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STRUCTURE O

-TURES

Lecture 1 (TSS)

LHC: Motivation, machine, experiments
Luminosity and its measurement

Basics of pp physics

Soft QCD

Hard QCD: Jets, photons, jet algos

QCD lessons learned

Heavy ions and ALICE

Lecture 3 (GS)

Heavy quarks and resonances
Strangeness, charm, J/Psi,

b physics, rare decays, B mixing, CP
b tagging; Outlook on LHCb

Top: cross section and mass, etc.
Single top, V,,, 4t generation

SM consistency and new physics

Lecture 2 (GS)

Electroweak physics: Z, W, Z/W+jets
Candles for calibration, W mass, PDFs
Diboson physics, TGCs

(SM) Higgs: Motivation / mechanism
Results: LEP, Tevatron, LHC — limits?
BSM appetizer

Lecture 4 (TSS)

SUSY — Motivation and theory
Exp. sighatures

Limits and a little of statistics
Signal interpretation

SUSY and Higgs

Other BSM physics and exotica

Please ask questions immediately!
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WHY THE %

Standard model (SM) of M,
particle physics works T,
Quarks remarkably well ! o},
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B No Higgs: divergence
of SM at 1 TeV?

B SM NOT beautiful!
Free parameters?

B SM: no coupling / mass
unification!

B SM: No dark-matter
candidate!

B Gravity?

B Gauge structure?

B Three generations?

W Hierarchy?

B Baryon asymmetry?

B Connection between
quarks and leptons?
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Also numerous SM physics
guestions unanswered !!!!
(EW, QCD, PDFs, flavour,
heavy ions, CPV ...) |

o

~
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Chris Quigg
Divonne 2009
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WHY THE LHC??7?7??

k\\l%

For 40 years we have
searched and produced
models to be searched for ...

Now we are (almost) there!!!
That’s it!!!
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WHY AN L... Heer

?

[

ollider (in

Europe)

_;*_—f——f—;:i- ’;;; —

E =mc? and AxAp = h/2

Hadron Colliders

Synchrotron radiation losses
- “large” and “hadrons™ !

e*e~ Colliders

Production of heavy particles o2 1 E*
requires high energy! TN W = . =
Small structure requires high (Fermilab) 2% (mocz) R
momentum!

2 100GeV |- (STAC) — (CERN) —

5 TRISTAN

5 (KEK)

3 PETRA __ PEP

ot (DESY) — (SLAC)

g ISR CESR (Cornell)

% 10Gev - CERN VEPP IV (Novosibirsk) —

§ ® /SPEAR II

OO0 SPcAR _ DORIS . VEPPII
() (SLAC) (DESY) (Novosibirsk)
ADONE
(Italy)
o PRIN-STAN VEPP Il ACO .
H a dronS fOI‘ discoveri es (Stanford) = (Novosibirsk) =~ (France)
then leptons for | | 1 | : :
=Lepons = —y e 5600 Bosons discovered in
precision physics!
Year of First Physics Europe !l ,-)
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THE LHC
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ACORDE
EMCal

Tracking
Chambers

Dipole
" Magnet

—

o .~~!.:.., A\ - |_§;!l - _ ’
o / g .[J,_:‘ X e

.-I—-nvestiga.’.tkion of ’heavy lon
physics, search for quark-
gluon plasma
da =iy

"
PHOS
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THE EXPERIMENTS ALICE

ACORDE
EMCal

Alice event: 0, Run:0
Nparticles = 36276 Nhits = 1943104 %

Trackmg
Chambers

ST

Ton

Investlgatlon of heavy lon
physics, search for quark-
gluon plasma




o The LHCb Detector

i - (forward spectrometer)

. R r RICH Detectors Vertex Locator
specific feature of LHCb =~ T VELO

\ Movable device
35 mm from beam out of physics /
7 mm fmm beam in physics
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Calorimeters »i

.......... pp collision Point
<8
— =3
e Investigation of b
— ) flayour. physicg, CP
Vv violation studies!
vsies atLHC Tracktag System ‘ 3
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THE EXPERIMENTS — ATLAS

———

- Length ~40 m
Electromagnetic Calorimeters - Diameter ~“25 m
B Weight ~7000 t
"~ 108 channels (2MB/event)

v \..G'J Tviviu

- ‘Inner Detector’ (tracking)
- Numerous calorimeters
- Large muon system

Solenoid

| ——
A ——F
i1 P4 Wi

‘A_“”‘ ALY L\
—
= K\\

; Lt 2, =y

o\

A

==\

- central: solenoid around ID, /| ——r=—=a g5 ~40 Nations
Toroids in muon system ey Hadronic Calorimeters ~150 Institutes
- End caps: Toroidal fields ~3000 physicists
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TRIGGER & DATA TRACKER

ACQUISITION

Austnia, Finland, France, Greece,
Hungary, Italy, Korea, Poland,
Portugal, Swatzerland, UK, USA

RETURN YOKE

Barrel: Czech Rep., Estonia, Germany, Greece, Russia
Endcap: Japan*, USA, Brazil

Total weight
Overall diameter
Overall length
Magnetic field

Austria, Belgium, Finland, France, Germany,

Italy, Japan®, New Zealand, Switzerland, UK, USA

CRYSTAL ECAL

Belarus, China, Croatia, Cyprus, France, Italy, Japan*,
Portugal, Russia, Serbia, Switzerland, UK, USA

PRESHOWER

Armenia, Belarus, Greece, India
Russia, Tapel, Uzbekistan

SUPERCONDUCTING
MAGNET

All countries in CMS contribute
to Magnet financing in particular:
Fmland, France, ltaly, Japan*®
Korea, Switzerland, USA

FORWARD
CALORIMETER

Hungary, Iran, Russia, Turkey, USA

HCAL
Barrel: Bulgaria, India, Spain®, USA MUON CHAMBERS
12500 T Endcap: Belarus, Bulgaria, Russia, Ukraine Barrel: Austria, Bulgaria, China, Germany,
150 m HO: India Hungary, Italy, Spain,
215 m Endcap: Belarus, Bulgania, China, * Only through
-4 Tesla Korea, Pakistan, Russia, USA industrial contracts
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Muon
Electron
------ Neutral Hadron

Charged Hadron
----- Photon %

® T

) il
(@) 1l

3 T
iy

I

Superconducting

Calorimeter Solenoid

Iron retum yoke interspersed

Transverse slice with Muon chambers
through CMS

https://cms-docdb.cern.ch/cgi-bin/PublicEPPOGDocDB/RetrieveFile?docid=97&version=1&filename=CMS Slice elab.swf

— e —
—— S e ———
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SIZE MATTERS ...
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LUMINOSITY (MEASUREMENT)

/ \ \ You need: Luminosity

You measure: Number of

events in channel | ! You want: Cross section
for process | !

(machine quantity!)

The problem is the absolute luminosity;
relative changes of luminosity can be
monitored by numerous detectors!

Example ATLAS: 6 subsystems with 16
measurements!
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LUMINOSITY (MEASUREMENT)

Ni=0i°°f

Luminosity from: Machine parameters !

Nl- N2- f N1' N2- f * Frequency f and numbers of particles known

L A Aoy (to better than 0.01). Particles outside bunches?
eff Xy * Bottleneck: effective Beam sizes = separation
Interaction (or from the ISR: Van der Meer) scans!
region

Bunchl —"——  Bunch2 s 1
T — s > [ ES' 1oz ossoisol
% > o ems o

Ny / N; : B

— Effective’area A —

relative le luminosity in arbitrary units

Achievable precision few percent
(currently 3.5%).

ol
-50 40 -30 -20 -10 0 -10 -20 -30 -40 -50

H. Burkhardt et al. Sy in pm
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Ni=0i°°f

Luminosity from: candle processes !

* Used frequently at LEP
, N. —-N

and HERA: Measure P = signal BG
theoretically well-known e acc O
process!

* LEP: Bhabha scattering: ete” 2 e*e (0.001)

* HERA: Bethe-Heitler ep—>eyp (1-3%)

* Problem: Acceptance estimates!

L _JcTiow
| ) msTwes
[ NNPDE2.1
[[[) NNPDF2.1 + LHC rwg

0.05

* One option at LHC: yy=2 Il (small rate!)

* Or EWK measurements like W/Z production
(known to NNLO — but PDF uncertainty!)
“Yesterday’s discovery is today’s tool and

tomorrow’s background!”

-0.05—

T emagma)
o
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LUMINOSITY (MEASUREMENT)

Ni=0i°°f

Luminosity from: optical theorem !

2 2

* Connection of elastic rate at zero 1 dNel o, 4;-5aEM
momentum transfer (t=0) to total ¥ di (1 +pP ) 16T
Xsection. t=0

* Challenges: Measuring N, to 0°!
=» Chain of dedicated detectors and components (ALFA, TOTEM etc.)

* Interesting option: connecting elastic rate to electromagnetic (Coulomb) scattering
amplitude (and in good approximation to EM coupling).

* 10% lumi uncertainty seems feasible.
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2.5

L fb~!

2.0 -

1.5+

1.0

0.5

CMS Total Integrated Luminosity 2011 (Mar 14 09:00 - Aug 12 08:43 UTC)

— Delivered 2.36 fb'
- Recorded 2.12 fb™'

0.0
14/03

—?
13/04 1305

.
.

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

.

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

0
....................................................................................
.

| [

90% operation efficiency!
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BASICS OF pp PHYSICS

Proton structure (PDFs)
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Hard partonic interaction! \ /
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Factorisation assumes
the independence of soft
+hard (short+long-range)
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BASICS OF

W PDFs f,, 2 to be derived from data (HERA!) - HERA lecture
Assumption: PDF universality!!!
Vice versa: use well-measured and calculable processes to constrain PDFs
W Coefficients C; to be calculated in pQCD — up to order n!
B Determination of running coupling ag
B Test of factorisation?

And:
B Comparison of SM predictions with data - new effects, new physics, new insights ?7?7?
\ / the independence of soft
+hard (short+long-range)
physics

= ==

. ®6'ij ®fj/p ~ Effdxldxzﬁ/p(xl’Q)° a'ij(xl’XZ’Q). fj/p(xZ’Q)

= Ea; (Q) ) fodxldxzfi/p(xl’Q)' C;(xl’xz’Q)' fj/p (xz’Q)
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HOWEVER ...
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HOWEVER ...

parton shower,
hadronisation, decay
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HOWEVER ...

Initial and final state

radiation (ISR/FSR) parton shower,

hadronisation, decay
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Need sophlstlcated Monte
HOWEVER - Carlo event generators |

See dedicated Té%rel —

Initial and final state
radiation (ISR/FSR)

parton shower,
hadromsatlon decay

Q
QO
QO
QO
I..

Treatment of non-
perturbative effects,
higher orders etc.

Multi-parton interactions,
beam remnants, pile-up
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SOFT QCD: WHAT AND WHY? _

———

_ _ c LHC  s=14TeV L=10*cm™?s™ rate
Cross sections at LHC dominated by QCD basn ‘
events! <o inelastic s
Soft QCD dominates many events! o
e
MHz
kHz
oy o it
gg—Hgy SUSY qg+qg+ag e
tanf3=2, u=m5=mal?.
o~ tanp=2, y=m:=m:
pb i m g q
~ Hgy—ovy h—y L mHz

fb 0
Hgy—2Z -4y

HHzZ

® Zou—3y scalar LQ\ Z,—2l

B R —
jet E; or particle mass (GeV)
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SOFT QCD: WHAT AND WHY?_

rate

Cross sections at LHC dominated by QCD basn
events! GHz
Soft QCD dominates many events! s
MHz
ub
kHz
. TLAS
)%EXPERIMENT SRRRAYS Hz
pb
mHz
fb
HHz
50 5000
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* Number of particles
9 D * p; and eta of particles

— S - - = ——

' » behaviour with energy

* Models for particle production
(pp,ep,ee, different experiments ...)

* Tuning of MC models

=2 “minimum bias physics”!
(“No” trigger / selection bias)

No hard scale 2 no pQCD expansion = no
theory, only models !!

o= Yas(0) D duds,f., C; £y,

lj=q’67’g




SOFT QCD

1/N,y - dN,,, / dn

Difficult to describe!

Excellent playground for
tuning MC models!

Ratio
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1.2~ == Data Uncertainties

IIIIIIIIIIIIIIIIIIIIIIII|IIIIIIIIIIIIIIIIIIIIIII

Ng,>2,p_>100 MeV, In1<2.5
ATLAS\/[s=7 TeV

lllfllllllllllllll

=== Data 2010
— PYTHIA ATLAS AMBT1
==+ PYTHIA ATLAS MC09
— PYTHIA DW

-.- PYTHIA 8

wme PHOJET

N W S %) D ~ [o2]
RERRIRRRRNRARRAN L

IIIIlIlIlIIIIIIlIlIllllIllllllllllllllllllllllg

llllllllllllllll

|||l"1|1|

=== MC /Data
1- -
-_-_-‘ -- ---------- ----- PRI ., —l--"_."l.-- o
0. 8 o TN d—-’:-: P T T e T T LT Pl *-;1-"-!.:-'.»1}

111

252451050 05 1 15 2 25

TSS/GS: LHC — -

P Nyfdndp [ GeV2]
3

Ny, 22, p.>100 MeV, Inl <2.5
ATLAS\/s =7 TeV

== Data 2010
= PYTHIA ATLAS AMBT1
=== PYTHIA ATLAS MC09
= PYTHIA DW

- PYTHIA8

107 11E- e PHOJET =
FE ol e =
F== Data Uncertainties T N _E
=== MC/Data e (i~

5|_==- PYTHIA ATLAS MC09\ *\ )

6+ PHOJET \ Y

Ny >2,p.>100 MeV, Inl <25 3
ATLAS\s =7 TeV ]

== Data 2010
— PYTHIA ATLAS AMBTT\ )

—-PYTHIA DW N
--=- PYTHIA 8 \ Y

AY
L b b by LNy
T T

== Data Uncertainties
= MC / Data

il

[,
.‘"_‘J-- e

20 40 60 80 100120140150130200
Ny,




SOFT QCD

Average number of
charged particles per
unit rapidity at n=0.

Models cannot really
describe evolution with
CMS energy; problems
worse for softer
selections!
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— PYTHIA 6 AMBT1
== PYTHIA 6 MCO09
— PYTHIA 6 DW
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SOFT QCD

_LIII| T T o rree

2

- (2) ® 1 pQCD prediction:
— ‘e, - =
1019 - ¢ ° - d G n(xT ,'\/}) ”l(xT ,'\/E)
—~ F ' 1 E—5=F)lpy™™ = Fl)/s
D a7l | P
o 107 [ =
> B _
O 10 B i - History 1973 @ ISR: Establishing of
-g - . F picture of hard partonic interactions —
— o -] L, deviation from expected exponential
“a 10 _ L S behaviour!
Q L -
O - —
? 10 - T e
‘$>\ PP — 0.50h"+) + X (ni<1.0) _ o us
S qep ¢ CMsTTev%s pb) _ -
% | ¢ CMS0.9TeV@31ub™ | ]
J[ + CDF196Tev T
10°F & coFt1sTev ‘ B q
3 1
¢ CDF0.63TeV P ] i
10° | e Global power-law fit ? - f ]
—I-IIII 1 IIIIIII | | IlIlIII | - IIlIIIl — { <
i [
10* 10° 10°? 107 : +
Xt S
7 8 9
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Soft QCD: Protons barely grazing each
other. No hard, leading particles.

Hard QCD: Hard partonic interaction
with two leading outgoing particles.
Reconstruct them from “jets”.
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JET ALGORITHMS

|dea: Resum final-state
radiation to identify hard
partonic event

R\

Q0
Q0 Q
c
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JET ALGORITHMS

|dea: Resum final-state
radiation to identify hard
partonic event
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JET ALGORITHMS

|dea: Resum final-state
radiation to identify hard
partonic event
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JET ALGORITHMS

|dea: Resum final-state
radiation to identify hard
partonic event

- Jet final states calculable
in NLO QCD =» stringent
tests of pQCD; tools for
other physics cases.
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JETS: THEORY APPROACHE

. —

2->2 matrix elements Multi-leg matrix elements fully
with parton shower merged with parton showers
(PYTHIA, HERWIG) (ALPGEN/MLM, SHERPA/CKKW)
Y 4 7 2
Fixed-order calculations Recently:
(NLO / NNLO, additional NLO+PS
resummation of logs...) matching

Current work: full
merging at NLO!

DESY Summerstudents 2011 ~ TSS/GS:LHC -~ —




JETS IN THE DETECTO

CMS Experiment at LHC, CERN
Data recorded: Tue May 25 06:24:04 2010CEST
Run/Event: 136100 / 103078800

Lumi section: 348




o r | .
Qc 03k ATLAS ]
o [ R=0.4, J L dt=2.4 pb" ]
0 . 2 5 :_ —e— Data \s=7 TeV)+syst. —:
- EIETE ALPGEN+HERWIG AUET1 7
02k o PYTHIA AMBT b
: — — ALPGEN+PYTHIAMCO9' ]
0.5k -~ SHERPA R
0.1
0.05 - R
} -
= 1.2
) 1'_':2'.-2':1:.2':':'12'.".":?.",' __________________ - e
G T R e———
S 0.8} | | T . 1 S i
3 4 5 6

Inclusive Jet Multiplicity (n)

JETS: RESULTS (few only)

Jet cross section as function of number of
jets. Excellent description by models and
NLO QCD.

Ratio o,/0,,,. Remember cross section is
power series in Og:

n n
O=EO‘S Efi/p®cij®fj/p
n lj=q9‘77g

Additional (hard) particle in final state in-
volves one more strong coupling
—>expect value of ~0.1 for ratio!
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Gﬂ/cn-1
o
T

[ ]
ATLAS

I R=0.4, J L dt=2.4 pb’” ] j
0 . 2 5 :_ —e— Data \s=7 TeV)+syst. —: aS
: e ALPGEN+HERWIG AUET1
02 PYTHIA AMBT1 -
— — ALPGEN+PYTHIA MC09’

~.=- SHERPA

0.15
0.1
0.05¢

©
+= 1.2t j+2
o+ T lemriamartmiarmsiare}
S 0.8t | | | ?‘.-.'-.‘-.'-.':2':.'-.;—.‘:7-;-.'-}:2':,'-}
3 4 5 6
Inclusive Jet Multiplicity (n)
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JETS IN THE DETECTOR _

SUATLAS 2-Jet Collision Event at 7 TeV

V?  EXPERIMENT

2010-03-30, 13:16 CEST 18" 5as)
Run 152166, Event 399473 &%

e LA

-

4 3‘\““‘\:
= ““\\\\

http://atlas.web.cern.ch/Atlas/public/EVTDISPLAY/events.html




CMS preliminary, 34 pb1 \'s =7 TeV

%:1 o'k " Datafor: + |y|<0.5 (x3125)
S0k o 0.5<|y|<1 (x625
S 10° . 1K|y|<1.5 (x125)
. 5 1.5<|y|<2 (x25)
> 10°F . 2<|y|<2.5 (x5)
2_"186 s 2.5<|y|<3
S 10°
% 10*

10°

107 N

10E — NLO®NP theory ™

1 [ Exp. uncertainty
10" Anti-k, R=0.5

||||||| LA el

20 30 100 200 1000
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JETS: RESULTS (two only)

e e ——— —

— 2 ' T ' E
17 ' S I -
2107 cms .« W05 4 @ A 1
t 3 ) 0 05<i¥ <10 - —e— *(1000) \s=7TeV ]
| oo sl H
-8_ : L, = 35 po m 10<)f <15 107 —=— q*(1700) [Ldi=36pb"
— 12| = 0 15<|y <20« 2: *— (7(2500) ]
><10 | Js = 7 TeV v 20< <25 107 2
E m"k-r R - 0.7 N ]
>
3 N
= ATLAS L\_I_ 5
L, EATEAS e I\ 3
o
T R SR A R
_ 1000 2000 3000
. PACO & NLO@NonPert. Com . Reconstructed m, [GeV]
107 PDF4LHC |
’ - - ve 3
He=Hg pf; _ :
Many new physics models with

02 03 1 2 3 particles decaying to two jets
M " (TeV 3 find in invariant-mass spectrum !
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"g 10°E ¢ PI™ > 300 GeV (x10%) CMS
ot E o 200 <p"™* <300 GeV (x10°) &
s s Nk 140<p$a*<2ooaeV(x1oz)
s %10 = o 110 <P < 140 GeV (x10)
> [ o 80<p™ <110 GeV &
Aq)di]et v bE 10°F L=29pb’
- \s=7TeV
: lyl < 1.1 a
10%E
2 e

—
o
T llll”"l
\

1E
:L‘.
107E ——— PYTHIA6 D6T
E e PYTHIAG 22
i - PYTHIA8
10-2 ? ----- HERWIG++
s — — MADGRAPH
[ 1 1 ~ 7] 1 1 I 1 1
/2 2n/3 S5n/6 T
Ap [rad]
dijet
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JETS: RESULTS  § wf s moneo s
_ 7 ———— = - 0 200 <p]™ <300 GeV (x10°)
8| 2 s 140 <p7™ <200 GeV (x10%
_g’ 89 10*E 5 110< P < 140 GeV (x10)
A > F o 80 < pI™ < 110 GeV
q)dljet — g_ i }
- \s=7TeV 2
Aq)dijet 10° 3 ‘ﬁ#;
10 /
i : #0-
1; /
g =
-1 |
107k ——— PYTHIA6 D6T
E' ........ PYTHIAB Z2
. ~=== PYTHIA8
10°F HERWIG++
- — — MADGRAPH
i | 1 I | | I | |
/2 2n/3 5n/6 T
AQ [rad]
dijet
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dcd ijet

LU T

T Il]]ll[

—
o
no
TTTTT

o pI™ > 300 GeV (x10°)

o 200 < pT™ < 300 GeV (x10°)
5 140 <pI™ < 200 GeV (x10%)
o 110< p?ax < 140 GeV (x10)
o 80< p?ax <110 GeV
L=29pb’
\s =7 TeV
lyl < 1.1

v‘l

QCD-1 0-0.'|26

— MADGRAPH

CMS

PYTHIA6 D6T
PYTHIAG Z2
PYTHIA8
HERWIG++

| |

/2

2n/3 S5n/6 T
AQ [rad]

dijet




JETS: WORLD SUMMARY!

data / theory

—
o

10
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inclusive jet production

in hadron-induced processes

(x 4000)

Q

ooaoe ZEUS k; Q

(x 200)
emavOo H1i kT Q
coacs ZEUS k; Q

(x 80)

Vs = 546 GeV

o CDF cone 0.1 <lyl<0.7

Vs = 630 GeV

e DG cone lyl<0.5

Vs =1.8 TeV

o CDF cone 0.1<lyl<0.7
e DO cone 0.0<lyl<0.5

Vs =1.96 TeV

4 CDF k; 0.1<lyl<0.7
o CDF cone 0.1<lyl<0.7
e DJ cone 0.0<lyl<0.4

Vs =200 GeV

e STAR cone 0.2<lyl<0.8

fastNLO

http://projects.hepforge.org/fastnlo

PP
DIS

2: from 150 to 3000 GeV?
2: from 125 to 5000 GeV?

2: from 150 to 5000 GeV?
2: from 125 to 5000 GeV?

pp-bar

Vs =7 TeV

o ATLAS anti-k; R=0.6 lyl <0.3
v ATLAS anti-k; R=0.4 lyl<0.3
e CMS anti-k; R=0.5 lyl<0.5

all pQCD calculations using NLOJET++ with fastNLO:
ay(M;)=0.118 | MSTW2008 PDFs | u = =psq
NLO plus non-perturbative corrections | pp, pp: incl. thresho

(x1)

Id correq

tions (2-loop)

ojuisey/bio abioyday sjoaloid/:diy woly paurelqo aq ued ainbyy SiY} JO UOISIBA S8l By}

10 10°
pr (GeV/c)
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First generation: simple cone-
and clustering-type algos

Often not infrared and
collinear safe. Nevertheless

heavily in use e.g. at Tevatron.
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Second generation: infrared

and collinear safe algos like
kr and (newer) SISCONE,
anti-k; etc.

Now default at the LHC.

U
R

VLY
A aweay

Third generation: Use jet

substructure of more fancy

studies: boosted jets, jet
substructure, trimming,

pruning, etc.

gl k. -

8
an n- -
] -
]

0.5







JETS AND THE UNDERLYING EVENT

UE: Everything except for
the hardest scattering ! /

e

DESY Summerstudents 2011 TSS/GS:LHC ~ - e —— = -




Charged Particle Jet #1
Direction
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NG EVENT

T l T L] T I L] T | I T L] T T ] L] l ' T L ] T 1 T

Transverse region

IITI\

ATLAS
\s=7TeV I

-

<d22pT/dnd¢a> [GeV]
N .h 1] lol>l 1 m N

1.4
1.2}
1
08 [T :
- == —e— Data 2010 ]
0.6 [ 4 —— PYTHIA ATLAS MCO09 -
L [~ e PYTHIA Perugia0 -
0.4 | ---- PYTHIA DW =
v HERWIGHJIMMY m
0.2 -~ PHOJET e
T charged+neutral particles p, >0.5 GeV hi<2.5 n
' R TS S R TR R N T TN S N R N

MC/Data
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HEAVY IONS: TWO EXAMPLES

——
— — e ——

Jet quenching: Damping of
hadronic energy (jet p) by
interaction with extend partonic
medium (“quark gluon plasma”)

—> study properties of plasma

- understand mechanisms behind
plasma

- fundamental insights into
partonic world!
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HEAVY IONS: TWO EXAMPLES

Jet quenching: Damping of
hadronic energy (jet p) by
interaction with extend partonic
medium (“quark gluon plasma”)
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HEAVY IONS: TWO EXAMPLES

—e — e

Jet quenching: Damping of i
— : : Asymmetry A: =
adronic energy (jet py)! E.+E.,
$ . Centrality 0-10% I Centrality 10-20% ¥  Centrality 20-30%
P ATLAS Preliminary 3
T 35 _ E,,> 100 GeV # [JHUING+PYTHIA:
22 ERDPD \[Sy, =2.76 Te\ 7 ey i
% 05 n=7nb R=04 + O p+p Data
- 2
15 e
1 <

Centrality 30-40% %  Centrality 40-60%
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Jet quenching: Damping of
hadronic energy (jet py)
=» change of jet p; spectrum at low p+!

1.8

1l

£ 1.2

3

3
i 0.8

5 .06
< -
T 0.4

0.2

0.0
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1.6

6‘14_

- 1.0

! T T T T T T
*R"=20 Pb+Pb@5500 GeV ]
OR™=1.0 b=3fm 1
OR™=0.7 -
OR™=0.4 .
A Rmax _ 0 2 —

e:.:Jc:.cc = 3C-0-3CC0-0C O:::
Sr=aoc_s3

00’(000)(00’0000)(00 P

AT AWL VA AY - AAA‘_‘AAAKA‘_‘_AA.\
ALY
AN

e
AL\ALY
ANBDALS =

1 l 1 l 1
50 100 150 200
E. (GeV)

d3AWA_A
1 E dp3
. P
Raa = T
Neol Ed N
dp3

But: No heavy-ion
data from LHC on
Rax available !!!




Jet quenching: Damping of
hadronic energy (jet p;)!

Strongest effects expected
for central collisions (0%
centrality) — highest density
of particles!

=» Strong indications for
QGP-like effects!
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o
$)
o

- ATLAS Preliminary 3
15 o O50<E < 75GeV .
e —
- —— i
05— =
- Pb+Pb\jq ~276TeV
15 o TS<E<I0GV | g E
s R=02 .
A it .
n —— x
0.5_—0— ]
isf. o 100<E <125GeV _:
iy u-— =
- L
0.5£—0—_’_ =
0 10 20 30 40 50 60

Centrality [%)]



Medium versus nuclear
effects: suppression of
heavy quarkonia

* heavy c and b states are
expected to “melt”

« fraction of heavy states
(loosely bound) to light
states should be sup-
pressed in HI reactions!

= Examine double ratio

Y(2S + 33)/Y(15)|pbpb
Y(2S + 35)/Y(15)|pp
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Events /( 0.14 GeV/c? )

Events/( 0.14 GeV/c?)

s 8

CMS, pp,\'s = 2.76 TeV
p; >4 GeV/c, Il <2.4
P} <20 GeV/c
Lye = 225 nb™

L1 l 1 1 1 1 l 11 1 'I;‘l 1 L1 l 1 1 1
10 1 12 13 14
up invariant mase [GeV/c?]

60:_ b) CMS, PDPb,\}Sm=2.76 TeV
soF- Pl >4 GeV/c, il < 2.4

= pY <20 GeV/c
a0 .

. Ly = 7.28 ub™
30:_ W
20— ;
° b T

T R I R A B B A | TN T U I U T N T A T A NN O

Q’ 8 9 10 1 12 13 14
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FUTURE OF LHC (S.

New rough draft 10 year plan Not yet approved!

[ 2010 | 2011 | 2012 | 2013 | 2014 | 2015 [ 2016

M) ASOND ) FMAMI) JASONDIJFMAMII ) ASOND)FMAMI) JASONDIFMAMII ) ASOND ) FMAMI) JASONDIFMAMI) ) ASOND

LHC

Collimation in IR3
ALICE - detector completion

1\ Machine: Splice Contolidation &

ATLAS - Consoldation and new forward
beam pipes

X-Masmaintenance

CMS - FWD muons upgrade +
Consolidation & Infrastrastructure

LHCb - consoldations I
?Cryo-collimation point I

injectors (RN [ iniisie | e T e | | i |

SPS upgrade I ? $PS - LINACA connection & ? PSB energy uparade I

I 2016 | 2017 [ 2018 | 2019 [ 2020 | 2021 | _

JFMAMI JASONDI FrMAMI JASIONDIIrMAMI JASONDIIFrMAMI JASSONDIIMAMI JASONDITIrMAMI JASOND

LHC or 2 152 =[] ol Ls3

b Machine: Colkmation & prepare for

g forab cavities & RF cryo system @ 8 Installation of

g fA‘l'm."r news pixel det'ect. - detect, g g the HL-LHC

£ or ultimate luminasity. € £ hard

2 = — ware.

i ALICE - Inner vertex system £ g

9 3 Installation of

CMS - New Poel, New HCAL $ = LHeC
Photodetectors, Completion of = -
FWD muons upgrade Preparaﬂon for
LHCb - full trigger upgrade, new HE-LHC
vertex detector etc.

Injectors  [BRRRRRININI] | (RSN [ | [ | (el fsisisiemeini| G |
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FUTURE: LHeC?

LHeC options: RR and IL.R LH.0

CMS RR LHeC:
new ring in
LHC tunnel,
th bypasses
arQund

neutrinos

CNGS

Gran Sasso
RR LHeC
irculat BOOSTER e-/le+ injector
‘ . -\
Iri?::(r’c"l‘j’i?h \ ISOLDE ::g G?V’ N
min. filling time
energy Eots A
recovery, |
orstraight o N O mmm )
linac LINAC 2

neutrons

LINAC 3
lons
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SUMMARY

Motivation for the LHC

Short overview of machine and detector
Basics of pp physics

Lumonisity

Soft QCD

Hard QCD and jets

Heavy-ion collisions
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