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What is new at LHC?
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B | HC energies are far exceeding previous heavy-ion accelerators
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Production rates at LHC

- Large rates of various hard probes over a larger kinematic range
- Plenty of heavy quarks (b & ¢)
- Weakly interacting probes are available (W* & Z9)
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CERN Accelerator Complex
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Lead Beams in LHC

« LHC is accelerating ions of 2%8Pb, fully ionized, charge +82

* Energy of 2.76 TeV/nucleon pair (82/208 0.4 times proton energy)

« “Only” 7 107 ions per bunch, much less than typical proton bunch of
10" Electrostatics!

 In 2010 LHC collided up to ~140 bunches per beam, about 1/40 of

nominal luminosity, ~200 Hz of inelastic collisions
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* The switch from pp to PbPb went really fast...
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The experiments: complementary and redundant

State of the art!

ALICE: Dedicated HI experiment with
large suite of detectors optimized for high efficiency
tracking and particle identification across large range

of momenta from below ~100 MeV/c to above 100
GeV/c

ATLAS: Large acceptance, calorimetric system
particularly well suited for detailed jet studies. A multi-

purpose detector, designed to study relatively high p+
particles with p>~0.5 GeV/c

CMS: Particularly large calorimetric detector
coverage, including very forward, and good
momentum resolution due to high B field. A multi-

purpose detector, designed to study relatively high p+
particles with p>~0.5 GeV/c.
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Differencent acceptance, p;range, particle ID

Different B field: 0.5T, 2T, 4T
Different emphasis on hermeticity
Different emphasis on particle 1D
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Data taking Worked flawlessly

' | [y S8
CMS Expenmeq‘t %e\ﬂ-{ﬂ CERN), %
Oata recardad: 2040 3744 4 232"1(3”"??.1 7 44 O aT) %
Fun / Event 1..110"6‘;%;3& ~h.\\ ;

LHC First sics
CMS control

Pb+Pb @ sqrt(s) = 2.76 ATeV

2010-11-08 11:30:46
Fill : 1482

Event | 0x00000000D3BBEGS3 I:j e Run 168665, Event 83797
Time 2010-11-08 11:37:15 CET




Centrality: overlap of colliding ions

« All experiments use forward detectors: Participants/multiplicity
« Additional information from Zero Degree Calorimeters: Spectators
- Essential for HI physics! S ey S
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Charged particle multiplicity
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Particle production in Pb-Pb: azimuthal anisotropy

Initial spatial anisotropy Final momentum anisotropy
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Radial expansion (radial flow)

« By comparing momenta of particles with different masses one
can estimate speed of expansion of the fireball: up to = 0.66

 Particle ID is essential here..
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Higher harmonics: fluctuations of initial state

I T T T | T T T | T T T | T T T I
- ATLAS Preliminary I Lot=8 ub ]
_0000".'.."0‘ T
107 SRS as
- SQDDD DDD‘%:
[ g 0%0900,4, @]
e | o ]
[ full FCal EP $TETE ]
20 —Q—Vz _
10 - —o— V3 ]
L 5V 3.0<p_<4.0 GeV
- _e_vs T -
—l _%_\1’6 | | l—
20 40 60 80 100

1-Centrality [%)]

Bolek Wyslouch (LLR/MIT)

ATLAS Preliminary

I Ldt =8 ub”

2< p:,p$ <3 GeV

C(A9)

T T T T T T
L ATLAS Preliminary |
1.02

i 2<]An|<5 7]
i 2<p?, p2<3GeV 1
101 .

0 2 4

4 -4 Ad
0_1 2 _I | | L | T 17T | L | L | LI | L | LI ]
[ 03<p <30GeVic e Vo{4} mv,{3} Av,{LYZ}
0.1 | <0.8 o V,{2} @V, {58} wv {LYZ} -
- 80 e PbPb\S, =2.76 TeV
0.08— + - - CMS Preliminary ]
c B ] ]
> 0.06__ . ]
0.04- guee o -
L L ® 9 o ® ° _
_ ° -
SN T T I -
- ﬁ ]

¥ ]
_I 1 1 | | | I*I | | I¥I | I¥| | * [ i‘l 1 1 ¥ | 1 1 #I | | I? | | 1 | ._I__

00 50 100 150 200 250 300 350 400
Npart
DESY Seminar, June 7-8, 2011 16



Jet “quenching” in heavy ion collisions

Parton probes the QCD medium:
. et Quenching”

"y

« Single particle spectra
— Compare to pp: R N4 | jet
- Study different particles

— Colorless: Photon, Z, W colorless

— Colored: Charged particles, 10, b- i A -
quarks L —— @ b
* ldentify full jets

— Jet energy spectra
— Dijet energy asymmetry
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Jet quenching via hadron suppression

#(particles observed in AA collision per N-N (binary) collision)
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Raa for multiple particle types

5 | CMS Preliminary 0-10%
| PbPbyfs,, = 2.76 TeV, j Ldt=7pb"
— Gauga bosons
1 5 - —a— |Isolated photon |n|<1 44

Y + ..........................
Ulsé, | 8 $ ¢ + 0 % % T
= )f s Charged particles |n|<1.0
SRR
0 20 40 60 80 100
m; (p) (GeV)

* Colorless particles are not quenched
« Colored particles are strongly quenched
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Parton energy loss

« Key ingredients of parton energy loss calculations:

Parton propagation in the nuclear medium Parton Showering
Radiative- Collisional-energy loss (Fragmentation)

/ (a) Fragmentation in vacuum i) Medium—modified
fragmentation /

s ,,,
| foe —
| ' =
I Projectile gluon =
| _ )

|

: N

(medium)

« Components sensitive to
— medium properties

— where and when the process happens ::. 4
» Reconstructed dijets &3

— full final state of hard scatterings » °

— study the individual components contributing g

to the parton energy loss
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Jet spectra in PbPb and pp reference
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Jet angular correlation
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The propagation of high p; partons in a dense nuclear medium does not lead
to a visible angular decorrelation
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Dijet energy imbalance: ATLAS
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Dijet energy imbalance: CMS
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Parton energy loss is observed as a pronounced energy imbalance in central PbPb
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MiSSing pT”: E pTrack COS (PTrack (PLeading ]et)
S - Tracks
Calculate projection L
of pr on leading jet

axis and average
over selected tracks
with

pr > 0.5 GeV/c and
In| < 2.4

Leading Jet defines direction
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|\/||SS|ng pT”: ,llL — E _p¥rack COS (PTrack — PLeading ]et)

Tracks
Calculate projection ﬁ*ﬁ}
of pron leading jet iy,
axis and average § %
over selected tracks 3 13
with %@ €
pr > 0.5 GeV/c and
In| <2.4

Sum all tracks in the event
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|\/||SS|ng pT”: ,llL — E _p¥rack COS (PTrack — PLeading ]et)
Tracks

0-30% Central PbPb
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7 A, "\
balanced jets unbalanced jets
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|\/||SS|ng pT”: ,llL — E _p¥rack COS (PTrack — PLeading ]et)

Tracks
0-30% Central PbPb
L L I | L L I 1T 11 I | L I LI L
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balanced jets unbalanced jets

Momentum balance is restored by integrating over event final state
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|\/||SS|ng pT”: ,llL — E _p¥rack COS (PTrack — PLeading ]et)
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in-cone
out-of-cone
0-30% Central PbPb
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The momentum difference in the dijet is
balanced by low p; particles at large angles to the jet axis
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Jet rates: fewer in central collisions

n:% - " ATLAS Preliminary 3 n:% - " ATLAS Preliminary 1
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Fragmentation function

« Studies by ATLAS and CMS indicate that jets “look™ like
normal pp jets but with different energy: partons lose energy in

the medium but the jets fragment In vacuum
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&=In(p7/ps**) & =In(p"/p;™)

Longitudinal and transverse momentum distributions
inside jet cone
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Jet “quenching” in HI: what have we learned so far?

« Effects are huge: tens of GeV are lost by partons as they traverse hot
medium (ATLAS, CMS)

« Particle spectra are consistent with RHIC observations (ALICE)

» The deposited energy leads to the production of many low p+ particles,
distributed in wide range of angles, away from the jet axis (CMS)

* The jets seem to fragment like jets produced in the vacuum (CMS)

* Most of theoretical work done to interpret RHIC results needs to be
reworked: we expected modifications to fragmentation functions

 We can do these measurements because jet energies are higher but also
because we have large acceptance, hermetic detectors

@V
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Compact Muon Solenoid: p*u invariant mass

CMS Ilf‘relliminary
Jhy PbPb \fs_ = 2.76 TeV
NN T <
r(1.2,35) L. =7.28ub’
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—
-
ha
[ IIIIIII| I I% [ IIIIIII|
I IIIIIII|

E‘N

o (N T

10 10°
m,, (GeV/c?)

CMS /1
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Quarkonia in heavy ion collisions

* (Good candidates to probe the QGP in HIC
— Large masses and (dominantly) produced at the early stage

of the collision via hard-scattering of gluons

— Strongly bound resonances

State J/4 (1S) | xc P) [ &7 (25)
m (GeV/c?) 3.10 3.53 3.68
ro (fm) 0.50 0.72 0.90
State T(1S) | xp (AP) | T (2S) | x, (2P) | T (35)
m (GeV/c?) 0.46 9.99 10.02 10.26 10.36
ro (fm) 0.28 0.44 0.56 0.68 0.78
— 7

decreasing binding energy

The start : quarkonia should melt in the QGP

T. Matsui & H. Satz PLB178, 416 (1986)

25 Bolek Wyslouch (LLR/MIT)

Color Screening
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Complex production of quarkonia in hadron collisions

* Production mechanism not completely understood

< 100 = y(2S)production T T [0 s 1 7 T T i b _
[ 10 ¢ at sqrt(s)=1.96 TeV_ NLO ; T Direct y(25) CDF data at s"?-1.96 TeV =——— 1
Q i NNLO* m—— 0 5 LT T o T —— ]
9 1k CDF data ——— 3 . i+ NLO® . — ]
- 01 f ' scale and mass uncertainties | [ NNLO™ w—
el combined in quadrature ’ 0 - + <
% 0.01 ¢ : |
S 0001 [ 5t . { . ;
Vv i ———— ; 1
= 0.0001 E W [ ]
- ‘1 I ] ] ] L 1 ] ] 1 .
-% 1e-05 _ for NNLOf curves:

8 1e06 | ml<s™<am, 5 10 15 20 25 30 35 40 45

o 5 10 15 20 25 30 J.PLlansberg Pt (GeV)

The NNLO* is not a complete NNLO — possibility of (large) uncanceled logs !
If NNLO* = NLO, problem with polarization

« Many effects altering production in nuclear reactions

— In pA, cold nuclear matter (CNM) effects
« Extensively studied at the SPS and RHIC
« But different at the LHC ?

— In AA, hot medium effects
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J/y suppression puzzles

* No increase of the suppression with local density
Ran (Iy1<0.35) > Raa (1.2<]y|<2.2)

« Similar suppression at SPS and RHIC energies
RAA (RHlC, |Y|<035) ~ RAA (SPS) é NAS50, Scomparin’s talk at QM06, 0<y<1

~ O NA38, Scomparin's talk at QM06
m1 2 o NAB0, Scomparin's talk at QM06
- = PHENIX, nucl-ex/0611020, Au+Au ly|e[1.2,2.2)
. . . - ® PHENIX, nucl-ex/0611020, Au+Au |y|<0.35
* Possible ingredients .
—Suppression (gluon diss.) - %
—Sequential melting 0.81 Jhy
—Gluon saturation / shadowing 0.6l @ %ﬂ E
—Regeneration = - @F
—Some combination of all 0.4 5 m E m
0.2 ; !
-ll]lllllllllllllllIlllllllllllll]llllll

50 100 150 200 250 300 350 40
No
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Jhyand Y at LHC

« J/y observed by all experiments: compare suppression with lower
energies
— ALICE: low p-, forward
— CMS/ATLAS: high p; central

* Y reported by CMS, look for all three bound states

— I I I I I I I I I I I I I I I I (:\ T T | LI | T 1T | T 1T | L [ T 1T | T 1T
= B ' ! ! i L [+ daa CMS Preliminary ]
B e PRePhyE = 278TeV ATLAS A 2 0T g PbPb \/sy = 2.76 TeV]
m EH_ _ @) L \/ NN |
0 L . 0-10% ] s 0-100%, 0.0 < |y| < 2.4
o B i ] S 50:_ p. >4 GeV/c 0<p_<20GeVic B
= 60 —--- Background — P 40: L =7.28ub"
= c — —
2 - J/ |V L% - Y 6 = 92 MeV/c? (fixed to MC) T
l:% 40— \ 30[ -
o tand k I T
: I i
10
EE_ I R R T RN TR TR SR B | [ B R B | L1 1 1 ] w—l—ﬁ_‘_’_u—‘/v + * * T *WJ?:E
E'E 3 _ ~ 3'5 4 07_I 1 1 1 I 11 11 | | T I 1111 | | I I 1 | 111 I_
“‘" w mnvariant mass [EIE'II.Ir] 8 9 10 11 12 13 14

my, (GeV/c?)
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Suppression of J/vy

« ATLAS and CMS: comparable to RHIC but at high p-
 ALICE: smaller suppression
* p; and coverage differences...

< _I I TT T T | T T | T T | T T | T T | T T I TT I_I
o 141+ CMS Preliminary T2
im[ PbPb \/s\\=2.76 TeV o inclusive J/y in Pb-Pb \[sy, = 2.76 TeV, 2.5<y<4, p >0
1.2 - 1
I m  Prompt J/y :
1l [ 0.8
AuAu \[s,, =200 GeV : -
0.8 0 PHENIX: |y|<0.35 - 0.6 @ n
o PHENIX: 1.2<|y|<2.2  _ [ 't+ + ‘H‘
06 H (both arXiv:1103.6269) ~ 0.4/~
0.4 ﬂ + [EH 82 @
. o + ﬁ ﬁ - - ALICE preliminary
] 0 :
B @ L h 40-80% 20-40%  10-20% 0-10%
0.2—-00<]y|<24 @ g % ) centrality
- 6.9< P, < 30.0 GeVic "ALI-PREL-3779
_I 1 11 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1 11 I-l
00 50 100 150 200 250 300 350 400
N

part
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Suppression of excited Y states

c:l'-"" :l T T T | T T 17T | |||||||||||| | |||||||| : 5 —
“>O“ O . dats CMS Prellmlnary 1 % F. ldata | CMS Prellmmary | ]
- 1 3 sk ]
§ op— fit pp Vs = 2.76 TeV 103 O — PbPb it PbPb \/s\ = 2.76 TeV T/TC ~ 1/ [fml]
- F 0.0 <yl <24 1 X [ - ppshapef| 0-100% 0.0<|y|<24 ]
2 60p; >4 GeVic [i 0<p, <20 Gefc 7 S P psacevic [| 0<p <20Gevic B 2 | Y(1S)
*3 50:— b = 2251 - 2 f Lipe = 7.28 b’ | |y, (1P
& F . 1 € 4of . - K-b( )
u}J 40:_ pp o = 92 MeV/c” (fixed to MC) E |_?>j B 5 = 92 MeV/c2 (fixed to MC) E 1 2 J/W(IS)
305— E PbPb | Y'(25)
: ; 7.l r39)1,2)
20 B |
10F
- X
L1 1 | L 111 | L 111 | L 111 | L 111 | L 111
B 9 10 11 12 13 14

m,, (GeV/c?)

Y(28 +38)/Y(1S)|,, =0.7831$ £0.02 Y(2S +38)/Y(1S)| pyp, = 0.247713 £0.02
Y (25 +38)/Y(1S)| pyr

=0.317. £0.03
Y(25+39)/Y(1S)|,, |
« Excited states Y(2S,3S) relative to Y(1S) are suppressed

« Probability to obtain measured value, or lower, if the real double ratio is unity, has
been calculated to be less than 1%
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wt

« Z— *[-signal is essentially unaffected by the strongly interacting
medium produced in heavy ion collisions

« Z production is a reference for processes modified by the medium such
as quarkonia production, jets via Z-jet process

« Precise measurement of Z production in heavy ion collisions can help to
constrain nuclear parton distribution functions

2 Bolek Wyslouch (LLR/MIT) DESY Seminar, June 7-8, 2011 47



Our first Z° -»u*u- candidate

CMS. | CMS Experiment at LHC, CERN
—.__~ "\ | Data recorded: Tue Nov 9 23:51:56 2010 CEST
[~ /\| Run/Event: 150590 / 776435

T Lumi section: 183

Muon 0, pt: 29.7 GeV

Muon 1, pt: 33.8 GeV
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/0 >e*e” candidate

CMS CMS Experiment at LHC, CERN

Vam . | Data recorded: Mon Nov 15 08:22:35 2010 CEST
. \| Run/Event: 151088 / 587437

' { Lumi section: 97

~ : .
@V
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 \W bosons are not expected to interact with the hot medium

« \W detection is more difficult than Z
— ATLAS: muon spectra, template
— CMS: muon spectra, M;

E1Dﬁgl_¥| III|IIII|IIII|IIII|IIII|IIII|IIII|IIIIE Nu E
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W & Z yield do not depend on centrality

« Consistent with other colorless probes
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: 17 N I ]
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Prospects for the near future

* Next Hl run at LHC: November 14, 2011
— About 5-8 times higher luminosity of PbPb collisions
— Detailed studies of jets and quarkonia
— Test of pPb acceleration

2012 run:
— More statistics of PbPb OR pPb?
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« During the first LHC Heavy lon run LHC experiments collected ~9ub-
PbPDb collisions at energy 14 times higher than at RHIC

« Hot, dense and fast expanding medium
— Strong elliptic and radial flow
— Transverse energy density approaching 2 TeV per unit rapidity
* Production of colored probes strongly affected by hot medium
* Modified particle spectra, R,
« Measurements include identified particles, b-quarks
 Jet quenching, parton energy distributed over large rapidity

* Colorless probes not affected by medium
— Photons, Z, W

 |nteresting patterns of quarkonium production
— J/y suppressed at high p, enhanced at low p; (compared to RHIC)
— Suppression of excited Y states
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