields lower bound on [

assume Ty, < TV V=W,Z

(true in any model with arbitrary # of Higgs doublets = true in MSSM)
combine I'yy < T'* with measure of I't,/T" from H — V'V

obtain upper bound on I




‘ HIGGS COUPLINGS AND QUANTUM NUI'VIBERSI

The gauge coupling has also CP properties and a tensor
structure. Info on that can be obtained by analysing the
final-state topology of Higgs + 2 jet events




‘ CONCLUSIONS I

LHC will begin operations in about a year

It is going to be the most complex scientific undertaking ever

If a Standard Model Higgs is there, LHC will see it with 5 fb"!

Once the Higgs is found, we shall want to study its couplings
and quantum numbers




