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The Large Hadron Colllder (LHC) e

* Proton- proton collider in the
former LEP tunnel

= The LHC uniquely combines the two
most important virtues of HEP
experiments:

1. Highest ever energy per collission

up to 14 TeV in the pp-system
cf. Tevatron at 2 TeV

2. High luminosity
up to 1034/cm?/s

= 4 experiments:
ATLAS large multi-purpose detector
CMS large multi-purpose detector
LHCb  specialised on b-physics
ALICE specialised for heavy ion
collisions
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The Large Hadron Collider (LHC)

LHC time table:

= Early 1980‘s: first ideas about a multi-TeV
proton collider at CERN

. Oct 1990: ECFA workshop on LHC in Aachen
16 Dec 1994: CERN council approves the LHC
Feb 1996: approval of ATLAS and CMS

Apr 1998: start civil engineering

7 Mar 2005: first dipole magnet installed
26 Apr 2007: last dipole installed
10 Sep 2008: first circulating beams

Oct 2009: first pp-collisions
Mar 2010: first collissions at 7 TeV



=4

. First dipole prototype reaéhéd
8.73 Tesla on April 14, 1994

. Lasf of 1232 dipoles |
lowered on April 26, 2007
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. Fi;st circulatiné beams on
September 10, 2008




Beam Splash Events

Courtesy of CMS
= Beam on closed y

I I i t
ﬂ-ﬁw ‘ 20080910 BT
ATLAS Z00E-0%-10 10-15:10 CEST evert: five

L1Calo Stream

* Important to
commission detectors,
e.g. timing

first beam event seen in ATLAS

T
I i) 10

Courtesy of ATLAS
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The Accident

= Major set-back on
September 19, 2008

bad connection between two
magnets

thermal runaway

light arc between
magnets destroyed a He
vessel

shock wave in tunnel

= Consequences:

delayed first collisions by 1 year

max. beam energy 3.5 TeV

1 year shutdown needed to
stabilize magnet interconnects
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Muan Detectors Electromagnetic Calorimeters

Solenoid Forward Calorimeters

End Cap Toroid
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Detectors

D
ity

ATLAS wi
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CMS: Compact Muon Solenoid







LHCb

= Forward spectrometer for B-physics

» addressing the question of matter-antimatter asymmetry
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= Experiment addresses new state of matter:
the quark-gluon plasma

= Heavy ion
collisions,
eg. Pb-Pb

= Using L3
magnet
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Challenges for LHC Detectors

= Protons are composite particles 1P g
S P \L%’% = <75 P
- Bags filled with quarks and gluons Y 5
- Quark-quark and gluon-gluon collisions 7 TeV T eV
are the fundamental processes /
: Xp W ‘-,f XsP

- Screened by interactions of other quarks
& gluons

= LHC is filled with 2835 + 2835 proton
bunches

- Collisions every 25 ns,
i.e. 40 MHz crossing rate

= 10" protons per bunch

- 25 pp interactions per crossing (pile-up)

- Each bunch collision produces = 1600
charged particles
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A Collision Producing a Higgs Boson

= with 25 pile-up

interactions

Reconstructed tracks ~ i = Remove low
with pt > 25 GeV " energy tracks
(P+ < 25 GeV)

= H—->ZZ — 4 muons

» |dentify each track requires a highly granular detector

= Reconstruct every track takes a lot computing power
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Particle Physics at the Energy Frontier

= Progress in theory and experiment
over the past decades

Standard Model of Particle Physics

- Matter particles: Quarks and Leptons
- Force carriers: Gauge Bosons

= Excellent theory tested down to 1018 m

= However
- Missing corner stone: Higgs-Boson

- Many open questions to be
addressed at the Terascale
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Particle Physics at the Energy Frontier

stars baryon neutrinos
dark matter

dark energy

= Standard Model valid only for
about 5% of the universe

Experimental and theoretical evidence
for new physics at scale of 1 TeV

— LHC

= Mystery of Dark Matter
= What is the universe made of?
= Particles produced copiously at the big bang?

= Supersymmetry provides a candidate for Dark Matter to
be discovered at the LHC
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Origin of Mass and Supersymmetry

Higgs Particle ‘T

144 G

= What is the origin of mass?

= Do fundamental particles acquire their
mass through the Higgs mechanism?

Ay®
[
1

= |s space filled with an omnipresent energy field? 2_'

If so it can be studied at the Terascale :

| Excludea™\- F"rel'|'1ir1='1r;.r-

If not new phenomena must appear 0 300

Supersymmetry

= Symmetry between forces and matter?
» Mirror world of new supersymmetric particles?
= New shadow world like antimatter?

= Supersymmetry as key to resolve clash between
Einstein‘s general relativity and quantum
mechanics, i.e. the worlds of large and small

scales? ¥ Supersymmetric

= Experiments at the LHC will provide answers e ‘shadow " particles



Extra Dimensions and Grand Unification

Extra Space Dimensions:

= Mystery of vastly different scales of
electroweak force (0.1 TeV) and gravity
(1076 TeV)

= Gravity scale lowered through extra
spatial dimensions to 1 TeV? Curled up
on small distances?

Particles living in extra dimensions
could be detected at the LHC

Grand Unification:

= Why are there three different
fundamental interactions?

= Only one truly fundamental interaction
of universal strength?

Insight to be gained at the LHC
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LHC: The Start of the Experimental Programme

= 23 November 2009:
First Collisions at 900 GeV

= Followed by collisions at 7 B i W CMS multi-

g

2.36 TeV (world record) e, jet event

Candidate
Collision Event
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LHC Operation in 2010

10° ;__ ATLAS Online Luminosity per Week
£ [ LHC Delivered NG =7 TeV

= About 200 days of very successful

..._I! LLLIL

10* £ [_] ATLAS Recorded

3
=
2
machine commissioning and pp- £ 10 Al
running E
5 10'F E
- Steady increase of luminosity € i
= E 3
- Bunch trains with 150 ns bunch £ 10°E
spacing we AU [, ]
g 01/03 03/05 05/07 06/09 08/11
- Up to 348 colling bunches Date in 2010
H 2010M11/05 08.34
- Nominal bunch charge LHC 2010 RUN (3.5 TeV/beam)
» Peak luminosity of 2x 1032/cm?/s 2 s |
: < EN_2><1032 cm2 s
aChleved Tg 200 PRELIMINARY (+10% scale) i
c 175
: E -©- ATLAS )
- exceeding goal for 2010 by factor 2 2 10 o &
1= S B @ 125/ .- LHCb ooV
= 50 pb_ integrated luminosity per 100 o 2010 Goal
experiment 75 ;
50
25
0

100 150 200 250 300
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LHC Stored Energy

= LHC pushes the limits of particle accelerators

m =reached - m =goals
B | 1 L L] | L Ill | ] | 1 | L Ill ] I || L} LI I_I
I LHC ]
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= All experiments are extremely

well prepared

o
v
- A\

DAQ effciencies >> 90%

Already well alignhmed &
calibrated

Performance often already
close to design
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The LHC Computing Grid

= Computing Grid jobs (example from ATLAS)

World wide - anmaly_running - year

F's
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= Working very reliably
= Pre-requisite for LHC data analysis

= Important role of GridKa
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Flrst LHC Results

* The re-discovery of the Standard Model '; |

pw ¢ JAp
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LHCb Excluswe B Decays
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QCD and Jets

Al
= Inclusive jet rates > 10; ATLAS Preliminary o O [Laesaape’
O 10°E™ \s=7TeV
= Combination of various o | — PYmHA
triggers O = MC (Pythia LO + Parton Shower, normalised to data) 3
_E 1 0‘4 Et Statistical errors only =
= Good understanding c sl ]
over 9 orders of = 107¢ E
magnitude in rate 10°K E
-7 Cl ]
= Highest p; jet observed: 10 E e 3
1.3 TeV 107 Pies
107 E
107k 7
10—11 n 1 | I 1 I | | | | I. | | | 1 | | .
500 1000 1500
P, [GeV]
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Hiaghest iet p; jetl=1.3 TeV
g pTJ p; jet2=1.2 TeV

A EXPERIMENT

Aun Mumber: 167576, Event Number: 89725215

Date: 2010-10-24 15:42:22 CEST




Dl-jet Ev,,ents

LI L |' LI [ | I I ] I | I I I | | LI L L I T 1]

ATLAS Preliminary
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Highest mass di-jet  p, jet1=670 Gev
pr jet2=610 GeV

DATLAS
.EXPERIMENT

Rum Number: 166466, Event Number: 78756195

Date: 2010-10-08 08:05.57 CEST




Soft QCD

= Long range two-particle correlations in pp collisions at 7 TeV

(a) CMS MinBias, pT>0.1GeWc (b) CMS MinBias, 1.0GeWc:<pT<3.OGeWc
= Two-particle correlation

function R

ot Rttty
“‘“\“‘\\\“

= Same side correlation
(ridge structure)
observed for high
multiplicity events at
AD=0

= Most evident in
intermediate p; range

it

R(An,A9)

= Resembles features
seen in Heavy lon
collisions
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pp — WW bb + X

> ITV gV

»arimant at LHC, CERN
orded: Sun Jul 18 11
nt: 140379 / 1
tion; 160
i\ .
Er =57 GeV/c, p=2.2

b-tagged jet ;

pr=45GeV/c,n=-1.2, p = 0.9

b-tagged jet
pr=56 GeV/c, n=0.7, p = 0.0
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Top Quark Physics

= ATLAS: Lepton + jets channel

= Lepton + jéts:

L [

Gl . —
Em = ATLAS pretag e/ | +jets -
W Preliminary ® data -

. _ .

10°c [ L=29pb" et :
- B single top -
10° - Z+jets
s . W + jets :
f/ A - QCD :
10°E @7 [juncertainty -
102 i

10

3

>4

Number of jets
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Top-pair Cross Section at 7 TeV

= Based on = 3 pb-!

= Good aggrement with expectation
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Electroweak PhyS|cs
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-2 GeV

p,(p) = 18 GeV
pYs(th) = 26 GeV
Myis (1, Th) = 47 GeV
m, (u,ET™") = 8 GeV
ET** =7 GeV

A

|

EXPERIMENT

Run Number: 160613, Event Number: 9209492
Date: 2010-08-03 02:12:37 CEST
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— 3=prong hadronic . o \
tau decay ﬂ



‘W-tv and Z 11 observation

= ATLAS observation of W — tv )

based on 550 nb-1
(1% of total statistics)

= 78 events with hadronic
Tt decay candidates

= 23 background events

Integrated Luminosity 546 nb™ ATLAS Preliminary -
s Data2010(Js=7TeV)

D QCD background

EW background

wose 7

Number of Events / 10 GeV
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Invariant Masses

fo + j11: 92.15 GeV (total(2) pr 26.5 GeV, ¢ -3.03),
fla + jz: 92.24 GeV (total(Z) pr 29.4 GeV, ¢ +.06),
to + pt2: 70.12 GeV (total pr 27 GeV),
s + p11: 83.1 GeV (total pr 26.1 GeV). Ng

Invariant Mass of 4u: 201 GeV e
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Candidate for ZZ—>puuvv

= m, 94 GeV, E;Mss =161 GeV

Candidate Event with a Z—pp and missing E.

Run 167776, Event 129360643
Time 2010-10-28 10:41:18 CET




Searches for New PhyS|cs

- Search for pair produced Lepto-Quarks decaylng [3 % in |,l+jet

R= IR B LA R BLRLEL AL BLELEL AL BLELELEL N BLELEL A REN = + jet
S 10°k —e— Data, 15.1 pb" F|naI dlscrl varlable Z pt Z P
Eg g CMS 2010 S4455 Ziy + jets
o - Sy 5 N 1.2 ety
/| Other backgrounds e TTTE— ™ : "‘ T
m? e Lq '-ri '1-10 ch S e vt s e W A U e et
: E T |' I I B '|' | i '| UL '| LU 1 LI |§
E - LQ-pq .
u -_ : D@ exclusion (1 fb™, B=1) _:
B E | B B3 Gy, With theory uncertainty, =1 3
25 - --¥-. Expected 85% C.L. upper limit 1

| —— Observed 95% C.L. upper limit

m, o>330 GeV
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LI | ||r||||

UL IIIF11|
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Quark contact interactions with

050 <m(g") <1.53 TeV @ 95% CL i
scale A<3.4TeV @ 95% CL

g 0.22 — —
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CMS L|m|ts ol

l_;_topped Glumos

s

Search for deca}fs of stopped Iong Iweﬂ R-hadrons (glum-:::- meson, glu.lnc}- |
baryon, gluino-gluon bound states) during time intervals without LHC crossing.

'JLm:1nph“
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85% C.L. Limits:
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Heavy lon Collisions

- [
M5, =g

=

= 4 weeks of Pb-Pb running in
Nov/Dec 2010

= Up to 10 000 tracks per
events observed

_Heavy lon Collision Event

e —

- -'.Lﬂt__r L - ,- e ___I- — ﬂ
e %“‘ \
CATLAS
Run 168665, Event 83797 {0

rine 2010-11.08 12:37:35 cer L EXPERIMENT

ALTCE Nov 7, ~1:30
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Luminosity in Heavy lon Run

ol PRELIMINARY (+10% scale) _

= Steady progress 2
== :
= = 8 pb! per experiment 8 sl O~ ATLAS 5{%3
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g -[5]- ALICE ,Enj‘
2 5 f}
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5 4
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0 i
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day of year 2010
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Detector Performance ln Pb Pb COIIISIOhS_:

" Partlcle ID by ALICE

10

- Asingle Pb-Pb

collision!
~ Event-by-event

: ALICE
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resolution seems
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tat LHC. CERN
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Jet Quenchmg

= Jets are expected to loose momentum
traversmg dense colore medium

i X Ay o - e =
T — " el i _.._‘_‘\- Sl P M) iy UL —
e s T it A s YA . a0 C it S e R

5 p>26GeV e
and > 0.7 GeV (ECAL)
and > 1.0 GeV (HCAL) Er = 100 GeV

£ (G ATLAS

169045 j\\
: E'-'EI"IT 1914004 \ i
Ca IﬂrlmEter Crate: 20M0-11-12 \“Q‘H _
Towers Time: O4:11:44 CET | '\

w] P [GeV]

2 —

. Many events W|th asymmetrlc dl-jets observed
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- = ALICE:
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p
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1 I LI

@ AA(0-5 %) ALICE A ppNSD ALICE | fe . Busmaii]
B AA(D-5 %) NASD O pp NSD CMS I oy e S (-7 e e
A4 AA(0-5%) BRAHMS -+ pp NSD CDF ® HIJING 2.0 [5]
I * AA(0-5%) PHENIX ¢ pp NSD UA5 o S8 ® DPMJET il (6]
8 1 AADS%) STAR Wt B e i I s s M abscote 1
B ¥ AA(0-6 %) PHOBOS = pp NSD STAR

N

. Levin et al. [8]
el Kharzeev et al. [9]

P Kharzeev et al. [9]

——— Kharzeev et al. [10]
— Armesto el al. [11]

. Eskola et al. [12]
.Bmkatal[w]
— Sarkisyan et al. [14]
———— Humanic [15]

(dN,,/dn)/(0.5¢

= Increase by factor 1.9 wrt pp collisions at same energy
= Increase by factor 2.2 wrt RHIC Au-Au at 200 GeV

\ | \ ) i \ .'l‘:1
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Outlook for 2011

LHC will resume in February after the technical stop

200 days pp physics plus 4 weeks heavy ion scheduled

Goal:
1 fb-! per experiment at 7 TeV

Based on very positive experience in 2010 goals might be revised
- increase cms energy to 8 TeV

- peak lumi = 6x1032/cm?/s resulting in integrated lumi of = 2 fb-1
- LHC running in 2012?

more news early February

Opens bright perspective for the Higgs particle hunt in 2011/12
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~The Hunt for the SM

- ATLAS simulationat7 TeV

5fb
B TeVatron
CJLEP

95% CL Limit on o/cg,,

- : H 3 3 s

ATLAS Preliminary (Simulation)
1, sl vaa breealsaaasbavaal

I III1

el 10100 110 120 130 140 150 160 170 180 190 200
. mGeV]

2= 5.fb! ehough to close gap with LEP L

T

= Expected 3c observation from 123 to 550 GeV —

Wl t
t' _:_':“. iy .-_.,-‘I.: a \-‘-—“ L._" ._—\"_.l ) A 1N \.'ll-'- . Lo ,
S ey el X S P N i
£

. R T L W o S BN
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The Hunt for the SM nggs

. CMS simulations at 7 TeV and 8 TeV

| '_'...,'E_;;____.'i‘fb‘f

g, 3

With 5 fb'L can exclude or

S - T e 210 ) _
2;3_1 @7 s @8 have 3 ¢ evidence from

1o TEV 10 fb" Te_V 114 to 600 GeV
10 [ 3 3 . _1fb-1@-;'[gyr 12 [ CMS Preli . 0 t2ﬂ1lﬂ — 1 b @ T TeV ]
- CMS Preliminary: Oct 2010 :i:: @;:e: . reliminary: Uc :2::::%;?: ]
; , —mm@@?;w 10 | TEW —ml'h;‘@ﬂ?e\r' 1
Projected 95% CL Limit on o/ogy, 77 3 #1235 7ey : A -4 L
..... 5“,.1@5131,; 8 i e 57 @ B TeV ]
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Search for Supersymmetry

Ws=7 TeV

Hadronic search, 95% C.L. curves

tanfi=10, Au=(l. u=0

"B CDF 2,4, 2fb", tanp=5, p<o0 |

| DO g,4q,
| LEP2 ¥
LEPZ |

2.1 16", tanB=3, p<o

M (TeV) | 1fbl 2 fbl |5 fb?
Js=7 TeV| 0.7 0.8 1
vs=8 TeV| 0.8 0.9 1.1
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Tevatron exclusion
reach: ~ 450 GeV
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Outlook beyond 2011

Long term planning
= 2012:

- shutdown to repair
might be postponed to 2013

= 2013 - 2020:
running at 14 TeV

two years running interleaved with 1 yerar shutdown

push luminosity to 1034/cm?/s

collect = 300 fb-1 per experiment
= 2020+:
- plans to upgrade the luminosity (High-lumi LHC) to = 5x1034/cm?/s

- major upgrades of detector

Joachim Mnich |.LHC - ‘A:New, ErainParticle. Physics [. 50th Arimiversary. KCETA | : o De'__f':embér'llél, 200" T-Page 61



—

5-a¢ discovery luminosity (™) :

Joachim Mnich |.L.HC - ‘ANew EFé'ih'Par_ticle_ Physicsh"|. 56th ArihiVe'rsary' KCETAI S\

L

ey
=

~ Search for the Higgs Boson at the LHC

Combine all search channels and determine expected significance e
as function of the luminosity and Higgs mass:

CMS

ggH, H—WW—lvjj

qgH, H=ZZ=lvy
H—=WW*'WW—lhvw, NLO
HoZZ/ZZ—4 leptons, NLO

8 a4 = B

qgH, H—yr 't
@ H-yyinclusive, NLO
* lIH WH, H-bb

Gnmbmed channels

ﬁgmlsi@iﬂmnm o

100

' ) 500 800
H{GeWc]

- 10 fb! sufﬁc1ent for 5o dlscovery of the nggs

10

10

(&)

v [Ldt=10m™"
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10

ATLAS
(no K-factors)

10
mH [Ge\-’]
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SUSY Search_,at LHC

Example° discovery reach as function of luminosity N
and model parameters which fix the mass scale of SUSY parameters
i . 1.t “I ]-:f:[smll: Lnrj:‘;\ it ; ,_“;.:'-_ 2 o “‘\:\\ N _,;': : .
e e ; imi 113 miss
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Summary
= Phantastic start of the LHC physics programme

- very good perfomance of the machine
- and of the detectors

- Successful stress tests of computing, analysis tools etc.

= Excellent prospects

many SM measurements on top quarks, W/Z bosons and others

entering uncharted territory next year

extending mass regions for SUSY and other particles

the hunt for the Higgs will start
= LHC will revolutionize the understanding of our world

Very exciting times are ahead of us!
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