


Layout

Introduction, machine status

Physics motivations for the LHC

Environment, experimental challenges, ATLAS and CMS

ATLAS detector performance from simulation and test beam
First collisions and early physics
Discovery physics (Higgs, SUSY, Extra-dimensions, ..)

Conclusions

Alla fine: discussione di possibili studi di fisica

F. Gianotti, Bologna, 24-25 November 2005



Introduction
Machine main parameters and status

F. Gianotti, Bologna, 24-25 November 2005



LHC

. pp Vs=14TeV Ly, =10%cm?s! (after 2009)

Linitia = few x 1033 cm-2 s (until 2009)

- Heavy ions (e.g. Pb-Pb at vs ~ 1000 TeV)

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

i ATLAS and CMS:

pp, general purpose

27 km ring

(previously used for LEP)
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LHCD :
pp, B-physics, CP-violation




LHC machine

Energy E [TeV] 7.0
Dipole field B {T] 8.4
Luminosity L |[em™?s71}| 10%
Beam—beam parameter £ 0.0034
Total beam-beam tune spread 0.01
Injection energy B [GeV] 450
Circulating current/beamn Toeam (4] 0.53
Number of bunches kb 2835
Harmonic number hRp 35640
Bunch spacing T fns] 24.95
Particles per bunch ny, 1.05 10
Stored beam energy E, [MJ] 334
Normalized transverse emittance (3+v)o?/8| &, | [um.rad) 3.75
Collisicns

3-value at [.P. 3 [m] 0.5
r.m.s. beam radius at LP. a* [ezm] 16
r.m.s. divergence at 1P o™ | [prad] 32
Luminosity per bunch collision Ly | [em™2] |3.14 10%
Crossing angle ¢ | [urad] 200
Number of events per crossing T 19
Beam lifetime Theam [h] 22
Luminostty lifetime TL (b 10

Limiting factor for Vs : bending power needed to keep beams in 27 km LEP ring:

p(TeV) = 0.3 B(T) R(km)

with typical magnet packing factor of ~ 70%,
need 1232 dipoles with B=8.3 T for 7 TeV beams
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821 out of 1232 superconducting
dipoles (B=8.3 T) delivered at CERN
as of Monday 21/11/2005

All dipoles tested at warm
(magnetic tests) and cold.
15% subject to detailed
magnetic tests at cold

wwwwww

Magnet quality is very good




157 dipoles installed

in the underground tunnel
as of Monday 21/11/2005

Installation rate:

10 dipoles/week (goal 20/week)
Limiting factor today:

performance of optical guided vehicles

600 m of cryoline successfully
cooled down on September 14

Dipole interconnections
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Not only dipoles ... .
Inner triplet quads assembly hall 181

Dipoles 1232
Quadrupoles 400
Sextupoles 2464
Octupoles/decapoles 1568
Orbit correctors 642
Others 376
Total ~ 6700

Assembly of Short Straight Session =
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LHC ineion lines:
5.6 km, 700 magnets

; o S Y / / ?
LHC Transfer Line Tl 8 First beam test 23 October 2004

23/10/2004: first beam injection
test from SPS to LHC
through TI8 transfer line

F. Gianotti, Bologna, 24-25 November 2005



WHY ?7??

Physics motivations for the LHC

F. Gianotti, Bologna, 24-25 November 2005
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What is wrong with the SM?

* Origin of particle masses — where is the Higgs boson ?

« "Hierarchy” problem: why Mg/ Mpgek ~ 10717 2 Is there anything in between ?

* Flavour/family problem, CP-violation, coupling unification, gravity incorporation,
v masses/oscillations, dark matter and dark energy, etfc. etc., .... .....

All this calls for

A more fundamental theory of :
which SM is low-E approximation New Physics

Difficult task : solve SM problems without contradicting (the very constraining) EW data

F. Gianotti, Bologna, 24-25 November 2005
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Extra-dimensions
Additional dimensions

sSUsY — MgraviTyN MEW
New particles at TeV scale New states at TeV scale
stabilize m,

\ Little Higgs m
/ SM embedded in larger gauge group

New particles at TeV scale, stable m,

dm, ~ A = New Physics to stabilize

m,, already needed at TeV scale

Technicolou
New strong interactions break EW symmetry
— Higgs (elementary scalar) removed

New particles at TeV scale

g

Accept fine-tuning of my “ able to explore the TeV-scale

Split SUSY strong motivations for a machine

(and of cosm. constant)
by anthropic arguments
Part of SUSY spectrum at TeV scale 1

(for couplings unification and dark matter)
F. Gianotti, Bologna, 24-25 November 2005 12




> LHC physics goals

Search for the Standard Model Higgs boson over ~ 115 < m, < 1000 GeV.

Explore the highly-motivated TeV-scale, search for physics beyond the SM
(Supersymmetry, Extra-dimensions, q/| compositness, leptoquarks, W'/Z', heavy q/I, etc.)

Precise measurements :
-- W mass
-- fop mass, couplings and decay properties
-- Higgs mass, spin, couplings (if Higgs found)
-- B-physics (mainly LHCb): CP violation, rare decays, B° oscillations
-- QCD jet cross-section and a,
--etc. ...

Study phase transition at high density from hadronic matter to quark-gluon plasma (mainly
ALICE).

Etc. etc. ...

Here : high-p; physics

(ATLAS and CMS)

F. Gianotti, Bologna, 24-25 November 2005 13



The environment and
the experimental challenges,

the performance requirements,
the ATLAS and CMS experiments

F. Gianotti, Bologna, 24-25 November 2005
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Event rate and pile-up (consequence of high luminosity ...)

L ' N Event rate in ATLAS, CMS :
5 o N=Lx Oinelastic (PP) ~10%* cm?s1 x 70 mb
iz Tevatron ~ 10° interactions/s
10’
o 7 Proton bunch spacing : 25 ns
g Protons per bunch : 101

32
10" cm™ s

10°
I 2
3 L o L~ 5 n
= 10 w 100 S
E o, B \ detector
o 10 E*' > 100 GeV) 10° g /././
(&7 > e
i T ]
10" 10" 5 :&
o /./
10” 10”
10° o, 10° 1
10™ cs;»zd(ET.j91 > s/4) 10°

5 | 0,pp(M,, = 150 GeV) 0° ~ 20 inelastic (low-pt) events (“minimum bias")
produced simultaneously in the detectors at

each bunch crossing — pile-up

10

-
10° kg

(M, = 500 GeV)

Higgs

10'7 lllll
0.1

ke
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Simulation of 30 minimurm b
CMS 'rr'acking minimum bias events + H ->2ZZ -» 4,

detector

At each crossing : ~1000 charged particles  p
produced over |n| < 2.5 (10°<0 < 1709) —
However : < p> =500 MeV
— applying p+ cuts allows extraction

of interesting events

%PT
——
M

=-Intg 6/2

u

H
reconstructed tracks with p, > 2.0 GeV

Impact of pile-up on detector requirements and performance:
-- fast response : ~ 50 ns
-- granularity : > 108 channels
-- radiation resistance (up to 10'® n/cm?/year in forward calorimeters)
-- event reconstruction much more challenging than at previous colliders
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Huge (QCD) backgrounds (consequence of high energy ...)

10°

10° g B S

10° F o 10°

1ol

10 F 10’

3 Tevatron LHC
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10° . /
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-1

10’ F

10°
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107 5,
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g guinm -1l 9 i
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* No hope to observe light objects (W, Z, H ?) in fully-hadronic final states — relyonl,y
* Fully-hadronic final states (e.g. ¢* — qg) can be extracted from backgrounds
only with hard O(100 GeV) p+ cuts — works only for heavy objects
e Mass resolutions of ~ 1% (10%) needed for |, v (jets) to extract tiny signals from
backgrounds, and excellent particle identification (e.g. e/jet separation)
* S (EW) /B (QCD) larger at Tevatron than LHC



Examples of detector performance requirements

Don’ + know how New Physics will manifest — detectors must be able to detect
as many particles and signatures as possible: e, u, t, v, y, jets, b-quarks, ...
— ATLAS and CMS are general-purpose experiments

Very selective trigger: 40 MHz (interaction rate) — 200 Hz (affordable rate-to-storage)
1 H — 4e event every 10'3 interactions

Lepton measurement: pr=GeV — 5 TeV (b — +X, W'/Z, ..)

Mass resolutions:
~1% decays into leptons or photons (Higgs, new resonances)
~ 10% W — jj, H — bb (top physics, Higgs, ...)

Hadron calorimeter linearity understood fo < 1.5 % at Ej.+ ~ 4 TeV (q compositeness)

Calorimeter coverage: |n|<6 (SUSY/E{™ss, Higgs/forward jet tag, ...)

F. Gianotti, Bologna, 24-25 November 2005 18



Lepton energy scale
+ mainly from Z — || events
* ~ 1 %o uncertainty achieved by CDF, DO (dominated by statistics of control samples)
* goal : 0.2 %o , fo measure my, o ~ 15 MeV
- systematics dominated by detector: knowledge of tracker material to 1%, overall
alignment to < lum, B-field to better than 0.1%, etc.

Jet energy scale
* mainly from Z (= Il) + 1 jet asking p+ (jet) = pt (Z) \%,
and from W — jj intt — bW bW — blv bjj events asking m; jet
* ~ 3 % uncertainty achieved by CDF, DO (not enough tt statistics ot TevaTron)
-goal : ~17% , to measure my,, to ~ 1GeV, SUSY, .
- systematics dominated by physucs FSR, under'lymg event, etc.

Particle identification:

e¢ (b)=50% R(jet)=100 (H— bb, SUSY, 3rd generation I)
e¢ (1) =50% R(jet)=100 (A/H — tt, SUSY, 3rd generation Il)
e (y)=80% R(jet)>10° (H—1yy)

ec(e)>70% R(jet)>10° (inclusive electron sample)

Absolute luminosity to <5% (W/Z/1t cross-section measurements, new physics
through cxBR measurements, ....)

F. Gianotti, Bologna, 24-25 November 2005 19



Muon Detectors Electromagnetic Calorimeters

Solenoid \\\ Forward Calorimeters
\

End Cap Toroid

ATLAS

s =
(('/.Illl.l/ —
|
Rigyemm| &

-

iy
[ 7
\

i Inner Detector ‘ ) ieldi
el Hadronic Calorimeters Sl Sl

* Tracking (|n[<2.5, B=2T):
-- Si pixels and strips

Length : ~45 m B o o :
Radius : ~12 m Transition Radiation Detector (e/n separation)

Weight : ~ 7000 tons - :
. » Calorimetry (|n[<5) :
'~ 8
Electronic channels : ~ 10 _EM: Pb-LAr

-- HAD: Fe/scintillator (central), Cu/W-LAr (fwd)

* Muon Spectrometer (|n[<2.7):
air-core toroids with muon chambers

F. Gianotti, Bologna, 24-25 November 2005




MUCNCHAMBERS 1 CRYSTAL ECAL

N
CALORMETER /A\
"3 |2

CMS

Tolalwelght  : 12,300t
Ovenll dlameter: 15.00m

Overll length  : 21.60m

Magneticfiekd : 4Tesla CMS-PARA-DD1-11/07/37 JLEPP

* Tracking (|n|<2.5, B=4T) : Si pixels and strips
Length : ~22 m

Radius : ~7m » Calorimetry (|n[<5) :
Welgh'l' : ~ 12500 tons -—-EM: PbWO4 CF'YSTGIS
-- HAD: brass/scintillator (central+ end-cap),
Fe/Quartz (fwd)

* Muon Spectrometer (|n|<2.5) : return yoke of
solenoid instrumented with muon chambers

F. Gianotti, Bologna, 24-25 November 2005



ATLAS

CMS

Air-core toroids + solenoid in inner cavity

Solenoid

MAGNET (S) | 4 magnets Only 1 magnet
Calorimeters in field-free region Calorimeters inside field
S1 pixels+ strips Si piX€1§ + s.trips. .
TRACKER TRT — particle identification NS particle identification
B=2T B=4T
o/pr~ 5x104 p. @ 0.01 o/py ~ 1.5x10* p: @ 0.005
Pb-liquid argon PbWO, crystals
EM CALO o/E ~ 10%/VE  uniform G/E ~ 5_5% WE
longitudinal segmentation no longitudinal segm.
HAD CALO Fe-scint. + Cu-liquid argon (10 A) Cu-scint. (> 5.8 A +catcher)
o/E ~ 50%/VE @ 0.03 o/E ~ 100%/VE @ 0.05
MUON Air — o/pr~7 % at1 TeV Fe — o/p; ~ 5% at 1 TeV

standalone

only combining with tracker

F. Gianotti, Bologna, 24-25 November 2005




Trigger: one of the big challenges

Must reduce rate from 40 MHz (interaction rate) to ~ 200 Hz (affordable rate to storage)
Must be very selective: e.g. 1 H — 4e event every 10'3 interactions

= 3-level system

RATES Trigger/DAQ System LEVEL 1 TRIGGER
* Hardware-Base S S
40 MHz Hard Based (FPGAs ASICs)
CALO || MUON "T RACKING * Coarse granularity from
- = @ | calorimeter & muon systems
: T : * 2 us latency (2.5 ps pipelines)
| MEMORIES |
' [
: : LEVEL 2 TRIGGER
! __|E] DERANDOMIZERS, * Regions-of-Interest “seeds”
75 kHz | _READ-OUT_ _ « Full granularity for all
staged to 35 kHz HHEE (el subdetector systems
READ-OUT : * Fast Rejection “steering”
BUFFERS (ROBs) . ot
2kHz || —¢—¢—¢ T _: O(10 ms) processing time
P | EVENT FILTER
FULL-EVENT | * “Seeded” by Level 2 result
BUFFERS & | . .
PROCESSOR | Potential full event access
SUBFARMS ! * Offline-like Algorithms
_______________ _: * O(1 s) processing time
MASS STORAGE
200 Hz FOR OFFLINE ANALYSIS High Level Trigger

—oromor—oorogna, 24-25 November 2005



: Channel Threshold [GeV] Rate [kHz]
ATLAS, L = 2x 1033 LVL1
Inclusive isolated EM 25 12
Two EM clusters 15 4
Exqmples of possible LVL1 Inclusive isolated muon 20 0.8
and HLT menus Di-muons 6 0.2
Tau+Emiss 25/30 2
1jet or 3jets or 4jets 200,90, 65 0.6
Jet + E miss 50/ 60 0.4
Other (calib., pre-scale) 5
HLT (to tape) Total ~25 kHz
Channel Threshold [GeV] Rate [Hz]
le,2e 25, 15 40 & LVL1 rate limited by staging of HLT processors
Ly, 2y 60, 20 40 & HLT rate by cost of offline computing (1 PB/yr)
1w, 2 u-high, 2u-low 20,10,6 50 % Guiding principles of LHC trigger:
1E 35749 p inclusive approgch to the “"unknown”, .
safe overlap with Tevatron reach, avoid
Ljet or 3jets or 4jets 400, 165, 110 25 biases from exclusive selections, margin for
Jet + E,miss 70/70 20 offline opTimi.za'I'ion and QCD uncertainties,
. enough bandwidth for calibration/control
Uitner (gl o) 20 triggers (esp. at beginning !)
Total (purity ~50%) ~200 Hz

F. Gianotti, Bologna, 24-25 November 2005
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Examples of ATLAS performance
from simulations of full experiment
and from Combined Test-Beam data

F. Gianotti, Bologna, 24-25 November 2005
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Towards the final experiment : the 2004 ATLAS combined test beam
Full “vertical slice” of ATLAS tested on CERN H8 beam line May-November 2004

Geant4 simulation
of test-beam set-up

O(1%) of ATLAS

Production modules
in most cases

hamber-Thin
Gap Chamber end-cap

Tile hadronic

w \ R barrel calorimet——"—— )
Liquid Argon ext. barrel| For first time, all sub-detectors

E:Si:'tt;:: E'e“t{ D'T"at'ft": integrated and run together with common
TRaC R DAQ, “final" electronics, slow-control, etc.
Gained lot of global operation experience
during ~ 6 month run. Common ATLAS
software used to analyze the data

2v A

Magnet

F. Gianotti, Bologna, 24-25 November 2005




N A
| MDT-RPC B

&

Last one of a long series of
test-beams for individual
sub-detectors

F. Gianotti, Bologna, 24-25 November 2005

~ 90 million events collected
~ 45 TB of data:

e, m* 1 — 250 GeV
w* = p upto350 GeV
Y 20-100 GeV

B-field (ID)=0 —> 14 T

Many configurations
(e.g. additional material in ID,
25 ns runs, etc.)




Tracking and alignment in Inner Detector

A y
1000mm »
Inner Detector Magnet
. ———1033mm ———*
Cu Foil i
»26mm
«325mmt "_175mm’e 330mm—> —* 365mm

0 Divale o e PPN a
77mm<_ T TATTS] bb I SUSTITTT !
“146mm Al 10mm Al 20mm i
Z ' :
- 1710mm >

6 pixel modules and 8 SCT modules (inside B=0—1.4 T)
6TRT modules (outside field)

F. Gianotti, Bologna, 24-25 November 2005 28



Pixel alignment and position resolution

Pixel residuals

Pixel residuals

ATLAS preliminary

Simulation
mean = 0 um
o=17 um

waaF Data ‘

wa mean = O um 120
o=16 um 100l

100 —

805— — — sl
F Pixel residuals | .}
. 100 GeV pions |t
i B=0 I
20— 20— y
R T TN T YR Y Y TR TR L
Residuals (mm)

& Alignment stability (B=0): within 10 um over ~ 4 days %
(ATLAS goal after few months at LHC: ~ 10-20 um; - »
ultimate: 1 um) 3

&% Data with B=1.4 T require more work

X
transverse impact parameter
10

resolution from simulation of

Residuals (mm)

complete detector

F. Gianotti, Bologna, 24-25 November 2005
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Momentum reconstruction: Pixels + SCT + TRT

9 GeV pion data, B=14 T

|

Pixel+SCT

100

60|

20|

o[-

a0l

0

ATLAS preliminary

9 GeV pion (data)

r TR
L || || '| |

-1

-8

-7
GeV

Pixel+SCT+TRT

recp |
Entries 6424

300

250

200

150

100

(4.
=]

IllllllllllIIIIIIIIIIIIIIIIIIII

Mean -8.371
RMS 0.3423

'
-
-

Including TRT improves resolution by ~ 2 as expected, but:
& mean value shifted by 0.5 GeV

&% momentum resolution (4%) is ~ 2 worse than expected

alignment, knowledge
of B-field and material ?

F. Gianotti, Bologna, 24-25 November 2005
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e/n separation with TRT

ATLAS preliminary

2 GeV

—h
)

> -

2 | : : : : : : Y ol
! : _Testbeam H : : ?" :
th i| woase Monte Carlo

0

o

IR

10%

COSI’niCS muon
in assembled ™ T

! |F!II!I

T

| |

1 1 I I 11 I I bl . |> ‘l. 1 i .I | bl l 1 1 1 I 1 1
06 065 07 075 08 08 09 095 1
barrel TRT ELECTRON EFFICIENCY

e/jet (LHC) = 102 (compared to = 10-3 at Tevatron) at pt~20 GeV
ATLAS: R; ~ 5x10* after calo+ID cuts; TRT gives additional R;> 10
— important handle to extract pure inclusive e* sample

F. Gianotti, Bologna, 24-25 November 2005
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Tracking and momentum resolution in Muon Spectrometer

1 1% NRRRRNNNNRRRARARBNRRNNNARANEN g] :'
LAR emibonrel | ET—S ox a 1 r -
168 )
R — —— - >JJ
L&SL?L\R HSB| ATLAS /h\ 6 \
/ \\ INCR - \4
I :(1 j//l:‘-{’ MUD :F\ilg D =
BOS | - ) . |
+BTS | ! Scintillators / ! ! i
Y il y 14 ’ o i
7= | EM BARREL S / | i F1 [ 1582 JT
| ‘:45// T 8 T T - 4] | , 2 ey NP
) 5 2], 1S S Pop ~ |
= o 124 rg = 1 GeV fou
| HMBP ‘MBPE._I ; ;E | / * |
\ ' ) H N : I
AT B R
/ N 4 Y T T T T T T T T O T 2y :
) 2 csc T6C |! ~-L|
N —
N\

hi 1

F. Gianotti, Bologna, 24-25 November 2005

Muon chamber installation in ATLAS pit
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Muon momentum resolution in ATLAS

Combining information of Inner Detector
and Muon Spectrometer

>
S 40 o Muon Spectrometer
£ : e Combined .
g 35 0 Inner Detector
& 3(,; Full GEANT
: simulation
25 -
0 D
a3 o/p < 10% for E, ~ TeV needed to observe a
19 - . possible new resonance X— uu as "narrow" peak
S * "o 0 O ®
RETTT L DL A
10 10° 10° ATLAS Muon Spectromefter:
pr (GeV) - E ~1TeV = A~500 um

- 0o/p ~10% = 8A~50 um
- alignment accuracy fo ~20 um

F. Gianotti, Bologna, 24-25 November 2005 33



Sagitta resolution vs momentum at combined test-beam

ATLAS preliminary

-
o
o

w0
o

I|IIII|IIII|IIII|IIII|III

sagitta resolution (um)

(<=}
o

70

60

Data fitted with:

Barrel

O meas = \/I<12 + (KZ /Pmeas)2

K, intrinsic resolution term; K, multiple scattering

1 P,ces from beam magnet

| | | | | | | |

[+
o

) L L L L L L L Lo
100 120 140 160 180 200 mifr?entlf:lo(Gefgo From the flt (36 mV)
Data Simulation
K, =513 um K, =403 um

x/X,~ 0.2710.04  x/X0~0.32 £0.03

F. Giand—

* 50 um accuracy achieved at high u momentum

* relative alignment demonstrated to < 20 um with optical sensors,
alignment with straight tracks to < 10 um

* detector material understood to 15% (from comparison simulation-data)

TOTOgTTeS;, = T =T T WO Ol = ow
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Combined calorimetry:

data/simulation comparison for pion response in LAR EM + Tilecal

Ratio Data/MC for reconstructed pion energy

ATLAS preliminary

1.1

1.08 :_. .............................................................................................................................................
O S, LAr Barrel module
= Tilecal
i :_.i ........................................................................................................................................... Barrel Iules
- 0 n i g | .
1 ——- ------------- . ........... ..,'_..,..2..v /0 ............................................................................... . ...................
0.98 E....--.**,&,-.,-.,-.A,A AP E AR SRR AR AT S AT AR B —
0.96 g._ ............................................................................................................ ........................ L fid
098 2860 mm
— . . ) o)
092 f—vvvvsvvsssnsssrsss s HV pr'oblem in Tilecal - 1 : .
0.9 :1 | l 1 1 l LI | l Lol 1 l Lo 1 1 l LI T | l LI | l Lol 1 \? ExN v -2 lHJ
50 100 150 200 250 300 350 400
E (GeV) Eygar (GeV)

To understand calorimeter performance for jets at LHC (reconstruction, energy scale,
linearity, tails), information from data and Monte Carlo is needed

— verification and improvement of G4 simulation with test-beam data (single m*) is
first step toward extrapolation to ATLAS

F. Gianotti, Bologna, 24-25 November 2005
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Photon studies => peconstruction of conversions in ID

y/n0 separation in ECAL
validation of simulation

Converter :
0.2 mmPb or W Trigger Conversion
counf\er selection counter
Calorimeter
180 GeV e- ,{ X

s

Phaton beam

Horizontal  Vertical
deviation deviation

% Primary e- bent away from beam E, in ECA;L: (rri\east.lr'edg-pr'e;dic‘rgd)/pr'edic'red

line in both directions S L 10%
& Trigger counter selects e  angle = F N \/F
hence y energy JPPLSINURVRS WOPIOR DURPRU RPN ORUON W WO N S A
(bulk of y's have E ~ 60 GeV) e B
& Conversion e* in Pixels, SCT 1] RS TR TR ——" S T T _——
separated by MBPS magnet 1
ATLAS prellmlnary .............. ++ ........ .............. S ................
- : : : U ! :
SIS NN PR U S
E : : : : 5 &‘ :

F. Gianotti, Bologna, 24-25 November 2005 . (B easured = Procictee) E, picag



Reconstruction of electron and (un)converted photon in EM calorimeter

S o3
0.2

0.1

-0.1

&
0.3
0.2

0.1

-0.1

-0&

0.2

0.1

-0.1

O

0.2

0.1

-0.1

O

15

1 1 1 1
0.45 0.5 0.55 0.6 0.65

ATLAS preliminary

unconverted photon

primary electron
after bending

35

converted photon
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LHC: R(n®)=3 for £(y)~90% needed to reject yj+jj background to H — vy

From a previous test-beam (1999-2000) with standalone LAr "module zero"

(0)]

R (n0) Using 4mm n-strips in 1st ECAL compartment

CF
+

:—_"_ o Data
Ce, =90 % e MC
1—_pT (x°) = 50 GeV

o] S EE N FEEE NS N

O 01 02 03 04 05
E in(V)/E(x?)

Data:  <R(m0)> = 3.54 + 0.12
MC:  <R(70) = 3.66 = 0.10

repeat these studies in ATLAS-like environment of
combined test-beam (upstream detectors, B-field, ..)

F. Gianotti, Bologna, 24-25 November 2005 l




Studies of converted photons

In ATLAS:
y-conversion probability
is >30% — important to
develop (and validate !)

efficient reconstruction tools

Thickness in radiation lengths (%)

160 -
140
120
100
80
60

40 -

20

Material ID RomeG4 layout

Services:

TRT

Pixels

T

ATLAS

Atlantis Event: JiveXML ATLAS Pr'eliminar'y

Work in progress to reconstruct
vy —=e'e inID
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Some conclusions on Combined Test-Beam

& Preliminary results indicate that the detector performance (individual sub-detectors
and combined) in complete ATLAS-like environment is close to expectation

& Many technical and performance aspects related to data quality and validation
(noisy channels, electronics stability with time, etc.) and to alignment and calibration
procedures exercised and consolidated

&% G4-based simulation and (combined) reconstruction validated and improved in
a realistic environment, with a variety of particles and detector configurations

& Should be able to understand several detector-related systematic effects
— disentangle from physics-related effects when LHC operation will start

&% ATLAS has worked as a coherent experiment, using common infrastructure and tools
from on-line data taking up to extraction of “physics results”

& Still a lot of work ahead of us to exploit fully the huge amount of data !

!

this experience will save a lot of time at LHC/ATLAS start-up
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First collisions
and
early physics

F. Gianotti, Bologna, 24-25 November 2005
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m Understand and calibrate detector and trigger in situ
using well-known physics samples

e.g.-Z — ee, uu tracker, ECAL, Muon chambers calibration/alignment, ...
-t — blvbjj jet scale from W(jj, b-tag performance, etc.

Understand basic SM physics at Vs =14 TeV { first tuning of Monte Carlo

Main candles: W, Z, 11, minimum bias, QCD jets
e.g. - measure cross-sections (initially to ~ 20 %),
look at basic event features, first constraints of PDFs, etc.
- measure top mass (to ~ 7 GeV) { give feedback on detector performance
Note : statistical error negligible after few weeks run

v

m Prepare the road to discovery:
measure backgrounds to New Physics : e.g. t and W/Z+ jets (omnipresent ...)

l

m Look for New Physics potentially accessible in first year(s)
(e.g. Z' — ee, SUSY, some Higgs ? ...)

F. Gianotti, Bologna, 24-25 November 2005 42



Expected performance/knowledge of ATLAS detector at the beginning ?

Examples based on experience with test-beams and on simulation studies

Day 1 After few Needed physics samples
months (examples)

ECAL uniformity ~ 1% ~0.7 % Minimum-bias, Z— ee
e/y scale ~2 % ~0.1%? ~10% Z — ee
HCAL uniformity 3% ~1% Single pions, QCD jets
Jet scale < 10% <5% Z(—=Il)+1j, W — jj in tt events
Tracking alignment | 10-200 um ? 10-20um Generic tracks, isolated u , Z — uu
(in R¢ Pixels/SCT)

(Combined) test-beam, realistic simulations and pre-collision data (cosmics) will help to:

&% defermine detector "operation” parameters: timing, voltages, relative position,

initial calibration and alignment, etc.

&% reach "day 1" performance and understand several systematic effects (material, B-field, ..)
= gain time and experience before commissioning with pp data starts

F. Gianotti, Bologna, 24-25 November 2005 43




Knowledge of SM physics at Vs = 14 TeV at the beginning ?

=0

dN.,/dn at n

W, Z cross-sections: to 3-4%

(NNLO calculation — dominated by PDF)

tt cross-section to ~7% (NLO+PDF)

<N.> at 1 =0 for generic
pp collisions (minimum bias) |

D) /’,
O‘o {..’.f.-“"
~ - e

—)

PYTHIAG.214 (tuned) /
PHOJET1.12 (default) /

A UAS5 53, 200, 546 ond 900 GeV

O CDF 630 and 1800 GeV

- 0.023In%(s) — 0.25In(s) + 2.5
........ 0.27In(s) — 3.2

10 10 10
Vs (GeV)

103 |

10!

LHC ?

109

138

Lot of progress with NLO matrix element
MC interfaced to parton shower MC
(Mc@ NLO, AlpGen,..)

@ — AlpGen
1 1 1 1 1 1 1 1 1 1 I 1 1 1 1
10 20 30 40 50

Inclusive ptW spectrum at 1.8TeV3
X: CDF run I data .
Curves: successive inclusion of 1
exclusive W+0, 1, ..., 4 jets

Candidate to very early measurement:

few 10 events enough to get dN_,/dn, dN,,./dp+
— tuning of MC models

— understand basics of pp collisions,
occupancy, pile-up, ...
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L=3x102%8 - 2x1031

LHC start-up scenario

Conservative projections of
the Operation Team

=10%2- 4x10%2

.

L=7x10%2- 2x1033

L=10%

200

7 ?2/2008

2008 -
2009

“ Difficult to speculate further on
what the performance

might be in the first year.

As always, CERN accelerators
departments will do their best !I”

Lyn Evans, LHC Project Leader

April
May
June

Machine checkout July

August
September
October
November

December

Shutdown January
February
Machine checkout March

-A"“

Shutdown

Machine checkout March
St y{\;\ 1l hhb

Shutdown

Machine checkout March

Shutdown

Machine checkout March

F. Gianotti, Bologna, 24-25 November 2005




l

Number of events after all cuts

.....................................................................................................................

+ > 1069-107 minimum bias

and QCD jets pr> 150 GeV

(if 1% of trigger bandwidth)

similar statistics
to CDF, DO today

.........................

T mWo v

ilezo |l=eoru

10 pb‘1 = 1 month
at 1039+ < 2 weeks

at 103!, €=50%

T

3
10 JLdt (pb

100 pb! = few days

at 1032, €=50%

1 fbl=6 months
at 1032, €=50%

5 fbl= 3 months at 1032
+ 3 months at 1033, €=50%

N\

J

?
F. Gianotti, Bologna — end 2007 :

\

J

— end 2008 ?
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x1’

M

-

Constraining PDF with early data using W —

exp(xy) =W produc’non over |y|<2.5 at LHC
involves 10-%
= region dominated by g — qq

Tricoli et al., ATL-PHYS-CONF-2005-008

e rapidity

um"'”‘"'"”"'””“l iy
I |

7 T
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""||||ll|||ll|mmum|m||m[|1|lll||0|llIlluu

generato

r level

I"'n
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1]

|

.05 i!'
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5 é‘]}

'f
\“hl
I

|

<x;,<0.1
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y

U
i I

detector level + cuts

| ~LJ |

lv_angular distributions

=

HERWIG +
NLO K-factor

CTEQ61
MRSTO1

| . ZEUS-S

Uncertainties on present PDF: 4-8%

QATLAS measurements of e* angular
distributions provide discrimination
between different PDF if
experimental precision ~ 3-5%
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Effect of including ATLAS data on PDF fits

Sample of 106 W— ev generated with CTEQ6.1 and ATLAS fast simulation
Statistics corresponds to ~ 100 pb-!
4% systematic error included by hand (statistical error negligible)

ot ZEUS-PDF i ZEUS-PDF AFTER o
L BEFORE including |~ - including W data Tricoli et al.
fjf’.; reg? W data e /
L e* cTEe. / o /
I pseudo-data - €% CTEQ6.1
L .- _ pseudo-data

Central value of ZEUS-PDF prediction shifts and uncertainties is reduced
Error on low-x gluon shape parameter A (xg(x) ~ x?*)reduced by 35%

Systematics (e.g. e* acceptance vs n) can be controlled to few percent with Z — ee
(~ 30000 events for 100 pbt)

F. Gianotti, Bologna, 24-25 November 2005



Commissioning ATLAS detector and physics with top events

Can we observe an early top signal with limited detector performance ? YES |
Can we use such a signal to understand detector and physics ? t '

oy, (LHC) = 250 pb

for gold-plated

% use simple and robust selection cuts: semi-leptonic channel

pr (1) > 20 GeV
E;miss > 20 GeV € ~5%
only 4 jets with p; > 40 GeV

W CANDIDATE

% no b-tagging required (early days ...)

TOP

% m (top — jjj) from invariant mass of 3 jets CANDIDATE
giving highest top p+

& m (W—jj) from 2 jets with highest momentum
in jjj CM frame

Total efficiency, including my;; inside m,,
mass bin : ~ 1.5% (preliminary and conservative ...)

F. Gianotti, Bologna, 24-25 November 2005



PR _ 20 ‘e
ool m (top—jjj) |& é m (top—jjj)
3 f p g0
2 : i f L=300 pb-!
400f ) i

. F. 60l Bentvelsen at al.
300f i

ImJJ‘mwl <10 GeV 40—

200:
C S/B =1.77

1001 :

S/B = 0.45

IllIIIIlIIIIIIIIII III “' 3
100 150 200 250 300 350 400 450 500

IIlI;IIIIII:IIII|IIIIIIIIIIIIIIIIIIIIIIII
100 150 200 250 300 350 400 450 500

Background (W+jets, top combinatorics)
can be understood with MC+data (Z+jets)

Expect ~ 100 events inside mass peak for 30 pb-!

— top signal observable in early days with no b-tagging and simple analysis
Cross-section to 20%, m,,, to 7 GeV (LHC goal ~1 GeV) with 100 pb-! ?

tt is excellent sample to:

« commission b-tagging, set jet E-scale using W — jj peak

 understand detector performance and reconstruction of several physics objects
(e, u, jets, b-jets, missing E;, ..)

 understand / tune MC generators using e.g. pr spectra

* measure background to many searches




Discovery physics: 3 examples:
& Standard Model Higgs

& Supersymmetry

& Extra-dimensions

F. Gianotti, Bologna, 24-25 November 2005
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What about early discoveries ?

A new (narrow) resonance of mass ~ 1 TeV decaying info e*e, e.g. a Z or

a Graviton — e*e- might be the easiest new particle to find ...

SUSY is more difficult

A light Higgs (my, ~ 115 GeV) is very diffikult to find at the beginning

F. Gianotti, Bologna, 24-25 November 2005



2z i €1 >0 P Mo

oMo

H—pppu |
My = 150 GeV
. \

wl \‘

. .
+20 min blil“S

F. Gianotti, Bologna, 24-25 November 2005
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What do we know today ?

my > 114 4 GeV (direct searches at LEP)

6
1
1 My, { —LEP1 and SLD
=N — Run-| average N 80.5 ' LEP2 and Tevatron (prel.)
1 +\ Run-I/ll prel. 68% CL e
4 B —
] >
oV O}
J 37 - S 80.4-
1 =
2 . S
1- ,, i 80.3-
0 | Excluded ™. \\*
30 100 500 150 175 200
my, [GeV] m, [GeV]
From fit fo EW data (LEP, SLD, Tevatron): Miop= 172.7 + 2.9 GeV  (CDF + DO)
my < 186 GeV at 95% C.L. M,, = 80.410 = 0.032 GeV (world average)

F. Gianotti, Bologna, 24-25 November 2005 54



In addition: in 2000 (last year of LEP)

A few Higgs-like events, compatible with m ~115 GeV, observed (<20 “hint")
Best candidate : collected by ALEPH on 14/6/2000 at Vs =206.7 GeV

DALI_F1

ALEPH

Background interpretation: bbgg
m (j,,j,) =92.1 GeV ¢ b

8 P~1%

my(j, )=114.3 + 3 GeV

F. Gianotti, Bologna, 24-25 November 2005 ) ' 55



Higgs production at LHC

g t HO

t

g g fusion

t T fusion
! W,Z W.zZ
_ 0
g H

W, Z bremsstrahlung

HO

WW, ZZ fusion q

Production mechanisms and cross sections

M, (GeV)

U U U U U U U U U U U U U U U U] U U U U U U U U U U U U U U U U TUT U U U U U U
o H+X
10? fip=naiad 107
Vs =14 TeV
10EF 5\ m, =175 GeV 106
. CTEQ4M
S 1F . e 105
3 R .\ \\: « e
b ) 1 '.::::::.: ~ ‘s‘~ . TR e T
10 T, Sa S~ 09— HW 10%
1072 ’ "':"-'-'-'.'.fj"":‘ 103
1073 M. Spira et al. 99,95 HbT)‘ T ::,_':_" R K 02
NOQCcD s e I T
10-4|||||||||||||||||||||||||||||||||||||||l| ......
0 200 400 600 800 1000

events for 10° pb~

F. Gianotti, Bologna, 24-25 November 2005




Higgs decays

H f

Branching ratio

2
10

10

* my, <120 GeV: H — bb dominates

- 130 GeV<my<2m,: H—=WWO®, ZZ") dominate

*my> 2m,:1/3H—=2ZZ
2/3 H—- WW
- important rare decays : H — yy

N.B.: I'y~m3 —T,~MeV (100 GeV) T, ~100 (600) GeV

10 32

10

F. Gianotti, Bologna, 24-25 November 2005
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Main search channels at LHC

Large QCD backgrounds:

e.g. o (H—=bb)=20pb direct production, my =120 GeV
o (bb) ~ 500 ub

— no hope to trigger / extract fully hadronic final states

— look for final states with 1,y (I=e,u)

m,<130GeV: Bl Einl, Mgy qqH—> 1T

my > 130 GeV: H—ZZ® — 41 (gold-plated), H > WW® — v Iv
H—Z77 —=1lvv
H— 77 —11jj } also contribute for my > 300 GeV
H — WW— lvjj

In the (most motivated) low mass region: S/B <1, ' << Ty sector

= Excellent detector performance needed: b-tag, I/y E-resolution, y/j separation,
E,miss resolution, forward jet tag, etc. — Higgs searches used as benchmarks for
ATLAS and CMS detector design

F. Gianotti, Bologna, 24-25 November 2005 58



H — vy m,, < 150 GeV H W Y

W*
W*

Y

«o x BR =50 fb (BR=~103)

GeV

100 fb-!

« Backgrounds :

(2
g

Events /

--vy (irreducible): eg. 4>~V -
q—}—-vvvv\.’Y
~2pb/ GeV e
(;W NI\DeV } — need o (M)/m = 1%
H =

--vj* jj (reducible):
o, ~ 10%0, with large uncertainties o s
—need R;>10° , includingR (%) >3, fore,~ 80% .. 4.

RS A VR

— most demanding channel for EM calorimeter performance:
energy and angle resolution, response uniformity, y/jet and y/n® separation

ATLAS and CMS: different technology and design, complementary performance

F. Gianotti, Bologna, 24-25 November 2005
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ATLAS vs CMS @

Mass resolution (my ~ 100 GeV, high L):

ATLAS : 1.3 GeV (sampling calorimeter)

CMS

m ) _ ] ]|
_ ]

ATLAS Pb-LAr

. 0.7 GeV (homogeneous calorimeter)

—_
<

IS

o/E (

1.0

electron E-resolution

from test beam

~ 5 ' \ ' |
& L
S 45 o full resolution h
o
= noise contribution
4 —
e subtracted resolution dE/E =a/NE @b 1
35 s a= 9.18+ 0.13% .
b= 0.27 + 0.04% i
3 |
25
2 —
1.5
1 —
05 = —
[ ] u n - - ]
0 L | | L | L | L ml ]
0 50 100 150 200 250

E (GeV)

beam

0.5

0.0°

S 1
VB o,

Jm

June 1999

Tower 14 (2080)
Noise = 190 MeV
Runs 29569-30442

CMS
(crystals)

G/E = 3.3%/NE @ 0.27%

> 8 5 3 2
852 0 0 5 0
0000 E (GeV)

F. Gianotti, Bologna, 24-25 November 2005
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ATLAS vs CMS €@

Total acceptance: = 25% larger in ATLAS

CMS:
e B=4T:30% of y = e*e lost, some others
in the tails of mass spectrum

S
——~E XE

y mass bin
VB

ATLAS, full simulation
Vertex resolution using EM
calo longitudinal segmentation

* no ECAL longitudinal segmentation wo L Photons from
— vertex measured using secondary tracks of ! H - ;
underlying event — often pick up wrong vertex LA
— more tails in the pass spectrum than ATLAS , \ 1 Been
X0
- 100 j{
4 )
/ Jj Y
0 Lo.n—..u--ir'\'rj 1 | . ks PAERPET
-10 5 0 5 10
z_ T, (cm)
oz ~5.3 cmat LHC
N N
< —[iEl]- = — |l -6 -1
— >k ) Jg -~ — 100 fb

F. Gianotti, Bologna, 24-25 November 2005
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ATLAS vs CMS €@

Rejection of yj+jj background

ATLAS EM calorimeter :
&% 4 mm n-strips in first compartment

for v/n0 separation
% longitudinal segmentation intfo 3 compartments

" R; > 10° achieved
% 0 |- ’
e
T
S Ral
v/ 70 separation studied also
X with test-beam data
000
® ® Low Luminsxy
wro 2 HyrLnincsty What about CMS (crystal size ~ 2.5 cm x 2.5 cm,
no longitudinal segmentation; preshower only
0 in end-cap) ?

|
X 40 o0 0 100

E(GeV) 62



ttH — ttbb m, = 130 GeV

*0 x BR=300 fb
e Complex final states HQ bb,t = bjj, t —= blv

f

| =e,u for trigger
and background rejection

* Main backgrounds:

-- combinatorial from signal (4b in final state) ~ reduced by b-tagging the four
-- Wjjjjli. WWbbjj, etc. . b-jets and reconstructing
-- ttjj (dominant, non-resonant) both top quarks
-

¢ crucial performance aspect : b-tagging

F. Gianotti, Bologna, 24-25 November 2005



S S —— ———

Barrel

patch panels

Services
i

. u-jax
" highL , ..
oo
10’ ?3 ﬁ} 6 oF
.
. ""g, %,
:] 9
2 0 66"“Ci°
107 |-, '
0 £
. &
o
H = u *bé
m,=100 GeV o
. i | | Lﬁﬁ
0 02 04 06 08 |
£y

Pixels : ~108 channels

o (Rd)~10 um
() ~ 60um

ATLAS, full simulation

2D b-tag (used here):

g, =50% R, (uds)=100 at high L

3D b-tag: R; 1s ~ 2 larger for same ¢,

Note:

-- complementary channel to H — vy

-- large coverage in MSSM

First layer at R~5 cm

-- allows measurement of top Yukawa coupling
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m,; < 200 GeV

Vector Boson Fusion qqH — tv

Jet

o =4 pb (20% of total cross section for m, = 130 GeV)
. : HO
Very distinct signature:

% two forward jets

% little jet activity in central region

WW, ZZ fusion =9 Jet

Important for the measurement
Hi of Higgs boson parameters
'99s (couplings to bosons, fermions (taus),

Forward
tagging Decay  total width) and detection of
jets (I) invisible Higgs

n

Experimental issues:
forward jet reconstruction (hermetic calorimetry over |n[<5)

jet veto in the central region

F. Gianotti, Bologna, 24-25 November 2005



Rapidity distribution of most fwd jets

VBF Higgs events vs tt background

0.05

0.04

0.03

0.02

Forward tag jet reconstruction
;w L
09 F
=
0 0.8
[=Y9) o — T
= 0.7 A . v
Elﬂ : ATLFAST no pile-up
0.6
= ® Full simulation no pile-up ET>15 GeV
05 F ) ) ) . FCAL
- A Full simulation with pile-up
04 constant fake tag rate 10%
0.3 " 1 1 1 | I I 1 1 | 1 1 1 I 1 I 1 1 1 | 1 1 I I | 1 1 1 1
2 2.5 3 3.5 4 4.5 5
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GeV

o ATLAS, H — vy Expected signals in low-mass region
2 100 fb-! '
LEITSOJ
ATLAS, qqH — 1t
n 30 fb!
o —/—‘)\ E 8 ;_I 1 — i
\ om~14GV & 7E ] my;=120 GeV
1T}y background ] 2 6f
vy backgroun > - T Zij ~
from side bands \ Y5 g om~ 11 GeV
1000 05 120 s 4 ] tT, WWEW;
m,, (GeV) .
y 3 Zjj (Z— )
2 B¢ ) - 2 ‘ background from
g [ CMS ttH, H — bb ’ Zjj (Z— ee)
=20¢ m,: 115 GeV/c® 1 K
P k=1.5 0 1= —
RI5F 80 100 120 140 160 180
2 N | CMS, ttH — ttbb m__ (GeV)
2 L T
5 10f 30 fb!
T Background dominated by
sk ttbb background irreducible component in
: O ~ 15 GeV from ttjj with j all cases
0 Il |

s s s | L
100 150 200

m. (jJ) [GeV/CZ]

mnvy

1 L
250 300

anti b-tagged
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Summary of SM Higgs discovery potential
What about early discoveries ?

g § LLdt=30fp" " EH?HYL bb)
£ &E (no K-factors) A H S zz‘*’( - 41
£ o | _ -1 & ATLAS H - WW" = v
g J.Ldt_IOfb ATLAS ATY P
% 5 w[Ldt=30m" (no K-factors) g ' A qqH - qqTe
- 10 : o0 _—
g H 0 __ Total significance
Rl
wn
S/VB
ol /\//
10
s 114.4 GeV here discovery easier | | | | | |
P> ST with H — 4l V790 T20 0 10 1m0 200
1 ’E - my, (GeV)
s (GeV) ATLAS ttH — ttbb qqH — qqtr
my ~ 115 GeV 10 fb'! (Il + 1-had)
S 15 ~ 10
B 45 ~ 10
ulll S/ VB 2.2 ~2.7
total S/VB~N
T K-factors = o(NLO)/o(LO) = 2 not included
F. Gianotti, Bologna, 24-25 November 2005 vu



Remarks:

Each channel contributes ~ 26 to total significance — observation of all channels
important to extract convincing signal in first year(s)

The 3 channels are complementary — robustness:

H— vy ttH — t+ bb — blv bjj bb

» different production and decay modes
+ different backgrounds
» different detector/performance requirements:
-- ECAL crucial for H — vy (in particular response uniformity) : o/m ~ 1% needed
-- b-tagging crucial for +tH: 4 b-tagged jets needed to reduce combinatorics
-- efficient jet reconstruction over |n| <5 crucial for qqH — qqrr :
forward jet tag and central jet veto needed against background

Note : -- all require "low" trigger thresholds
E.g. ttH analysis cuts : p; (1) > 20 GeV, p; (jets) > 15-30 GeV
-- all require very good understanding (1-10%) of backgrounds

F. Gianotti, Bologna, 24-25 November 2005
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If m, > 180 GeV : early discovery may be easier with H — ZZ — 4| channel

>
)
© CMS , 10 fb-!
o L
2 oF B signal
L°>lj o g Backgr May be observed with 3-4 fb!
- ' (end 2008 ?)
6 H— 4l (lze,u)
e
ok HH.H LA HH
180 200 220 240 260 (382\90

m (4l)
H — 4l : low-rate but very clean : narrow mass peak, small background
* requires:
~90% e, u efficiency at low pt (analysis cuts : p12345 20, 20,7,7, GeV)
o /m ~ 1%, tails < 10% — good quality of E, p measurements in ECAL and tracker
* background dominated by irreducible ZZ production (tt and Zbb rejected by Z-mass
constraint, and lepton isolation and impact parameter)

H — WW — Ivlv : high rate (~ 100 evts/expt) but no mass peak
— not ideal for early discovery ...

F. Gianotti, Bologna, 24-25 November 2005
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What about the "competition” with the Tevatron ?

L (fb-l.)/CXp.. CDF+DO sensu’.rlw‘ry
- SUSY/Higgs Workshop
100} Higgs Sensitfivity ('98-'99) 3
- Study ('03) : Today : ~ 1 fb! /exp. on tape
[ statistical P‘vae" only 1 | Projections for 2009:
-thg-avstemalio) 1 |4 fb!: present machine performance
10¢ o —— 8 fb!: elec'rr'on cooling of pbar and
: o o / 8 tb™ other improvements
w J ]
[ =1 O / i
ﬁ 5c discovery
1¢ 3o evidence ;
g PRELlMIN}QRY 95% CL exclusion]
80 100 120 140 160 180 200

my (GeV)

With 4 (8) fbl:

~no 5o sensitivity

30 evidence up to 120 (130) GeV

95% C.L. exclusion up to ~ 130 (180) GeV

F. Gianotti, Bologna, 24-25 November 2005



— — *
Teva'rr'qn vs LHC | WH—Ilvbb H = WW() Assuming same integrated
after kin. cuts (my=120 GeV) | (my =160 GeV) luminosity and same detector
performance at Tevatron and
B (14 TeV/2 TeV) ~ 25 ~6
S/B (14 TeV/ 2 TeV) ~ 0.2 ~3
SWVB (14 TeV/ 2 TeV) ~ 1 ~7

Best low-mass channel at the Tevatron

Tevatron projections are quite optimistic:

e | WH — bblv % no systematics
E | backgrounds sum * STr'eTChed deTZCTOP Pel"fOI"mGnce
L o Vb (e.g. H — bb mass resolution)
om0 ) & sensitivity from combination of channels
B top 10 fb . . o . . e p-.
1 experiment with individual significances <« 2¢
m Wi

 WH (120 GeV)

100 4 background+signal

Still ...

competition between Tevatron and LHC

50 100 150 200 250 300 in 2008-2009 if mH < 130 Gev ?

bb

F. Gianotti, Bologna, 24-25 November 2005

72



Measurements of the SM Higgs parameters

k H. WH. ttH (H—yy)
WH. ttH (H—sbb)
H—Z77—4|

H—>WW-sIviy Dominant systematic uncertainty is
WH (H—>WWosiviv)
v /| absolute energy scale:
% assumed here: 1%o
& goal : 0.2%o (for my, measurement)

| R+ I

all channels

E-scale from Z — Il events
(close to light Higgs)

ATLAS + CMS
2x300 fb-1
10"
10° 10°
my, (GeV)

F. Gianotti, Bologna, 24-25 November 2005



Measurement of the SM Higgs couplings

Couplings can be obtained from measured rate in a given production channel:

SR T T I ——" T - - o
=" [ - - =N - 3 — deduce I'¢~ g%
— without theory inputs measure
(T4, and o cancel) — several theory constraints
— 03 —08
) =
N m O T,T, (indirect . AA T,,T, (indrect)
5 ®o T,T, (arect) " Eo.e W0 T, T, (indirect
;, < ®0 I,T, (indirect)
02 I,/T_ (direct) | —_
Closed symbols: 04 == Hpgy = gy
LHC 600 fbt .
0.1 Open symbols: 1 %/‘
- SLHC 6000 fbt | w
= . = b—a a—A
E=nE m—y.n -
o | . ey N = .
120 140 160 180 100 150 200
m,, (GeV) m,, (GeV)

& LHC luminosity upgrade (SLHC, L = 103%) could improve LHC precision
by up to ~ 2 before first LC becomes operational
& Not competitive with LC precision of = %, but useful insight into EWSB mechanism

F. Gianotti, Bologna, 24-25 November 2005 74



Higgs self-coupling A

* not accessible at LHC H ~ oy
» may be constrained to = 20% S M2z 22
at SLHC (L=1035cm2s1) “H H
Hiqqs spin and CP Buszello et al. SN-ATLAS-2003-025
Promising for m, > 180 GeV (H — ZZ — 4l),
difficult at lower masses
e o J Tl
Z, 7, %
Ty
e !
. e . - 1+ P - 1- P=-
Significance for exclusion of 'Z“SO(GQV) ‘ZC; ;1 ZCS ("51 {lco—g
CP + . .
other J¢ states than O 550 20 o 19 6 80 o
300 23 0 22 o 70 o
ATLAS + CMS, 2 x 300 fb-!

F. Gianotti, Bologna, 24-25 November 2005
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Motivations:
% stabilizes m,
&% predicts light Higgs
(in agreement with EW data)
% enable gauge-coupling unification

% provides a dark matter candidate, etc.

IIIIIIIIIIIIIIIIIIIIIIIIIIIII

experimental errors 68% CL:
LEP2/Tevatron (today)
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SUPERSYMMETRY (SUSY) = symmetry between fermions (matter) and bosons (forces)

* All SM particles p have SUSY partner g with same couplings and quantum numbers
excepT nglm ] - ngle gl - 10

SM particle SUSY partner spin Particle spectrum in minimal models
| sleptons T 0 (MSSM)

q squarks  § 0

g gluino - 1/2 +5 Higgs:h,H, A, H=

W= (+Higgs) char'ginos .Xil,z 1/2

Y, Z (+Higgs) neutralinos %% ;34 1/2 m,, < 135 GeV

However : to stabilize Higgs mass need: |ggjm—1 Hall] —> LHC

* R-Parity (multiplicative quantum number) = + 1(-1) SM (SUSY) particles

If conserved: -- SUSY particles produced in pairs
-- Lighest Supersymmetric Particle (LSP) is stable
LSP =% weakly interacting | dark matter candidate

-- all SUSY particles decay to LSP
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MSSM (= Minimal Supersymmetric extension of the SM) has ~ 120 parameters
— not very predictive, difficult to use for experimental studies

!

Minimal Supergravity (nSUGRA) models have only 5 parameters:
m 1,5, My, tanp, sign(u), A,

m o : universal scalar mass at the GUT scale

m,, universal gaugino mass at the GUT scale

tanf  : ratio of vacuum expectation values of the two Higgs doublets
u : Higgs mixing parameter

Ao : universal stop/sbottom/stau mixing parameter at GUT scale

mSUGRA widely used to optimize and interpret experimental studies mainly
at hadron colliders. Very predictive but ........ realized in Nature ?

F. Gianotti, Bologna, 24-25 November 2005
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Na)

Sparticle production at LHC

produced via —
~ _ M(GeV) O (pb) Evts/yr
9 gammn G 500 100 10°-10"
g 1000 1 10%-10°
= g L~ 2000 0.01 10°-10°

?

1033_1034

* Charginos, neutralinos, sleptons direct production occurs via electroweak
processes — much smaller rate (produced more abundantly in squark and gluino decays)

q— >— X+
E.g. q o=~pb m =150 GeV
¢
99,98,8¢  production are dominant SUSY processes at LHC if

accessible
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H.HB heavy — cascade decays favoured

Example :

> e F,

P
% W /
% 2 £/ /
A/ S /
“ .‘ 4
v o
. o - /
of /;
=
s, Tt

— spectacular signatures
(many jets, missing transverse energy, leptons)
— easy to extract SUSY signal
from SM backgrounds at LHC

(in most cases ...)

F. Gianotti, Bologna, 24-25 November 2005
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ete- colliders

VCrsus

hadron colliders

Sparticles produced ~ democratically
et T+,Z14’X+’X0i

Y, Z¥

T T T e
o (q,g) =100 pb
o (ee) =51b

q q
q q

} m=150 GeV Tevatron

Direct decays to LSP dominate:
eg q=qx", T =1y x" = W*y
— main topology is 2 acoplanar objects + missing E

B.§ Hemeg == smasnlls Benngs begusiesl
eg £—0dq = qqx’, »q4Zyx’,
— high multiplicity high p; final states

Moderate backgrounds (yy — ff, WW, Z27)

Huge backgrounds (QCD, W/Z+jets)

Sensitive to:
-- ~all kinematically accessible §

-- ~all decay modes
- Em=-mg]-= jg"i] =Eal jossll shillls B

Sensitive to:
-- g.@  (high o, heavy, clear signature)
and =, 1", — 31 (clean signature)

-- A m>>10 GeV (large visible E needed)

Mass reach m < Vs /2 for ~ any sparticle
over most accessible parameter space

High mass reach for g,  but holes
in parameter space — ~ no absolute limit

LEP2 : m > 100 GeV for x*, squarks, sleptons

Tevatron today: §, g excluded up to
m ~ 330 GeV (Run 2 reach: ~ 400 GeV)

F. Gianotti, Bologna, 24-25 November 2005
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M, , (GeV)

Discovery reach vs tfime with jets + E{™ss signature (most model-independent)

1400 _—_—
—_ E mes Signature
B tan(f) = 10, 1 > 0,A,=0 ATL'.AS
50 discovery curves
1200 N -
1000 R, | | band indicates factor = 2 variation
R ) /| in background estimate
800 ~ 100 days :
y - %, up to 2.3 TeV
_\..\-.\ Sty . ‘ . \ . \
600 . ‘~.v.’\.\. . |
| ~ "10 days" :
21000, Up 1-0 2 Tev
400 :
: Discovery reach for
~ "1 day" @ 1033; squarks/gluinos
200 up fo 1.5 TeV
Time mass reach
0 1 month at 1033 ~1.3 TeV
0 200 400 600 800 1000 1200 1400/1600 1800 2000 1year at 1033 ~ 1.8 TeV
1year at 1034 ~ 2.5 TeV
But : it will take a lot time to understand | M,(GeV) ultimate (300 fbY) ~25-3 TeV

the detectors and the backgrounds ...




Main backgrounds to SUSY searches in jets + E;™ss topology
(one of the most "dirty” signatures ..) :

e W/Z + jets withZ — vw, W — v ;| tt; etc.
« QCD multijet events with fake E{™ss from jet mis-measurements
(calorimeter resolution and non-compensation, cracks, ..)

» cosmics, beam-halo, detector problems overlapped with high-p; triggers, ..

1) "Clean-up” procedure:

% at least 2-3 jets with pp80-100 GeV, EMiss > 80-100 GeV
(for masses at overlap with Tevatron reach, higher otherwise)

&% good event vertex

&% no jets in detector cracks
&% p,™ss vector not pointing along or opposite to a jet in transverse plane

F. Gianotti, Bologna, 24-25 November 2005
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2) Estimate backgrounds using as much as possible data (control samples) and MC

Background process
(examples ....)

Control samples
(examples ....)

Z (— vv) + jets
W (— tv) + jets
tt— blvbjj
QCD multijets

Z (— ee, uu) + jets
W (— ev, uv) + jets
tt— blv blv

lower E; sample

normalization
point

T

Additional handles from changing
(loosening ..) cuts, varying the number
of leptons, etc., which will change
the background composition.

normalise MC to data at low E{MsSand use it
to predict background at high E{™iss in “signal” region

Understanding E,Miss
spectrum (and tails from
instrumental effects) is one

T DO e DATA .
O k| e MC (QCD, W/Z+jets)
=~ 10
@
= 8 . , :
L;‘_i . 2 “e” + = 1jet sample

4 .

; l 1 l 1 1 1 1 l 1 1 1 1 l L L L .l l l. L

20 30 40 50 60 70

Missing E; (GeV)

of most crucial and difficult
experimental issues for
SUSY searches at

hadron colliders

F. Gianotti, Bologna, 24-25 November 2005
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Hermetic calorimetry coverage : | n| <5, minimal cracks and dead material
— minimise fake E{MsS from lost or badly measured jets

ATLAS : full simulation of Z + jet(s) events, with Z — uuw and p; (Z) > 200 GeV

reconstructed E{MsS spectrum
—— E{™Miss spectrum if leading jet is undetected

—
o
(2]

20

1

Events with E{™$S > 50 GeV

7 s ‘
\ 1
1\\
) 10 15
' /\ H-L,l ‘J | \ “crack” barrel/

—_
o
o

events / 10 GeV
-
ra
cevents /005

10

Y

extended barrel
5 1A

Tﬁ Tilecal
0 JL Jl. Ll
0 00 1000 0 3
F_l_miss (GeV) pscudorapldm of hlgh:st Eqjet
; _ Particles parallel
2 events with E{Miss > 200 GeV to Tilecal scintillating tiles
contain a high-p+ neutrino
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Importance of adequate MC tools to describe the backgrounds

Parton shower MC underestimate
high-p+ region, signal less clear today

with matrix element MC

Will also look for SUSY events with =1 lepton
(cleaner signature, but more model-dependent)

-
o
Cl

ATLAS Preliminary

-
(=]
»

3

SUSY signal
Mass=1TeV

Counts/10fb™' /400GeV

7
/
r(

/
/
o 1
rr JJ iy JJ
7 (/A
oL
rf J/ ;J rf A i
sy Iy sy -
o s, Ly o s, )
Sl ., - o s,
rr /J Y Ay fr Iy
7 7
o _;J(r J’( /(.‘
JJ z /J 7 iJ jJ fr
s, i A, sy e ey
o s, - 'y - s, o o
JJ " JJ (’ JJ o )
i # GRS . SV rivivavs I I\

|
- SUSY

sum of all BG

@ ttbar
A W+Jet

V Z+Jet
B Qcop

2000 2500
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A
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%

1500

3000 3500 4000

M.+(GeV)

10

10

10

/400 GeV)

€10~

—

doldM

M ¢ = 2i-15 E+i (jets) + Eymiss
=T T T T
L ATLAS| 1999
oF i (Parton Shower result
E }4
1o —O—

o
11 —{0—
—o—
12 ——
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M_, (GeV)
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10*

Number of Events
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If SUSY is there .... to progress further and constrain the underlying theory
we will need to perform precision measurements (e.g. of sparticle masses)

Mass peaks cannot be directly reconstructed (x°; undetectable)
— measure invariant mass spectra (end-points, edges,..) of visible particles
— deduce constraints on combinations of sparticle masses

Ex. : LHC "Point 5" : my=100GeV, m ,,= 300 GeV, m (q) ~ 700 GeV
AO = 300 Gev, TGnﬁ = 2, w > O m (g) ~ 800 GeV

m (x’1) ~120 GeV
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w — m (II) spectrum . m (ll\j)"f‘.in spectrum
" | end-point : 109 GeV Example of = end-point: 552 GeV ]
-, 3 exp. precision ~0.3% a typical chain: b exp. precision ~1 % ]
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Putting all constraints together:

m (bbj), m(Il), m(llj)me, m(llj)™n, m(lj)

l

—> bb Sparticle mass | Expected precision 100 fb-!
h ~O0 squark left + 3%
_ > X1 on + 6%
B 9 %% slepton mass + 9%
\_> T-l Xol +12%
— | 0

T

"Model-independent”, pure kinematics

Sparticles directly observable at Point 5:
i--i--i-i- -I- -T------

Note: can measure much more than masses: cross-sections, maybe some
couplings and branching ratios, etc.

F. Gianotti, Bologna, 24-25 November 2005

89



No. MC Experiments

Then, assuming a model and from fit of model
to all experimental measurements derive:

&% sparticle masses with higher accuracy

& fundamental parameters of theory to 1-30% > MSSM (14 param.)
& dark matter (x%) relic density and o (x°; - nucleon)

1200 | ¥’/ndf 8883 / 34
' Constant 7459 + 9335
Mean 0.1921+  0.3741E-04
‘ Sigma 0.5305E-02+  0.3928E-04
1000 |
o
6(9 h2) = 3%
ATLAS 300 fb!

mSUGRA,
j \ Point "SPS1A"
0!

0.170.1750.18 0.1850.19 0.195 0.2 0.2050.21 0.2 Q h2

Cross-section [om” | (normalised to nuclecn)

T

demonstrated so far
in mSUGRA (5 param.)
and in more general

~ As with SM at

SLD, LEP,Tevatron

Direct Dark Matter searches

Zepelin, CDMS,

Edelweiss

___present limit
--- projected

LHC data

10! 10° 0 1o’
WIMP Mass [GeV]
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General strategy toward understanding the underlying theory
(SUSY as an example ...)

Discovery phase: inclusive searches ... as model-independent as possible

First characterization of model: from general features: Large E{™ss? Many leptons ?
Exotic signatures (heavy stable charged particles, many vy's, etc.) ? Excess of b-jetsort's ? ...

Interpretation phase:
- reconstruct/look for semi-inclusive topologies, eg.:
-- h — bb peaks (can be abundantly produced in sparticle decays)
-- di-lepton edges
-- Higgs sector: e.g. A/H — uu, Tt = indication about tanf, measure masses
-- 11 pairs and their spectra = stop or sbottom production, gluino — stop-top
* determine (combinations of) masses from kinematic measurements (e.g. edges ...)
* measure observables sensitive to parameters of theory (e.g. mass hierarchy)

At each step narrow landscape of ﬂssuble models and get guidance to go on:
+ lot of information from LHC dats émasses, cross-sections, topologies, etc.)
- consistency with other data (astrophysics, rare decays, etfc.)

- joint effort theorists/experimentalists will be crucial

F. Gianotti, Bologna, 24-25 November 2005



Combining collider data with other “constraints” ...

mSUGRA A,=0tan3=10, 1 >0

Il Disfavoured by BR (b — sy) 800_; : 1 Bl
from CLEO, BELLE E ! 1 ~.0
BR (b — s7) = (3.2 = 0.5) » 10 700 M =13 GeY § Ot
used here E :

A J
M

[ ] (E821)
assuming that
dar, = (43 £ 16) » 10 10
is from SUSY (= 2 o band)

B Favoured by cosmology
assuming 0.1=Q h?<0.3

]
e ’J’,\,Y 100 200 300 500 600 700 300 90 1000
T m,, (GeV
e . 112 (GeV)
i
|
_ |
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Complementarity between LHC and future e*e- Colliders

I gluino MM squorks I sleptons I y

0.t

CMSSM Benchmarks

35 ? LHC 35
30 F : 30
- | 25
20
15
10

5

I LBGCJAMHEFKD

Nb. of Observable Particles

BE __Vs=3TeV %

30
25
20
15
10

I LBGCJAMHEFKD

E Js= 1|.OTeV

| I

E '
F '
— '
r '
C '
E |
— '
'
'
'
'
'
l
l
l
l
l
l
o ! q
ERE 5 0 00 O o 501 59|

0
I LBGCJAMHEFKD

3 vs=5TeV

ILBGCJAMHEFKD

In general :

* LHC most powerful for§ and §

(strongly interacting) but can miss some
EW sparticles (gauginos, sleptons) and
heavy Higgs bosons

« Depending on Vs, LC should cover

part/all EW spectrum (usually lighter
than squarks/gluinos) — should fill

holes in LHC spectrum. Squarks could also
be accessible if Vs large enough.

LC can perform precise measurements

of masses (to ~ 0.1%), couplings, field
content of sparticles with mass up

to ~ Vs/2, disentangle squark flavour, etc.

F. Gianotti, Bologna, 24-25 November 2005
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What the LHC can do and cannot do ...

In general the LHC can (examples ...):
* discover SUSY upto m(~+ ) ~25 TeV
* measure lightest Higgs h ﬂngss to ~0.1%
» derive sparticle masses (typically . ., x%,) from kinematic measurements
+ constrain underlying theory by fitfifg a model o the data

EW-scale - RGE — GUT-scale

-1
More difficult or impossible (examples ...): GeV+ SPS1A: courtesy W.Porod

- disentangle squarks of first fwo generations 0.01 (based on hep-ph/0403133)
* observe / measure sleptons if m > 350 GeV .
- measure full gaugino spectrum o0 | 1/M,

* measure sparticle spin-parity and all couplings
- constrain underlying theory in model-indep. way

0.006 |
0.004 | _ mi/2
mm) complementarity with LC 1/M;=m=ul
0.002 : Colour bands : LHC
Black lines : LHC+ LC
, _; N ;..;;-’.’. N ;'[]_;;' ETI
Ultimate goal : from precise measurements of e.g. Q (GeV)

gaugino masses at the TeV scale reconstruct high-E theory
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Bt VRN

ST

r solve hlerarchy problem MEW/MP,anC,; 10-7 by
lowering gravity scale from My ~ 101° GeV to My~ 1 TeV
7 Possible if gravity propagates in 4 + & dimensions.




Arkani-Hamed, Dimopoulos, Dvali

If gravity propagates
in 4+ 90 dimensions,
. VP a gravity scale My =1 TeV is possible

LRI

1 1 )
Ve > 5+2 RO
I —> Mp“= Mp°™ R
. M- m""y . at large distance
|
« If My=1TeV
d=1 R=108m — excluded by macroscopic gravity
0=2 R=0.7mm — limit of small- scale gravity experiments
0=7 R=1Fm

mm) Extra-dimensions are compactified over R < mm @
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* Gravitons in Extra-dimensions get quantized mass:

- - L -1 = — continuous tower
. | L . .
of massive gravitons
Am ~ 1 e.c. Am=400eV & =3 (Kaluza - Klein excitations)
R

f Vi . | "
© >‘“§ --I-l.---l I.- -- = -i_.l-l

Due to the large number of G,,, the coupling
SM particles - Gravitons becomes of EW strength

* Only one scale in particle physics : EW scale
- » Can test geometry of universe and quantum gravity in the lab

F. Gianotti, Bologna, 24-25 November 2005
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Extra-dimensions (ADD models)

Look for a continuum of Graviton KK states :

q

g
— topology is jet(s) + missing E+

Cross-section =

M; = gravity scale
d = number of extra-dimensions

ATLAS, 100 fb-!

0=2 0=3 0=4

Mpmax 9 TeV 7 TeV

6 TeV

Discriminating between models:

-- SUSY : multijets plus E{™ss (+ leptons, ...)

-- ADD : monojet plus E;miss

To characterize the model need
to measure M and

Measurement of cross-section gives
ambiguous results: e.g. 8=2, My= 5 TeV
very similar to 8=4, My= 4 TeV

Solution may be to run at different Vs :

L 02 L :
048 [
, L Erjee > 1TeV [Mjeql <3
T P N e s
| a(10TeV)/o(14Tev) =
T
"0.12 i— """"" '?---""""'.j """"""" 5."iiiiii;i;i;i;iiiiiiilll; lllllllllll - llllllllllll . rrrrrrrr '.6=2 """
A9 S RSN N N RN T MO NN N
S —
008
A L U ——
0.02 - ATLAS ------------------------------------- AN S ————
TR TR T B A \ Ll \ | I
1 2 3 4 5 6 7 8 9 10
M, (TeV)

Good discrimination between various
solutions possible with expected <5%
accuracy on o(10)/0(14) for 50 fb!




G — e+e- resonance withm ~1 TeV

The easiest object to discover at the LHC ...

Randall-Sundrum
Extra-dimensions

BR (G — ee = 2%), ¢ = 0.01 (small/conservative coupling to SM particles)

Mass | Events for 10 fb!| [L dt for discovery | |. large enough signal for discovery
(TeV) (after all cuts) (= 10 observed events) with ~1fb! form — 1 TeV
J.J ~ 6V ~le ft_’l'* - dominant Drell-Yan background small
11 ~ 25 ~ 4fb - signal is mass peak above background
1.25 ~ 13 ~ 8 fbl '
ATLAS, 100 fb!, m=15 TeV
25:_ C. Collard _L Randall Sundrum Graviton %:16 . “data”
B G —ee - §14
oF Graviton (s=2) |~
- CMS: Full Eimulat.inn or Z' (5:1) 9 12
N and reconstruction
o — look at e* 10 | |
X c=0.01 andfl_=1nfh“ angular >
N distributions
10— One experiment 6

0 .
850 860 870 880 890 900

910 920 930 940 950

II-O.SHHO'IIIOSIIII

Mass (GeWc’)

C(.)S(e*) )



o ] ... quite speculative for the
Mini black holes production at LHC ? T?me be?ng . many big
theoretical uncertainties

« Schwarzschild radius (i.e. within which nothing escapes gravitational force):
. . . -Il
4-dim., Mgr‘avi‘ry: MPlanck : " --'

TR
45 dedim, My Mo~ TeV 5y = !---l---
H H

!

Since My, is low, tiny black holes /S
of Mgy ~ TeV can be produced if
partons ij with Vs;; = Mg, pass at a
distance smaller than Rg

" 3-brane

» Large partonic cross-section: o (ij — BH) ~ x Rg?
e.g. For My~3 TeVand 6 =4,c(pp — BH)~ 100 fb — 1000 events in 1 year at low L

* Black holes decay immediately (t ~ 10-2¢ s) by Hawking radiation (democratic evaporation) :
-- large multiplicity

: jgc;l} Iren;iii:g E . } expected signature (quite spectacular ..
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A black hole event with Mg, ~ 8 TeV
in ATLAS

From preliminary studies : reach is My ~ 6 TeV for any § in one year at low luminosity.

By testing Hawking formula ¢ proof that it is BH + measurement of Mg, d

I....--lll

precise measurements of My, and T, needed
(Ty from lepton and photon spectra)

F. Gianotti, Bologna,

24-25 November 2005
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Other examples of reach for Physics beyond SM ...

Excited quarks q*—vq: upto m=6 TeV
Leptoquarks: upto m=15 TeV r)\\‘ m, = 4 TeV

Monopoles pp — yypp: upto m =20 TeV . R W > er  ATLAS

HJ..E-
. HL 100 fb-!

Compositeness: upto A =40 TeV

%\
Z' =l jj upto m=5 TeV e
W — Iv: up to m=6 TeV £ ‘1.*.1: . .
.E:‘ 10 3 A T\ [ ’L\,’J’ ™\
etc.... efc.... S "y Y
4 /;3,' ‘:..'
HJ-. ,'// '-'.4::';
Backqground 1y
T . -‘ 1’[\_;
fromW — ey LJ"
e . 1 1 v Hl
a "% 2200 020 4200 WO § #X0

Tronsverse mass m, (GeV =

Large number of scenarios studied:

= demonstrated detector sensitivity to many signatures
— robustness, ability to cope with unexpected scenarios

= LHC direct discovery reach up to m = 5-6 TeV
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Conclusions

F. Gianotti, Bologna, 24-25 November 2005 103



In ~ 2 years from now, the LHC will start operation and
particle physics will enter a new epoch, hopefully the most
glorious and fruitful of its history.

— if New Physics is there, the LHC will find it
— it will say the final word about the SM Higgs mechanism
and many TeV-scale predictions

— it may add crucial pieces to our knowledge of fundamental
physics — impact also on astroparticle physics and cosmology

— most importantly: it will likely tell us which are the right
questions to ask, and how to go on

Sensitivity of experiments to huge numbers of signatures and models
demonstrated in 15 years of simulation efforts and test-beam
— robustness, potential ability to cope with unexpected scenarios




Has Nature prepared

a "pleasant” welcome to
the TeV-scale

(striking signals with
limited luminosity

and non-ultimate detector
performance) or shall

we have to sweat

through years of data
taking and hard work before
we can claim a discovery ?

Early determination of scale of New Physics would be crucial for planning
of future facilities (ILC ? CLIC ? Underground Dark Matter searches ? ....)
The future of our discipline will benefit from a quick feedback on SUSY and the rest ..

Next challenge: efficient and as-fast-as-possible commissioning of machine
and detectors of unprecedented complexity, technology and performance
Crucial to reach quickly the “discovery-mode” and extract a convincing “early” signal

F. Gianotti, Bologna, 24-25 November 2005 105



Spare slides
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Magnet Installation

e Installation is progressing in sectors 8-1 and 4-5. More than 100
superconducting magnets have been installed. The installation rate
must now ramp up to 20 magnets per week (16 dipoles and 4 SSSs) in
the next few weeks.

e At the end of October, sector 7-8 will be liberated for magnetic
installation. From then on there will be no shortage of slots.
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Examples of performance and issues relevant to SUSY studies

from full sim.

€ Good E-resolution of (hadronic) calorimetry:
-- reduces fake MET from detector resolution in QCD multijet events
-- narrow mass peaks : W — jj, h —=bb,t — bjj from SUSY cascade decays; A/H —r,

etc.
-- etc.
Pion E-resolution (test-beam data) .. | Missing E; resolution in ATLAS
-
U
V) —
3 %3 % 3 = 0.4.6 X .\/ZET L/.f
s 588 g R gh low luminosity -
B ® Tilal Modul0 dhca B o | |
B Tikal Flowaps dan F
01531 0 GCALOR Momescailo
01 10
Y A=-rt
Q.05 —W.l. A  miniowmbis
l 0 7 P 1 1 | I | | | | I [ | | | l | |
- .~ aa P 0 1000 2000 3000
LV By, (GeV™F) FEr (GeV)

High lumi : MET resolution is ~ 2 worse

F. Gianotti, Bologna, 24-25 November 2005 1UB



€ Powerful b-tagging and t-identification:
-- s and b-jets expected in sparticle and SUSY Higgs decays (especially at large tanf3)
-- in general 3¢ generation could play a special role in New Physics

t /jet separation

g 0 [ 0 o<1 From full simulation of t's from A — tt events and QCD jets
'd ' ® 50<P <70

o O 3D<F<30 T's are identified as narrow and low multiplicity jets in

v

B 15<P<X0 calorimeters and tracker

0 20 40 60 80 100
tefficiency (%)
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Precise knowledge of absolute lepton, jet and missing E; energy scales:
— for precise measurements of SUSY events, e.g. end-points of kinematic distributions,
A/H — uw mass, etc. (in many cases statistical error is negligible)

Can only be achieved with in situ calibration with data samples

|-scale
* mainly from Z — |l events (1 evt/s per species at 1033)
* ~ 1 %o uncertainty achieved by CDF, DO (dominated by

statistics of control samples)
* LHC goal : 0.2 %o to measure my, fo ~ 15 MeV (1 %o assumed here)

'

ATLAS: full simulation study of uncertainty on Z — ee scale

Source Requirement Uncertainty onscale
Material in Inner Detector Knawnto 1% < 001%
Inner bremestrahlung Knawnto 10% < 001%
Underlying event Calibrate and subtract << 0.03%
Pile=up at low luminceity Calibrate and subtract << 001%
Pile-up at high luminceity Calibrate and subtmclt << 001%
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Jet-scale

* mainly from Z (— Il) + 1 jet asking p+ (jet) = pt (Z)

and from W — jj in tt — bW bW — blv bjj events asking mj; = my,

\%' jet

« ~ 3 % uncertainty achieved by CDF, DO (not enough 11 statistics at Tevatron)
*LHC goal : ~17% to measure m,,, to ~ 1GeV
* main systematics : FSR, underlying event, etc.

Missing ET scale

* mainly from Z — tt — |-hadrons + v 's

~ r ibrotion g o
&1 1ly W fefore colbroto - sensitivity of reconstructed Z mass to MET scale
~ O After caolibrotion
8
i - ¢
ol.05 —‘—_._
1 ; 105 .
bea _E'—_L,_.‘}.I . W - S ’3 _//
1 ' Q 100 ,l'/ T
o os| Hulmimm] i 3 o J
Hs I.‘ from top 2 ...
decays z —_
0.9 oo o bl + 10% variation on MET scale
o/ (GeV) = #-' — + 2.5 % variation of m;
- Ve 1|
05 075 1 125 15
Scale factor for Epmis
* m, can be measured to 1% with 4000 evts (30 fb1)
— MET scale can be constrained to ~ 5%
F. Gianotti, Bologna, 24-25 November 2005
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Calorimeters :

-- e/n/u test-beam data available for E ~ 1-300 GeV
-- "calibration” samples at LHC, e.g. Z ({ ll) +jets,
cover up to few hundreds GeV

Validate simulation over this range
and use it to predict detector
response at E ~ TeV

(where New Physics is expected )

Example : Are quarks really point-like ?

¥ AL=20000 GeV
O AL=30000 GeV
*  AL=40000 GeV

{NCo-m - NQ)/NN

0.5

[

ATLAS

+ If quarks are composite : new qq — qq interactions
with strength ~1/A2, A = scale of New Physics.
55 f/ = expect excess of high-p; jets compared to SM
L The higher A the smaller the excess.
LHC sensitivity up to A = 40 TeV

1000 2000

A hadron calorimeter non-linearity of 1.5 % at E.; ~ 4 TeV, not reproduced by simulation,
may fake a scale A = 30 TeV = inadequacy of simulation would limit LHC physics reach

To avoid this : simulation must reproduce e/x response ratio (which governs response

non-linearity to jets) to few percent 112



hq'}‘ \\

ATLAS (mcludmg cavern, e

with scintillators in the B
cavern: :

Through-going muons ~ 25 Hz
(hits in ID + top and bottom muon chambers)

Pass by origin ~ 0.5 Hz
(|z] < 60 cm, R < 20 cm, hits in ID)

- Useful fopr ECAL calibration——= 0B Hz
(Iz]| <30 cm, E > 100 MeV, ~900)

cell

\ N

¢ ~ 10° events in ~ 3 months of data taking

¢ enough for initial detector shake-down

(catalog problems, gain operation experience, some alignment/calibration,
detector synchronization, ...)
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€ Construction quality

Thickness of Pb plates must
be uniform to 0.5% (~10 um)

End-cap: 1536 plates

<>~ 2.2 mm

400 |- o~9 um
i /

|

250__ oo>
200 |- ~

150 |-

100 [~

&% |

0
216 218 22 222 224 2.26
Absorber thickness (mm)

Energy (GeV)

0 Test-beam measurements

Scan of a barrel module (ApxAn=0.4X1.4) with
high-E electrons

245

240

235

230 |

225 g

o ~ 057%
220 N ,,,O:SE 0:1;2 I".m.S. = o o
=6, Ti | over~ 500 spots
5 10 20 30 40 0 50 100

N (middle)

F. Gianotti, Bologna, 24-25 November 2005
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€ Cosmics runs: growo —
£ || Muon signal in barrel ECAL

Wwh 400

Muons i"\"

Measured cosmic u rate in ATLAS pit: fewHz | " e )
{ ~ 100 events in ~ 3 months of cosmics runs i |

Test-beam data

beginning 2007 1° N :

¢ enough for initial detector shake-down . S_(M) /olnoise) ~7 .
¢ ECAL : check calibration vs n to 0.5% wol Noise E
. j sigma=40.9 £ 0.4 MeV \ _i

200D \ __

0.8 1
Energy [GeV]

€ First collisions : calibration with Z —> ee events (rate = 1 Hz at 1033)

Use Z-mass constraint to correct long-range non-uniformities
(module-to-module variations, effect of upstream material, etc.)
~ 10° Z — ee events (few days data taking at 1033) enough to achieve constant term c < 0.7%

Nevertheless, let's consider the worst (unrealistic ?) scenario : no corrections applied
ECAL non-uniformity at construction level, i.e.:
-- no Tesfr-beqm corrections . c=2%
-- no calibration with Z — ee l

H — yy significance my~ 115 GeV degraded by ~ 25%

— need 50% more L for discovery |
F. Gianotti, Bologna, 24-25 November 2005 )




@The first year(s) of data taking

First collisions (Summer 2007) : L ~ 5x 1028
Plans to reach L ~ 1033 in/before 2009
Hope to collect few fb! per experiment by end 2008

Channels (examples ...)

Events to tape for 1 fb’!
(per expt: ATLAS, CMS)

Total statistics from
previous Colliders

~ 104 LEP, ~ 106 Tevatron

~ 106 LEP, ~ 10° Tevatron

~ 10% Tevatron

Wouv 7 x 109

ZOuw ~ 10°

HOW b Wb O v +X ~ 105
35  m=1TeV 102 - 103

With these data:

* Understand and calibrate detectors in situ using well-known physics samples

eg. -Z—ee,un
-1t = blv bjj

* Measure SM physics at Vs =14 TeV: W, Z, tt, QCD jets ... (omnipresent backgrounds

to New Physics)

tracker, ECAL, Muon chambers calibration and alignment, etc.
jet scale from W()jj, b-tag performance, etc.

F. Gianotti, Bologna, 24-2

— prepare the road to discovery ... it will fake a lot of time ...




Use the W mass constraint to .
= — MC@NLOi
set the JES. 107 - - Herwig
Rescale jet E and angles to parton S e T, Pythia
energy o = Epaﬁon / Eje'r 10° = Pt tt system (shower)
10° =
10" =
10-55 TR T PR - TS P DL TR S
0 100 200 300 400 500 600 700 800 900 1000
GeV
107 ¢
- Reconstructed jet Pt (1)
v ¥ A\ L
v
v ¥ oY v o ¥ _— 107 L
v E i
10° | i
- — MC@NLO
C Herwig | — ™w» .
Ll e Pythia e
10-4 E : = ': LELPLI
—_|||||||1|1||||||l|||||||11|1||||1|ll||||;‘7'i'i"-l.§:11'.'u
50 100 150 200 250 300 350 400 450 500

o

GeV
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Production Decay mass ranges
Gluon-Fusion | H — 77 — 4i 110 GeV - 200 GeV
(g9 — H) H—WW — vl 110 GeV - 200 GeV

H — ~~ 110 GeV - 150 GeV
WBF H— 77 — 4l 110 GeV - 200 GeV
(qq H) H— WW — lviv 110 GeV - 190 GeV
H— 77— lvvive 110 GeV - 150 GeV
H — 77 — lvr hadr 110 GeV - 150 GeV
H — ~~ 110 GeV - 150 GeV
ttH H— WW — lviv(lv)| 120GeV -200 GeV
H — bb 110 GeV - 140 GeV
H — 77 (notincluded) 110 GeV - 150 GeV
H — ~~ 110 GeV - 120 GeV
W H H— WW — lviv ()| 150Gev-190 Gev
H — ~~ 110 GeV - 120 GeV
ZH H — ~A 110 GeV - 120 GeV
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* Minimal models : 2 Higgs doublets — 5 physical states: h, H, A, H*

- At tree level SUSY Higgs sector described by two parameters : m,, tgp
Radiative corrections infroduce dependence on my,,, mg,,,, Stop mixing, etc.

* m, increases with m,, tgp (for m, <200, tgB <10), my,,, My, , MEATY

my,,= -- no mixing : my <115 GeV — almost fully excluded by LEP
174.3 GeV{

* H, A, H* usually heavier and degenerate for m, > 200 GeV

F. Gianotti, Bologna, 24-25 November 2005 119



SUSY Higgs sector : h, H, A, H* m, <135 6eV, my=my~my.

bo contours

September 2001

o
o

%40 ‘ ATLAS + CMS
S | JLdt=300 fb"
30 } Moximal mixing
‘ HA— i
[ ’ MMI
? | \ H: — v, tb
7’/.-;

4 Higgs observable
3] 3 Higgs observable
N 2 Higgs observable

1 Higgs observable

O O NWOO

LEP 2000

7 Assuming decays to
h, H p

SM particles only
400 450 500

ma (GeV)

Here only h (SM - like) observable at LHC, unless A, H, H= — SUSY
— LHC may miss part of the MSSM Higgs spectrum
Observation of full spectrum may require high-E (Vs = 2 TeV) Lepton Collider
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Most of MSSM Higgs plane already covered after 1 year at L= 1033

Ql 50 ( \ September 2001
"tj.';/", N i
+ ZI N\ I H—>7 § SLdt=30 b Jexp
30 | :;' N 2 _ Maximal mixing
R =
% R VH = B (OX e
20 - r/l \\ \\ S i
70 NPith, h—>bb~ _ oo N
I \S ‘/ Q\ et -
:/ |\ ? i SN
7 L/p7/ RIAL H\\\T)\\T\M\‘ = . .
10 FPh XF %5 NS =
8 i i’é/l — ," AXANRA \\\ \\\ } \\\\\\\ §
7 F /’ =) AN =
6 // A= ', =
L ////| E =
5 - ;/‘A ::\ —77% \&— h—>vyy and
. :///’//;/‘Ai 4 Ieptgnf _ /tth, h—>vyy
X > LEP 2000
7. s S
3 F v J 4 ,
V/ 7 4,//\ ’\33\ .
v //;\ 4 /// -_________\.\e\\:\\\g‘\,
? /E U5 ooy \’\\\\\\\\\\ Q!
" —= i / g \\\ \:
v VA = AN A= Zh = 1ibb W
7, A :!/ YA .\ Q\‘,
VUV Z VR0 N
' = : ) |
L A /[él 1 |:l | 1 [ li\l L1 | L1 /1/4‘[ L1 1}\\‘ r
50 100 150 200 250 300 350 400 450 500

M, (GeV)

Large variety of channels and signatures accessible

F. Gianotti, Bologna, 24-25 November 2005
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Extended gauge groups : Z' — I*I-

CMS

Dilepton invariant mass spectrum Forward backward asymmetry measurement Rapidity distribution
. , 1.2 -
-IIIIIIZZ. ['=24.1GeV a) N '"ZI,_ b) 2500 _+_ -+ Z"]' 100fb1
2" r=31660 B s JF LHC, \S=14TeV 2 a + + -
! iy = L el C ‘ " fituu
Lowens 2 T=14.4GeV ; ' : - it
gLy JH EMASTY [y pls : 4 - it &
Eoin 2, T=38.6GeV 1. 0.8 ™z il 2 L 20— SUm
; | C ! -
> [ —SH by | 0.6F C
o il ' | —p > T
o i [T B T T s
R o (L i S N :
3 f < e ", . 3 [
s ] 0.2 ", e 1000—
> : -,-.’ * % ,A,:"‘ ."I F o
w - “a, *, o o —— L.
0 n * ..l' » \ oo i,
’ :...L N, - ;{. 500j—
e 02 e -
A L r v
" = .0.4__ 0_||||||||||||||||||||||||||||"'"vm..\
11l l 1111 I 1111 l 1111 I 1111 l 1111 I L1l 1 {‘- -l 111 I 1111 l 1111 I 1111 l 1111 I 1111 l 1111 I 1111 0 0-2 0'4 0'6 0'8 1 1-2 1-4 1-6 1-8 2
1000 1100 1200 1300 1400 1500 1600 1700 1800 1000 1100 1200 1300 1400 1500 1600 1700 1800 v,
M, [GeV] M, [GeV]

* Reach in 1 year at 1034 : 4-5 TeV

- Discriminating between models possible up fo m ~ 2.5 TeV by measuring:
-- oxT of resonance
-- lepton F-B asymmetry
-- Z rapidity
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Little Higgs N models

cotO

2
7 ATLAS N Z,~»I'l
300 fb'! OW,olv
Z,— 1T bb
. oW, - Ivbb

Ny y

VH SR V h
m,=120 GeV

Alternative approach to the hierarchy
problem predicting heavy top T (EW singlet),
new gauge bosons W, Z,, A, and

Higgs triplet ®°, @, ®*

Observation of T — Zt, Wb
discriminates from 4™ family quarks
Observation of V,;, = Vh
discriminates from W', Z

T — Zt —ll blv

~
|

3.5;— ATLAS
C 300 fb!

Events/40 GeV/300 fo '

5] 0 500 1000 180N °nNQ

Il blv mass (GeV)
123



Other scenarios ..... Excited leptons ; e*e, e* — Wv —jj v

fl

3 P 200cev
Leptoquarks : Iqlg — Ij I 277 e
e " o 7<2.5
= < 10
L QO 200 + Total backg.
. CMS |
100 fb!
162 150 ATLAS
. 300 bt
100
500 1000 JS(J(OBQQ\?G CQSOO 500 1000 l;S(DéerU{yCBSOO 50 L
¢ 2
5 é}) 0 250 500 750 1()|00 1250 1500 1750 2000
Transverse Mass (jjv), GeV
LFV:iW = 1v,t— 3u | _
| CMS, 10 fb'!
500 1000 1500 204Q Q0 500 1000 130Q 200 00
M, (GeV/c?) My (Gev /e o [| BR=1.9 x 106
Reach (30 fb1): | ||
: : - | BR< 4 x 108 1T
Large number of scenarios studied: 10 - e
= demonstrated detector sensitivity to many signatures -
— robustness, ability to cope with unexpected scenarios
= LHC direct discovery reach up to m = 5-6 TeV
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Flux (m2 srs GeV)_'|

LHC and high-energy cosmic rays

V§=14 TeV| ——»  corresponds to E ~ 100 PeV fixed target proton beam

4

10 M
;“%A% cosmic Ray FLuxes | LHC studies most relevant to HECR:
L N -- most energetic particles from the collisions
E S -- pp (and pA, AA) cross-sections
0 F R both require detection in the forward region
_4-— \‘\ . . . .
10 ' Charged particle multiplicity and energy
E " in pp inelastic events at Vs = 14 TeV
10 “9 I
3 RO 8 £
- X Knee =
10 °F T T E
| ““. / — 6 ;'-
e [ 3
- " — 5
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i ) Z 3E
10_16—~ ' A 2 E_
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' Ankle 1 B
10—19:: . \ 0 : el e b e e
i TEVATRON % 3
wF CM Energy 1.4
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Measurement of O, (pp)

180 — _ Cosmic ray ‘:
L v =22 (best fit) data A
160 ---- +lo Y Curves are ~ (log s)
140
120
g T
€ 100} :
& I 1
80 L _\
: “ ] Goal of TOTEM:
"k z ; ~ 1 % precision
wf R ;
r Spp o < W0 <>t &)
20 | % 55 E 5 .
:1|||I Lol Ll Lol Ll
10 102 103 104 10°
/s (GeV)

TOTEM : 3 stations of detectors ( "Roman Pots” RP1, RP2, RP3) at both sides of IP5
(integrated with beam pipe) to measure scattered proton in elastic interactions
down

RP2

10 O .+ = 20 urad RP3 RP4
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