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LHC schedule

Milestones:

* 10 Sep. 2008: First proton beam

» 20 Nov. 2009: Restart after accident
» 23 Nov. 2009: First proton collisions at 900 GeV

* 30 Nov. 2009: World record energy 2.36 TeV

* 30 March 2010: New world record energy 7 TeV

» 8 Nov. 2010: First collisions of lead ions at 2.76 TeV per nucleon pair

* 6 Dec. 2010: Last day of LHC running in 2010

» March 2011: Restart with protons at 7 TeV ... then maybe go to 8 TeV

» 2012: Shutdown for magnet interconnection reinforcement ... OR keep running!
« 2013: Restart at 13 or 14 TeV

« 2015 or 2016: Shutdown for luminosity upgrade
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LHC achievements and prospects with protons
http://Ipc.web.cern.ch/lpc/lumiplots.htm

Integrated proton luminosities
« Almost 50 pb-! delivered per experiment
(except ALICE: to keep pile-up in the TPC at less than 5%) LHC 2010 RUN (3.5 TeV/beam)
« > 1 fb1 till end of 2011, e f
maybe 5 - 10 fb-! if running in 2012
« 250 to 300 fb' till end of 7 TeV Phase
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Luminosities, multiple interactions

Superimposed interactions
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Multiple vertices

NN NN\ A

EXPERIMENT
Run Number: 153565, Event Number: 4487360

Date: 2010-04-24 04:18:53 CEST

Event with 4 Pileup Vertices

~ 10-45 tracks with p. > 150 MeV per vertex
z-positions of vertices : 3.2, -2.3, 0.5, 1.9 cm (vertex resolution better than ~200 pm)
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Physics goals of the multi-purpose experiments
ATLAS and CMS

Standard Model physics

- confirmation and search for the Standard Model Higgs boson
Discovery physics beyond the Standard Model (examples)

- Search for any deviations from the Standard Model

- Supersymmetry, Dark Matter

- Compositeness, Leptoquarks

- Extra dimensions, Black Holes

-W, 7’
Precision measurements (examples)

- W mass

- Top mass and couplings

- Higgs parameters (masses, spins, couplings)

- QCD: cross sections, o,

- B physics: CP violation, rare decays of B hadrons, B%-B° oscillations
Heavy lon Physics

- Quark-gluon plasma
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ATLAS experiment

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter
Steel, polystyrene Absorber: Lead in stainless steel
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SILICON TRACKER
Pixels (100 x 150 um?)
CMS Detector ™.

Microstrips (80-180um)
~200m? ~9.6M channels

~76k ééintillaﬁng PbWO 4rycry<s'tals

Silicon strips
~16m? ~137k channels

~13000 tonnes

SUPERCONDUCTING
SOLENOID
Niobium-titanium coil ‘ ,
carrying ~18000 A ’  / FORWARD
. CALORIMETER

Steel + quartz fibres

: HADRON CALORIMETER (HCAL) ~2k channels
Total weight : 14000 tonnes Brass + plastic scintillator MUON CHAMBERS

Overall diameter :15.0 m ~7k channels Barrel: 250 Drift Tube & 480 Resistive Plate Chambers
Overall length :28.7m Endcaps: 473 Cathode Strip & 432 Resistive Plate Chambers

Magnetic field :38T
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Physics goals of ALICE

Heavy ion physics (about 1 month per year, 28 x RHIC energies)

- Study of matter at high density and temperature (QGP)
- Strangeness enhancement:

s, heavier than u and d, can only be produced by gluon fusion at high
energies

- Suppression of J/1, Y

- Jet Quenching

- Color glass condensate (CGC): cold and dense (high gluon
density)

Proton physics
- mainly QCD

C.-E. Wulz 12 XMAS2010



ALICE dector

ACORDE

ALICE Cosmic Ray Detector (scintillators)

EMCAL
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e Physics goals of LHCb

Search for New Physics

- CP violation
In the B system many decay modes are available
- Determination of CKM parameters
- Rare decays of B hadrons
e.g. B% -> uu, SM BR: 4x10°
- Quarkonia
J/4,Y and excited states (studies of production and polarisation)
- b and c physics
- but also electroweak physics, exotica etc.

Advantages of LHCb compared to B-factories:
- Opg ~ 300 ub at 7 TeV, 500 ub at 14 TeV;
2 fb! per year, 10'2 bb pairs per year; 6 ~ 3.6 mb.
- All B hadrons are accessible:
B:(ub, Ub), B%(db, db), B%(sb, sb), B_.t(cb, cb), b baryons
The B, system can be studied in particular.

C.-E. Wulz 15 XMAS2010



LHCb forward arm spectrometer

RICH-2
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= TOTEM and LHCf

TOTEM

- Measurement of total and elastic pp cross sections

- Study of diffraction, double pomeron exchange

- Calibration of the luminosity monitors of the other experiments

- Measurement of charged particles, 10, 13, 147 and 220 m from CMS

LHCf

- Simulation and calibration of detectors for cosmic rays, study of the
particle showers and comparison with current shower models to estimate the
primary energy of ultra highly energetic cosmic rays

- 2 tungsten/scintillator calorimeters, 140 m from ATLAS

C.-E. Wulz 18 XMAS2010



Proton results
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Standard model particle resonances

':\; C CMS Preliminary, \'s = 7 TeV
> 3T L =34 pb" Minimum Bias Stream, Data 2009 §/5=900 GeV)
o '5_80“7 6=70MeVIcz > FrT T I L I L I T T T 7T | LU I L I L I T T T 13
o ¢ I <1 o 6000 ATLAS Preliminary Both tracks: p, > 100 MeV, Si hits > 6
210 Y(1 ,2,38)5 oo = Kg Invariant Mass cos(8) > 0.8, flight distance > 0.2 mm
g - N 5000
2 i P ® Dat
w 105 200/ 2] a a .
Q0 1 Simulation
Pty B 1000 — Gauss (+poly) fi
- mass (Ge'
10* L

p= 497.5+0.1 (stat) MeV
o= 8.2x0.1 (stat) MeV

PDG (2009) m, = 497.614 1+ 0.024 MeV

3000

2000

10?

IIII|IIIIIIIIIIIIII'IIII|

K > ntm

II|IIII|IIII|IIII|IIII|IIII|

CMS Preliminary 100

10

nanaliaa o dban o lba i lba non b n b a b n

0 450 500 550 600 650 700 750 800
My, [MeV]

Vs=7TeV, L_ =40 pb™!

IIII[|'|T| IIIIIﬂ'l] lIIII|T|] IIII|T|I| TTT

1 1 L1 11 | 1 1 1 1 1111 I 1 > 2000 [~ ‘ ' ! ' ! ' ! ‘ ! . ‘ ln . ‘ ‘ —
1 10 , 102 ) 2 18001 \s=7 TeV data ATLAS Preliminary 3
p'p- mass (GeV/c?) o - £(1320)—Ax «  Correct charge comb.| -
> Frrr [T T T T T L g 1 600 - ~250 l,l,b- 1 I:I Wrong charge comb. —
8 90? ATLAS Preliminary B = 1400} \ ) -
F '« Data 2010, (Vs=7 TeV) ] c n o Gaussian+polynomial fit
- 80;_ Bt E L = 1322.2+ 0.07(stat.) MeV
e 70E E 1200 o=  3.8+0.08(stat)MeV |
8 ' e - :
£ 60— 78 nb-! = P P 1000; .
w 500 E A TU 800}~ -
4051 J /¢y 2 efe E . ]
300 \ 3 400 =
20~ 4 3 200 = -
[ ey =S A : 1950 1300 1350 1400 1450
E 1 1 1 1 | 1 1 1 L | L 1 L 1 ‘ 1 1 1 1 | 1 1 l‘*ﬁ :
052 25 3 35 4 M,, [MeV]

C.-E. Wulz Mee [GeV] 20 XMAS2010



Charged particle distributions
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Study charged particle multiplicity,
pr density, <p;> in the transverse
regions, which are most sensitive to
the underlying event -> tune Monte

Carlo models.
Scalar 2p; density
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Underlying event characteristics

leading track

Data show higher underlying
- ~ event activity than Monte
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) Bose-Einstein Correlations
Phys. Rev. D82 (2010) 52001 135 Mpsmt TeMs1__ a1
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J. High Energy Phys. 09 (2010) 091

First surprise in LHC data!

CMS pp 7 TeV

(d) N>110, 1 .OGeV/C<pT<3.0GeV/c

—
=
<
C .
JMWV ‘
5 2
2 b'(\
-4
C.-E. Wulz

Near-side long-range correlations

ALICE 2.76 TeV/nn
Central Pb-Pb collisions

same/mixed

Pronounced structure

(ridge)
in high-multiplicity events for
2.0< |An|<4.8and Ap =0
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Search for dijet resonances
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Direct photon production

Study of production of isolated photons (y in jets mostly come from m and
n decays) is important: hep-ex 1012.0799 (Dec. 2010)
* Precision tests for perturbative QCD q Y q Y
« Constrain PDF in the proton

 Calibration of the jet energy scale

- Background fore.g. H—= vy, G =y, f* = fy ¢~ g g q
Annihilation Compton Scattering
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CATLAS
A EXPERIMENT

Run Number: 167576, Event Number: 69725215

Date: 2010-10-24 15:42:22 CEST
C.-E. Wulz XMAS2010




W and Z

CMS preliminary 2010

x1 03 CMS preliminary 2010
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L ->7TT -> N+ T} ,4(1- and 3-prong) + X
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W and Z cross sections

* Wand Z (e and u channels) are the first electroweak processes measured at LHC™ *
« Tests for perturbative QCD and PDF’s (W charge asymmetry)

. Detgctor calibration with Z hep-ex 1012.2466 (Dec. 2010)
 Luminosity measurement .
» Background for new physics submitted to JHEP
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dot /dny—do~ /d
A( ) _ /dnge /dng

W*/W- charge asymmetry

~ dot/dng+do— /dn Asymmetry is sensitive to valence quark PDF’s.
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hep-ex 1010.2130, submitted to JHEP
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(T (JJ) = 1 {Fp J/l/

LHCbE ent Display

B: T = 1.6 ps, decay length about 2 mm [mm]
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%l_gi B cross sections

50
- == MCFM
b -> D%Xuv, 40
DO ->Krx | el — FONLL
dosor ~JI) -
dn X microbias
(ub) 20 ® triggered
- average
hep-ex 1009.2731 Lol
LHCb
0 1 1 1
2 3 4 5 6

M
o(pp — HpyX) = [75.3 £ 5.4 (stat.) £13.0 (sys.)] ub  2<n<6

Extrapolation to entire 1 range with PYTHIA 6.4 (factor 3.77) and using
LEP fragmentation fractions gives:

o(pp — bbX) = [284 £ 20 (stat.) £39 (sys.)] pb

Consistent with theoretical predictions in normalization and shape.
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Top

“When top is measured, the experiment is ready for discovery phase”
P. Jenni, XMAS2009

tt production at LHC stems from 87% gluon fusion, 13% qq annihilation
* Interesting in itself since t decays before hadronizing
» Decay products of new particles

« Background to new particle searches
g t||9 t|l9 t||q

Sl

g t| |9 t|| 9 t|| 9 t

Top decays weakly as t -> Wb almost exclusively.
Event classes according to decay of W:
* All-hadronic

* lepton + jets
- dilepton (e*e’, u*w, e*ur)

C.-E. Wulz 35
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Events

tt cross section

hep-ex 1010.5994, submitted to Phys. Lett. B (Oct. 2010)

C ] w I I I — T T I 1T T 7T I 1T T 7T I 1T T 7T I 1T T 7T
[ CMS | | Io Data | {€ 10 cms ) ® Data — NQ 6L cMS
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i [w ] L W 1~ L
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8 j///?//?% Bckg. uncertainty | 6 ® NN -\ig\ i"?f?r\?'\n\si_ qc, - | @ || e All simulation MWT -
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. ol _ ]
C 1 o : a .
0 =4 0 . A
Number of jets 0 1 =2 - L '
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. 100 150 200 250 300 350 400
Backgrounds from Drell-Yan and events with Reconstructed top mass [GeV/c’]
isolated leptons from non-W/Z production are Compatible with prediction
estimated from data. of m, = 172.5 GeV

b-tag efficiency: 80%, false positives: 10%

o(pp — tt) = [194 + 72 (stat.) +24 (sys.) +21 (lum.)] pb
Consistent with NLO prediction: o(pp — tt) = (157.57333) pb
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Er =44 GeV/c, ¢ = 1.8

CMS Experiment at LHC, CERN
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v \ Orbit/Crossing: 26434904 / 101
~_ b-tagged Jet \
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Dilepton mass 88 GeV/c?, pr=138 GeV/c
% pr= 89 GeV/c, n= 0.5, = -0.7
u* pr= 60 GeV/c, n= -0.7, = -2.5 :1</ U
\\*:'é / Mr = 77 GeV
\ — /
| |

e+ u+ jets H :

pe= 61 GeV/c, 1 = -0.4, @ = 1.1

pt=73 GeV/c, n = -1.3, p = -0.2

e +2j+2b

b-tagged Jet
p:=109 GeV/c,n = -0.6, ¢ = -1.7

Jet [ 56.6 GeV/c, n =0.389, ¢ =2.38 D

=
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.
M + 4 J ets muon pT = 30.6 GeV/c, n =-1.67, ¢ = -2.06 L
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Prospects for Higgs search

LHC starts to be competitive with Tevatron!
ATLAS PHYS-PUB-2010-015

= 10 B [ o e et g . . . v .
g’ - 0.5fp" & —e— 3go0bs, 110" o
© <l ® —=— 3gobs., 2 b -
§ - g}g1 e 30 0bs., 5 fb! -
£ mE TeVatron = § I TeVatron 95% CL exc. -~
=5 < S S CILEP - | : | LEP 95?/0 CL exc. =
< N e I B e =l P
A 1 FoEEONCTS = 3 1 ; s :

@ ‘E‘Qx.&jg\ - ul z -
N S . O - j '
[ e M 3 | ATLAS Prelfiminary (Simuiation)
¥ ,
T M ' Median sensmwty
ATL)ilS Prellmlﬁary (“umule tlon) ‘Ks=7 TeV Prolectlons
L 01 00 110 1 20 1 30 1 40 1 50 1 60 1 70 1 80 1 90 200 L 01 00 1 50 200 250 300 350 400 450 500 550 600
m,JGeV] m[GeV]

New analyses of H -> ZZ -> llvv and H -> ZZ -> llbb are included. ATLAS alone
could exclude a SM Higgs boson from 135 to 188 GeV with 0.5 fb'. With 5 fb'
could go from LEP limit to several hundred GeV! Going from 7 to 8 TeV would
save 25% of data taking for same sensitivity, but one would need about 2
months to set up the LHC. From 131 (139) to 180 GeV could have evidence with
2 fb1 (1 fb''). For comparison: Tevatron would have sensitivity of at least 2.4 o
up to about 180 GeV in 2011, with 10 fb-' per experiment.
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Prospects for SUSY

Initial searches are performed with a
number of inclusive final states.
Signatures can contain jets, missing
transverse energy, leptons or photons.

Data-driven background estimations
are important, for example to control
QCD tails. For isolated lepton
signatures, understanding of
misidentified hadrons, photon
conversions, leptons from decays etc.
is also important.

Particle flow techniques, which imply
reconstruction of all charged and
neutral particles, are more and more
widely used.

Example of Squark-
Gluino cascade event
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500 L L L B L B B B T T T ~~ 1 —
CMS preliminary M CDF gg, 25", tanf=5, <0
450 \/§=7 TeV [ ] pog, ql+ 2.1 fb’, tanB=3, p<o0
_ Hadronic search, 95% C.L. curves B LEP2 321
400 T=LSP  tanp=10, A=0,1>0 [ ] LEP2 [

0 100 200 300 400 500 600 700 800 900 1000
m, (GeV)

Good efficiency, but also much background (QCD,
L+jets, W+jets). Depends only weakly on tanp.

mMSUGRA exlusion limits in the like-sign dilepton
channels

Background relatively small (tt, wrongly identified
charges from W etc.)

CMS Note 2010/008

CMS Preliminary,Vs = 7 TeV

--------- Observe 1 event in 100 pb™
——— Observe 4 event in 1 fb”'
I coF Preliminary 31 (3.2 fb™)
I 00 observed limit (2.3 fb™)
LEP excluded regions

mSugra: tanfi = 3, Ao =0,(u)>0

00 1000

m, (GeV/c?)
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Long-lived, stopped Gluinos

hep-ex 1011.5861, submitted to Phys. Rev. Lett. (Nov. 2010)

Look for decays in time intervals In-orbit positions of 2 events, with

with no pp collisions, using exponential decay profile for 1 us
calorimeter triggers. lifetime hypothesis overlaid

% CMS Data (2010)
——— Signal PDF (t = 1us)

Assumption: BR(g — gx?) = 100%

[ f Ldt=10pb" 95% C.L. Limits
e Expected: 10 us - 1000 s Counting Exp.

14
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1
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:\/5 =7TeV Obs.: 10 us - 1000 s Counting Exp. (EM only) ] os o8
| ———— Obs.: 10 us - 1000 s Counting Exp. | d 08
m.-mo=1 V/ic?
103 FRRS 00 Gev/e™ .. Obs.: 10 us Timing Profile 04 04
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i ] hAS
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102

o(pp — §3) x BR(@G — ) [pb]

Gluino mass limit:

m(g) > 370 GeV

100 150 200 250 300 350 400 450 500
my [GeV/c?]

for lifetimes between 10 us to 1000 s
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Prospects for extra dimensions

CMS Note 2010/008
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Large extra dimensions in yy channel
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Integrated luminosity (pb™

Randall-Sundrum gravitons and Z’

in ee channel

PAS EXO0-09-006 scaled to 7 TeV
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Summary of Heavy lon Running

Integrated ion luminosities (http://lpc.web.cern.ch/lpc/lumiplots_ions.htm)

« 10 ub' delivered to experiments

Number of bunches: 137 per beam
Peak luminosity: 3 x 102> cm-2s" 2010/12/06 21.35
Bunch spacing: 75 ns and 50 ns

LHC 2010 HI RUN (3.5 Z TeV/beam)

iy
o

=Y

-
o
o

delivered integrated luminosity (ub")

Lead ion source day of year 2010
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C . . o o
Z in heavy ion collisions

CMS Experiment at LHC, CERN
\» Data recorded: Sun Nov 14 04:29:43 2010 CEST
\ Run/Event: 151058 / 4096951
| Lumi section: 747

ECal 357, pt: 22.6 GeV

ECal 358, pt: 18.9 GeV

ECal 2339, pt: 37.9 GeV
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Transverse momentum spectra vs centrality

Hadron production in central collisions is suppressed compared to
superimposed independent nucleon-nucleon collisions.

AA 2 ardA
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Nuclear modification factor
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hep-ex 1011.3914 (Nov. 21010)

Elliptic flow
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v2: Second moment of final state hadron azimuthal
distribution. There is a continuous increase of the

integrated elliptic flow in the 20-30% centrality class.
It is about 30% higher than in Au-Au collisions at RHIC,
due to the increase in mean p;. Increase is higher
than predictions from ideal hydrodynamic models, but

for such an increase.

models which incorporate viscous corrections allow
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Centrality-dependent dijet asymmetry

Centrality: Total transverse energy deposited in the

forward calorimeters.

Histograms from left to right: from peripheral to
central collisions.
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hep-ex 1011.6182 (accepted by Phys. Rev. Lett.)
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Conclusmns and outlook
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