Hard Probes

with focus on LHC data
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Probe the medium

. Goal:

Understand the property of QGP

« Problem: the lifetime of QGP is so
short (O(fm/c)) such that it is not

feasible to probe it with an

« Solution: Take the advantage of the
large cross-sections of high p- jets,
v/W/Z, quarkonia at the LHC energy,

\ o]
use hard probes produced with the . /

collision.
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Three types of hard probes

W/Z bosons, high p;y

QGP

Probe the initial state

Electroweak probes

Quarks and gluons

Jets

QGP Jet

Probe the opacity of QGP

Quarkonium

J/yp, Y family

QGP

Sensitive to
the temperature of QGP
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Parton Distribution Function (PDF) Cross-section of 2->2 process
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o P [, i) @ S (2, pF) @ 67

Nuclear Parton Distribution Function (nPDF) Cross-section of 2->2 process
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How do we extract the medium effect in PbPb collisions?

One typical way is to compare PbPb data to pp reference measurement

PbPb measurements pp reference

b § oo o

@ Yen-Jie Lee (CERN) Quark Matter 2012 - Hard Probes 8



How do we extract the medium effect in PbPb collisions?

One typical way is to compare PbPb data to pp reference measurement

PbPb measurements pp reference

b § oo 0

o Npart - Number of participating nucleons
v Ncoll - Number of binary scatterings QD
Example: ( D N _ =2 Ny = 1

part —

00-:000 Npart =9 |\Icoll =6
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How do we extract the medium effect in PbPb collisions?

One typical way is to compare PbPb data to pp reference measurement

PbPb measurements pp reference

b § oo 0

‘Nuclear modification factors’
Raa > 1 (enhancement)

inel 42 “QCD Medium”
R = O-PIO d NAA/ded” - Rax = 1 (N0 medium effect)
AA 2
I\Icoll d O oo /ded” "QCD Vacuum” Raa < 1 (Suppression)
N2 Averaged number of binary scattering
Can also be N " . : : :
written as 1T T = Neol NN equivalent integrated luminosity
AA AA i SR
oy per AA collision

Reduces the uncertainty from pp inclusive cross-section
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How do we extract the medium effect in PbPb collisions?

One typical way is to compare PbPb data to pp reference measurement

PbPb measurements pp reference

{ g —%

‘Nuclear modification factors’

Raa > 1 (enhancement)

me| “QCD Medium”
R d NAA/dedﬂ N { A =1 (no medium effect)
. Neoi A7, /dp;dy “QCD Vacuum’

Raa < 1 (Suppression)

N2 Averaged number of binary scattering

Questions: How do we know the Glauber model calculation of N, IS correct?

coll

Is the nuclear PDF modified with respect to nucleon PDF?
® | » Motivates the studies of electroweak probes
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Electroweak probes

* High p; Photons, W and Z bosons:

Colorless - Not affected by the QGP

Good theoretical control

Check the validity of N, calculation (ex. from Glauber Model) nuc-exoro102511
Constraint the nuclear parton distribution function (nPDF)
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NLO

Bremsstrahlung \l

L e
P

LO

Compton

Annihilation

« |deally: LO photons from hard scattering

* Real world:
huge background from the decay and fragmentation photons

* Need a consistent definition between measurements and
theoretical calculations
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Isolated high p- photons

 Solution: measurement of the isolated photons
« Decay photons from hadrons in jets such as 1%, n=> y y are

largely suppressed

« UE subtracted isolation variables are developed

" LO

Compton

' Annihilation
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Isolated photon R, ,
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. No modification of the photons as expected!
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Z boson production in PbPDb collisions

CMS Experiment at LHC, CERN
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Z boson production in PbPDb collisions

2010 data
x10°®
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« No modification is found with
respect to the pp reference
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R, (W) =1.04 £0.07 £ 0.12

1000
a = CMS L, (PbPb) =7.3 ub™
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- Normalized yield is not varying as a function of centrality
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R, (W) =1.04+0.07 £ 0.12

R, (W*) = 0.82 +0.07 +0.09
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. ISospin effect is seen If we differentiate W* and W-
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Summary of electroweak probes

» Electroweak probes are unmodified
« Confirmed N, scaling of hard scattering
» Constraint nuclear Parton ~ ,, =
Distribution Function L Shbe o= 278 Tov P nceranty :
2 :_ 0-10%,J.Ldt=? e’ : i.r p::zs GeVic :::::1_:
pp i —e— Isolated photon  [n|<1.44 |
15 -
: - + ]
PDF x : . -
N.oi Scaling 1 : _________ ++ _______ } ______ v Yoo _:
PbPb I i
v % 0.5_— N
% U: TR RIS ISR T N T L :
nPDE 0 20 40 60 80 100
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How about quarks and gluons?
Quarks and gluons in pp collisions

Gluon

Quark
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How about quarks and gluons?

Want to measure quarks and gluons which carry
color charge and see how they interact with QGP
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<
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Color confinement:

Quarks and gluons - groups of hadrons
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How about quarks and gluons?

Want to measure quarks and gluons which carry
color charge and see how they interact with QGP
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How about out going quarks and gluons?

Want to measure quarks and gluons which carry
color charge and see how they interact with QGP

-> Practically: measure hadrons and jets

| 17 Hadrons
Fragmentation” p4#

Jet
—_— Gluon

\- ‘\\ h
[
it
'."‘ D000V 0000 0000 0000
V Quark

Al‘ “Fragmentation”
Hadrons €/ Jet
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An easier measurement: charged particle R,

A

N I I I T T TTT | I I I I T TTT | I I ]
- %5 ] LHC2.76 TeV (PoPb) [ Si:ﬂ“;"d? = 2000-4000 |
= 5 L ® CMS (0-5%) e elastio, small P, _ O.;)n;l d2 NAA/ de d’7
8 % -.-. elastic, large P___ RAA: >
E Z - ¢ AUCE(05%) RN - <Ncoll> d Upp/ de dn
318, i XNWagatal
) i T~ » T |
) If PbPb = superposition of pp ... //
& [ we | N validate by photons
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O | | I I | | | | I T I I | | | |
1 2 34 10 20 100 20

P, (GeV/c)

Provide constraints on the parton energy loss models
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Charged particle spectra

Absorption? Energy loss?

1D5|||||||||||||||||||
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Single hadron spectra itself do not provide details of the underlying mechanism

:@:9 Need direct jet reconstruction and correlation studies
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Jet events in PbPDb collisions at LHC

ATLAS

Calorimeter
Towers

501 E, [GeV]

ALICE

7 0 IseaseY oF pISCEVERY

CMS Experiment at LHC, CERN C M S

Data recorded: Sun Nov 14 19:31:39 2010 CEST
\| Run/Event: 151076 / 1328520
Lumi section: 249

Jet 1, pt: 70.0 GeV

Jet 0, pt: 205.1 GeV
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Jet reconstruction

Need rules to group the hadrons Radius parameter:

A popular algorithm is anti-k; algorithm decide the resolution scale

Used in ALICE, ATLAS and CMS analyses

Large radius parameter Small radius parameter
—> jet spliting

anti-k,, R=1 |

Cacciari, Salam, Soyez, JHEP 0804 (2008) 063

AR =0.2,0.3, 0.4, 0.5 are used in LHC analyses
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Jet composition

Neutral Electrons

On average, charged hadrons Hadrons
carry 65% of the jet momentum 9%

- 1%

Measure the known part
Correct the rest by MC simulation

Optimize the use of calorimeter and tracker

Example: “Particle Flow” in CMS A typical high p; jet
clusters and tracks Particles
M
HCAL : ‘p Goal:
Clusters 4 :
neutral } Ree - Make use of the redundancy of

hadron !

measurements from calorimeter

ECAL and tracker

Clusters

* Improve the sensitivity to low p;
particles in jet
—>Reduce the dependence on MC

(ex: PYTHIA)
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Underlying event background

ATLAS

Calorimeter
Towers
il

501 E, [GeV]

v

Multiple parton interaction

Large underlying event from soft scattering

¥ Need background subtraction
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Summary of jet reconstruction

clusters and tracks

HCAL
Clusters

I correction

ECAL
Clusfers

v

v
v

Raw iet ener Background Jet energy Jet ener
J gy subtraction correction gy
Remove underlying MC Simulation
events contribution PYTHIA
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Three possible scenarios

?_ To explain the suppression of high p-. particles

®

Soft collinear

ot Hard radiation Large angle soft
radiation radiation
oA “QGP heating”
GLV + others PYTHIAlns_pl_red mod_els
Modified splitting functions AdS/CFT
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Jet fragmentation function

(a) Fragmentation in Vaculy
<\
S~

Projectile gluon @

(b) Medium—modified
fragmentation {
Projectile gluon / i

Target parton
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Jet fragmentation function

(a) Fragmentation in vacuum Se|eCt TI’aCkS IN AR:O\?) cone pT> 4 GeV/C
% CMS, PbPb, \s,, =276 TeV,L =68 b’
3 [ L I L L L L N R R R R R R RN R RN R
N o 10° E antik, (R = 0.3) PF Jets (a) o Leading Jet (b)
N o) o[ Pry” 100 GeVle, Pry > 40 GeV/c ---pp reference
- - 10 AD = ® Subleading Jet

1,2k %ﬂ
10 Tracks in cone (AR < 0.3) —pp reference
p‘fc">4 GeVic

Projectile gluon

X
Q
o
=z 1
© 1
. N s 10 Ee
®) hﬁfﬁ;ﬁ;‘ﬁgﬂﬂwd Z 107 Centrality 30-100%
= —~
F 1 0_3
Projectile gluon ,7_;7:_:7{?7:_::/ 3F l () + [O]Leading Jet () B
H — - - o 2_5§ _f_ ® Subleading Jet _f
| t o ) + :
| —— = 7 - 240 o |4 E
l\ T . 0 . Centrality 30-100% Centrality 0-30% ]
Target parton H_’_""“"-f-f—-f-_,__,_?__:i i (R 1.5 o E: E
- ) _D 1:____ _é___ jj - — __&__+_______: Lol =—— _.__ ]
(R - CHEAR g I 5
0.5F -+ =
p%ral:k D: | | | | EE||||||||||||||||||||||||||||||||||||||||||| |||E

L b b b b b b b L a Iy L
005115225 335445 05115 2 25 3 35 4 45

o & =1In(1/2) & =1In(1/z)

Fragmentation pattern of the “hard part” in PbPb collision is consistent with pp
Justify the use of PYTHIA for jet energy correction
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Inclusive jet Rya, Rep

Compare PbPb to PYTHIA (pp generator) Rep: Compare @ to @
Pb-Pb \{E‘T'N=2.76 TeV
© T T[T T T [ TT T[T T[T I T [ TT T[T [TTT]T]
S < Centrality [__] correlated error 8 °[ ATLAS Preliminary Pb+Pb \[s,, =276 TeV
n_mq: e 0-10% [ shape uncertainty o 450 anti-k, R = 0.4 fidf:?ptﬂ
= 10-30% %}%% ) }
2 80-50% - -~ = = - - giyce - M=~ =
N 50_30/6 PRELIMINARY 05
I I I 50 - 60 %
L I I 1] S I R N N N N N
i I I I I I AT T T[T O[T T[T [T T [ TT T[T TTT]T]
._+++""h++ ==
o I ===
30 - 40 %
N v U—|||||||||||||||||||||||||||||||||—
AT T T[T O[T [T [T T [ TT T[T T TTT]T]
H 0-5I-+"""'.'-'-++ T T b I
i 10-20 %
Charged Jets obr o Lo b b P b b b 1
Anti-k R =0.3 AFT T[T I T[T T [ T[T T T[T T[T T [TTT]T]
p:r“" > 0.15 GeV/c _ _
-1 o,
10 b b b b b b b L 0-10%
10 20 30 40 50 60 70 80 90 100 110 ob oo b bvn b b b g b w g 194
(GeV/C) 40 60 80 100 120 140 160 180 200
P G
t . p_[GeV]
Track Jet Calorimeter Jet '

Strong suppression of inclusive high p+ jets!
A cone of R=0.3, 0.4 doesn’t catch all the radiated energy
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Correlation study: Di-jet imbalance

A= (pT, 1‘DT,2)/ (pT,1+pT,2)

J U
[

Small A, Large A,
(Balanced dijet) (Un-balanced dijet)
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Correlation study: Di-jet Imbalance

B R T S - OLE','D!ZI B TR T e
A, / A,
I I Balanced dljet Asymmetrlc dijet pp reference

Small A, Large A,
(Balanced dijet) (Un-balanced dijet)

Parton energy loss Is observed as a pronounced energy
Imbalance in central PbPb collisions
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Correlation study: Di-jet Imbalance

(1N_ ) dN/dAG

g
T

Small A, Large A, G2l B
(Balanced dijet) (Un-balanced dijet)

Parton energy loss Is observed as a pronounced energy
Imbalance in central PbPb collisions

No apparent modification in the dijet Ag distribution
(Dijet pairs are still back-to-back in azimuthal angle)
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Leading Jet and subleading jet p- ratio

-C'IHSIIIIIIIIIIIIII
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The shift in <p,/p;,> Increases monotonically with
collision centrality, and is largely
iIndependent of the leading jet p-.
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Where does the energy go?

» Suppression of high p+ jets
* Large dijet energy (momentum) imbalance

Jets lose energy when passing through L
the medium

AE-. ~ O(10) GeV,
~10% shift in <dijet p; ratio>

Where does the energy go?
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.y | Track
Missing p-!" = ) —pr% s (Prrack — PLeading Jet)
Tracks

Where does the energy go?

g Calculate projection of p; on
leading jet axis and average
over selected tracks with

pr > 0.5 GeV/c and
In| <2.4

Underlying events cancels

Sum over all tracks in the event
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PR . [ — Track
Missing p-lI: T= ), —Prcos (Prack — PLeading Jet)
Tracks
0-30% Central PbPb
oms g I
40-_ Pb+Pb \'s,=2.76 TeV .
! fu.at:s.m* excess away from
[ leading jet
5 20
o
S ofmp eyt | <mmm Bglanced!
v 20
) excess towards Track
i . | ey rac
ol k Ieadlnlg jet p_l_
:I 11 | I 111 1 I L1 1 1 I | I | I 11 1 I: l
0.1 0.2 03 04
/ AJ \
balanced jets unbalanced jets

Ay =Py Py V(PP ,)
Integrating over the whole event final state
the dijet momentum balance is restored
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PR . [ — Track
Missing p-lI: T= ), —Prcos (Prack — PLeading Jet)
Tracks
0-30% Central PbPb
[ ows 0% I Calculate missing p+ In
40-_ Pb+Pb \'s,=2.76 TeV h ]
: frat=67u" : 1 | excess away from rangeS of track pT'
sl , - leading jet : : .
S | = ] 0.5-1.0 GeV/c
% 0 ["11.0-2.0 GeV/ic
v |
20r excess towards 4.0 - 3.0 Gevic
40- leading jet N > 8.0 GeV/c
:I 1 1 I L1 1 1 I L1 1 1 I 111 I L1 11 l
01 02 03 04
- A, AN
balanced jets unbalanced jets

The momentum difference in the dijet is
balanced by low p; particles
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Missing-p-!

Missing p-lI:

Track
"|1|“ — Z _pTrac COS ((PTrack — (PLeading ]et)

Tracks Out of the jet cones
0-30% Central PbPb Excess towards sub-leading jet
| L I L L L I 1T 11 I | L I 1T 11 T | LN B | LN | LI L I | | LN B | L L I | L I L L L L I | L L I | I-
: Ccms 0-30% :: © In-Cone :: (@ Out-of-Cone |
- Pb+Pb \s,=2.76 TeV - CMS 0-30% AR<08 T AR=0.8
40+ f'— it = 6.7 ub” T Pb+Pb \s, =2.76 TeV T
i + del:ﬁ.mb" e
— 20_ | 1 -1 L 1
L I i '
= . o pEEL
S o R e e
A . . 1
-e': I ® >0.5GeVic
20 [ 0.5-1.0GeVic -
I [ 11.0-2.0GeV/c ]
- [ 2.0-4.0GeV/c .
-40r Inside the jet cones [ 4.0 - 8.0 GeV/c B
i Excess towards leading jet BN > 8.0 GeV/c '
b b v bv v v b by PRI S T TR TR SR A N TR SN ST T N TR TN ST S N T T N pra v v bev v bv v v b ag
0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4
/ A, \ A, A,
balanced jets unbalanced jets
Tracks in Tracks out of
All track the jet cone the jet cone
racks AR<0.8 AR>0.8

The momentum difference in the dijet is
balanced by low p- particles outside the jet cone
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High p- jet in PbPDb collisions

@m Yen-Jie Lee (CERN)

Quark Matter 2012 - Hard Probes

[ 0.5-1.0 GeV/c
[___11.0-2.0GeVic
[ 120-4.0Gevic
I 4.0 - 8.0 GeV/c

I = 8.0 GeV/c

a7




Low p- jets in PbPDb collisions

Two particle correlation from ALICE:
Jet like near side correlation with background subtraction
Strong centrality dependence, widening of the angular correlation

0-10% @ 60-70% @D pp °°

»
2 GeVic < Priig <3 GeVic I 2 GeVic< Pruig <3 GeVic 2 GeVic < Priig <3 GeVic
T 1GeVic < By s 2 GeVic %% =] 1GeVic< Pryisic S 2 GeVic % ////‘ 1GeVic< Priis <2 GeVic

2 < pT,trig <3
1< pT,assoc < 2

_ ALICE Pb-Pb 2.76 TeV 0-10% _ ALICE Pb-Pb 2.76 TeV 60-70%  ALICE pp 2.76 TeV

- 0.35 | < - ( 1l < 0. —_ o <

g 0l3g—<f\keunmakv nl<0.9 @ 0.5 fRELIanRv nl < 0.9 g 0.5ﬁ\~meMINRRY 1 < 0.9
51 \ | ;j_ é ' \\ T

< SO 5 £ \ i "';‘\
§ jIANTARY = 3 o ]

\\\‘1"\‘\“':‘\\‘\:“ | ‘\\‘\\\\

;v"\‘ %9 %9 0.-0 MA ‘%
z z -

@ —>Motivates jet shape analysis and fragmentation function
with low p; particles

- Look at low p; reconstructed jet
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Problem of jet as a trigger: surface bias

Selection on a high p; leading jet (charged particle) may bias the
position of the hard scattering in the QGP

All hard collisions High p; leading jet
Can happen in any place in the QGP Triggered sample
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How about correlate photons and jets?

Hadrons

0.‘
.
-
*
*
*
*
*
*
(3

photon+jet

Surface bias Is removed!

“gquark-gluon Quark

compton scattering”

p‘Tﬁhoton ~ pre!

Photon
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Photon jet angular correlation

“QGP Rutherfold experiment”

L s S L L S B S
M\/\Ag%f"—%f (@) cwms
Photon [ @
Jet - PbPb
©107'F
% 0% - 10%
T H
S 102k ° 5
1| W'
PP
Phot T S
oton “Backscattering?” 0 1:n: 2:n: T
3 Ay 3
Jy
Jet Azimuthal angle between

photon and jet
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1_1: L
1.05 ¢

0.95-
0.9:
6"0.852

0.75F
0.7
0.65-
0.6 ———

Ad >Zn

 PbPb

+ + Ldt=150ub"

0% - 10% A

T
Sy=a. 716 TeV

CMS ]

Jety v
Xy =P ‘pr

Sy=2.76TeV

det=150ub'1

@ Yen-Jie Lee (CERN)

Photon-jet momentum balance

pT>GOGeV/c Y| < 1.44
p“>3oeewc <16 & 8

Compare photon-jet

momentum balance
Xjg = pTJet/prhoton

In vacuum (pp collision) to
the QGP (PbPb collision)

In addition, 20% of
photons lose their
jet partner

T -

(c) CMS ]
°'92’A“’Jv>§“ 7
Quarks lose about
15% of their initial « O7_u--+ ..... gessnnasaggasannaas .U.”;
energy "+, PbPb
I Nif: 300400
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2:I' LI | l T ] I TT l T T r 17T | T 1T l TT
18k ALICE
F 0-20% centrality
1.6 Pb-Pb\ s, =2.76 TeV
1.4F e Average D°, D", D™, |y|<0.5
B o Charged hadrons, [n|<0.8 m
l.e » CMS non-prompt J/y, |y|<2.4 B
_ s T, 0.8 (Prelimina 4
OB o <08 (Preliminary) E
0.8[- -
0.6~ -
0.4 .
0.2f- ]
:l L1 | 1 1 1 I | | | 1 11 I L 1 1 1 1 1 | L1 1 I 1 1 | :l.
Y 2 4 8 8 10 12 14 16 18
P, (GeV/c)

@m Yen-Jie Lee (CERN)

Open Charm & Beauty

Color factor - AEg > AEq
Dead cone effect > AEq >AEQ

AE, > AE, > AE,
Meson Ry, <D <B

JetR g<uds<c<b

:@: Motivates B meson, and b-jet measurements

5 C Y T T T \’
23 CERRNE T T T e R A
E 4.5 Centrality: 0-20% — Rad +dissoc (Vitev) ]
T S R o WHOG radsco (Horowi
- Charged pi_r.ms, l<0.8 AdS/CFT Drag (Horowitz) -
35F \ mwemns CUJET1.0 (Buzzatt) — —
c \ A2 3
3__ ‘--\\ N g
r ALICE -
25 :_ \ \ HE.IHJHWHI_:
2 —
1.5 =
| LU LR b .
0.5 =
O: 1 1 I L1 1 I L1 1 I L1 1 | L1 1 | L1 1 | L1 1 | L1 .
0 2 4 6 8 10 12 14 16
P, (GeV/c)
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How about the temperature of QGP?
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How about the temperature of QGP?

One interesting tool is the quarkonium

states! Vi
a QY Q
_ S
- Bound state of heavy Q-Qbar pair V() = 3 +kr / .
Charmonium CC : J/y

Bottomonium bb :Y

The states can be described by I |
. . 4500 n." ¢ (4415) - m
non-relativistic Schrodinger Eq < |
: Y (4040) adlo)
— = " T
Above DD (BB) threshold: S 4000 —— Yoo N
: —— v -
—Dissociate via strong interaction 2 N 2 , B
into open-charm(beauty) = a0l h . K e DDthreshold 1
— N\ N\ i n Y — Predicted levels (15)
C C S c d d ¢ 3000 :tuiuu- ----- Measurements 7

s, s, %, %, P, P, D, D, D, D

0 1 1 0 1 2 2 1 2 3
Hermine K. Wohri
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Quarkonia as a tool to probe the QGP

State J Ae /e T Xb T’ b T
Mass (GeV)  3.10 353 368 946 9.99 10.02 10.26 10.36
» AE (GeV) 0.64 020 005 1.10 0.67 0.54 0.31 0.20
ro (fm) 0.50 0.72 090 0.28 0.44 0.56 0.68 0.78
J
Xw T T T T T T
C C b - .
>0 4500 -n." ¢ (4415) — -
Tightly bound T 1
i i (4160)
, Small in radius Cpr W(4040) | lpm _
’[]Lf Tf ; 4000 '_ ////////// xEE |
[ — —_—
= i v ]
R ﬁ - ; == _
[E— C2 -
C C b b = o0l DD threshold 1
I n —— Predicted levels (15)
Loosely bound 3000 csiacee e Measurements .
Large in radius . | | | | . . . . .
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Quarkonia as a tool to probe the QGP

vacuum Temperature T<Td

Jhy
Jhy

1 ®

Y J /W T’ !

Temperature T>Td

it T

r

Different states have different binding energies

Loosely bound states melt first!

Matsui & Satz,

PLB168 (1986) 415
;R 1/{r)
450 MeV E Y(1S)
L Xb
240 mev (Bl Iy, Y(2S)
200 MeV [Bl Xo X W'
Y(3S)

Successive suppression of individual states
provides a “thermometer” of the QGP

Quark Matter 2012 - Hard Probes

@ Yen-Jie Lee (CERN)

Mocsy, EPJC61 (2009) 705
BNL workshop in June
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Actually the story is not that simple

« Cold effects: (no thermalization)
— Shadowing effect (nPDF vs. PDF)
— Nuclear absorption (multiple scattering of QQbar wihin nucleus)

— Hadronic comover (dissociation in dense hadonic medium)

« Hot effects: (thermalized)
— Sequential suppression in QGP

— Recombination

C
CJAJ
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Reconstruction of quarkonium states

Quarkonium states can be reconstructed via di-lepton
For instance, dimuon channel:  J/y—>ee,uu Y(1,2,3S)>ee,up

T i CMS Preliminary -
I Bl & PbPb s, =2.76 TeV -

2 pp S 76 Te
Q 10t r(1.2,35) Lim{F'be]=15[}1N£'1 E
2 - ; L., (Pp) = 231 nb™’ =
= ] -
o 10°e | ~
; 1| ﬁ/ - -
10 - ﬁ?;’ 7 -
/ 20 0 ) -
i _
| A
)r . | HI HI NH HH :_H

10 10°

m,, (GeV/c?)
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Quarkonium production

» Observed quarkonium = Direct production + feed-down  ¥(2S) melting

‘ X melting
Z 1 T —— m—
« J/y production: E " Direct J/y me{tlng
* Prompt J/y . ‘

+ Direct production from hard scattering of partons £
« Feed-down from higher charmonium states E (2’5] (’IP) (1‘3)

* Atlow p;, ~ 15% from ¥, > o ’

* 5-10% from Ww(2S) - .

« Feed-down fraction is J/y p; dependent §(25) E(1P) |
. NOn'prOmpt J/L|J ) _ Energy Density
- B decays - can be separated 8 07 Gusueroz ot 011 ]
based on displaced vertex TE |
. E
J/y pr dependent £ 057 M } Vs =7TeV
E 0.4% { {
. o ]
* Y production: S 03-

0.3 ,”E
 ~50% of the Y(1S) are directly 3 .AU#I ATLAS 23pb" CMS 367 pb"

0.2
] + 0.00 <lyl <0.75 0.0<lyl<0.9
produced (measurement from CDF) o]/ cOF \e=1e8TeV iyi<os
: PRD 71 (2005) 032001
Oo' " 170 20 30 40 50  s0

py" [GeV/c]
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Prompt and non-prompt J/ @

— T TTT I FITTT I L | LI | LI | LI | LI | LI L= —— N T T T 1 | T T 1 1 I T T T 1 | T T 1T 7T | T T T 1 | T 1T 7T I_
« [ E
O _ _ _ ]
% 120(- CMS PbPb \/s,, = 2.76 TeV - oEo | CMS PbPb \[s,, =2.76 TeV ]
-1

G [ Lu=728u ] ® 10°k L, = 728ub"  Cent 0-100%, lyl <24 -
&N 100 Cent. 0-100%, lyl < 2.4 ~ e ¢t 6.5<p <30 GeVic :
. § A - 2 -~ B T
o - 65<p <30GeVic | o=34MeVic : @ [ ® data |

» 80 ¢ data — 5 %44% total fit
-53 " %% total fit ! LI}J 102 - 44 bkgd + non-prompt =
g | &% bkagd + non-prompt i - &= =+ background .
W 60 ===: background - C ]
a0 . 10( E
20 ;+ - [ )
= ] i, N y 7] 1 — —
PI‘I (| I 1111 I L 111 I | I‘I 1 I 1111 I | | I L1110 I 1111 hl L1 Iq E L +| | o I L | N % I L | L E
6 27 28 29 3 31 32 33 34 35 3 05 0 0.5 ] 15 >

m,, (GeV/c?) 1y, (mm)
inclusive J/

T Ly
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JI W Ran

Prompt
f(: 7I T TT ‘ T T ‘ L ‘ T T | T T ‘ T T ‘ T T | T T I7 gz _\ 1T | T T | T T | | ‘ T T ‘ T T ‘ T T | 1T I_
@ 14~ CMS PbPb |5, =2.76 TeV 7 0 14 CMS PbPb \/s, =2.76 TeV -
o= PromptJly E 1_25 * Non-prompt J/ys f
l 80% of J/y disappeared! _ l ]
1 1
- W(2S) melting? | - B (=J/ y) meson is suppressed!
0.8— ting? |- 0.8 —
- Xc melting ! ~ 20-100% 0-20% §
0.6+ + = 0.6 —~
04— ' Direct J/y? ] 04/ + + ]
02 |y|<24 " -y 0.2 |y|<24 {
- 6.5< p, < 30 GeV/c . - 6.5< p, < 30 GeV/c 7
_I L1 1 ‘ T ‘ T T ‘ | | | T ‘ T T ‘ | | | L 11 I_ _\ [ | | I | I | | | ‘ T T ‘ | ‘ || | L 11 I_
% 50 100 150 200 250 300 350 400 % 50 100 150 200 250 300 350 400
Noar Noart Jet quenching

£ | cuspooysy-278Tev

i A

J X w —~ §10 = gg%zﬁi non-prompt —

C C ===+ background E

E. A . W
4 05 0 05 1 15 2
IJ,w(mm)
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Low p; J/w: More sensitive to recombination of ¢c and cbar in QGP

0<J/lyp;<8GeVic 5<J/lyp;<8GeVic

1.4 1.4
§ i ALICE Preliminary, Pb-Pb |/, = 2.76 TeV, L = 70 b’ § i ALICE Preliminary, Pb-Pb {5, = 2.76 TeV, L = 70 ub”
m L % m [nclusive J/y, 2.5<y<4, 0<pt<8 GeVic global sys.=+ 14% m - % W Inclusive Jy, 2.5<y<4, 5<p<8 GeV/c  global sys.= + 16%
1.2 aLice ALICE Preliminary, Pb-Pb {5, = 2.76 TeV, L ~ 1.7 b 1.2 pLice CMS (JHEP 1205 (2012) 063), Pb-Pb |5, = 2.76 TeV, L = 7.3 b

[ PRELIMINARY [ PRELIMINARY
i o Inclusive Jhy, |y|<0.9, pt>0 GeVic global sys.+ 26% B O Inclusive Jiy, |y|<2.4, 6.5<p <30 GeV/c  global sys.=+ 6%
1

1,

0.8 H 0.8 - %
. :
0.6: . . % - 0.6E % i @ @

ooooooooooooooooooooooooooooooooooooo

041

021 0.2F
. ALICE common glob. sys. =+ 1.9 % .
0 T T T T T T T T T AR RO IR 0 T T T T T T T A R T AN RO O R
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 40f
Npart Npart

Size of the suppression is p; dependent!

Recombination?

@ Yen-Jie Lee (CERN) Quark Matter 2012 - Hard Probes 63



Upsilon family

PbPb
op O=@

c‘:];"‘ 50_I T .| I'I T | T TT | T T | ' T TT | T TT | T 1 I_ NO :—| T T | T TT | T 1T | T 1T | 1T 11 | 1T 11 | T T 1 1—:
2 [ Preliminary CMS pp {5=276TeV S [ e daa q CMS PbPb {5 =2.76 TeV ]
8 Z lyl <2.4 ] 3 700:_— PbPb fit Cent. 0-100%, |y| <2.4 E
s Or p >4 GeVic ] 5 600[- " Ppshape Li:t = 150 ub™ -
g i L =231nb" - ~ - p, >4 GeVic ]
2 L - € 500 ]
§ 0 B S ot | & ]
T . * data i " 400 pp shape -
- i — total fit i - & e .
20 - e background - 300[ E
i i 200 -
10_ [ : _
i - }L 100F _ _ _ . 3
) Jr - iIn min. bias collisions .
0 FFA E L 11 1 | 1 111 | L 111 | L 11 1 L 111 | 11 IL_ _I 1 11 | I .| | L 11 1 | L1 1 1 | L1 1 1 | L1 11 | L 11 I_
7 8 9 10 11 12 13 14 % 8 9 10 11 12 13 14
m,, (GeV/c?) m,,, (GeV/c?) T 1/¢r)
Nr(2s)/Nrs)|pbpb 450 Mev [ | (15)
(28)/2 7 (5) = 0.21 £ 0.7 £ 0.02
NT(ZS)/NT(18)|pp o
Ny 3s)/Nr@s)|popb Upsilon suppression! ;. [l w¢. ves)
< 0.1 (95% C.L.) o
NT(BS) /NT(18)|pp 200 MeV Xor Koo b

Y(3S)
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Upsilon suppression

g _I I T | T T | I- I I- I | T T | T T | T T | T T | I T I_
0’ 1.4~ CMS Preliminary, PbPb ys,, = 2.76 TeV —
1ol +Y(18) L, =150ub” B
- *Y(2S) yl <24 ]
1'+ i
N 30-40% |
0.8~ 40-50% 20-30% -
| 50-100% 10200 i
0.6/~ M + T 540% 0-5%
_ 4 v
0.4 t -
e + _

— .. —]
0-21- +—_
U_I 1 1 1 | L 111 | L 111 | L 111 | 1 111 | + L 11 | | I | | 111 1
0 50 100 150 200 250 300 350 400
Npart
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W(2S) suppression

op O

—_
o
N

—_
o
N

Events / ( 0.04 GeV/c?)
=

10

—&—
W
R

3

CMS Preliminary

N,,: 741+ 36
pp Vs =276 TeV R, 5s: 0.049 = 0.010
o=

L, =231nb"

(32 = 1) MeV/c? =

e data

%% total fit
--: background

lyl <1.6
6.5<p <30 GeVlc

il

\\\\\\\\\\\\\“

“\

NS

@ Yen-Jie

28 3 32 34 36 38 4 42
m,, (GeV/c?)

High p; w(2S) suppression
ly|<1.6, 6.5<pT<30 GeV/c

Lee (CERN)
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PbPb H

—_ L | [ | LI | LI | LI | LI | LI | LI
(Y] - -
< | CMS Preliminary |
> N,,: 3211= 65
(3 | PP ys\\ =276 TeV g 00240008
= L, = 150ub™” o = (29 = 1) MeV/c?
o
; 10° ® data 7
c [ %% total fit .
g - --:background -
ot 1

0-20%, lyl < 1.6
6.5<p, <30 GeVic

el e 8 t ¢t t

26 28 3 32 34 36 38 4 42
m,, (GeV/c?)




W(2S) enhancement??
Things look good so far, bu’;l.o. PbPb H

—_~ | | L T [ T [ [ _ L | rr | mr | L | L | rr | L | L
10t | ! | | ! - <, o
2 £ CMS Preliminary : S | CMS Preliminary -
% - N,,: 1046 = 34 ] [ PbPb .76 TeV J,w 13510 = 112
(3 pp s=2.76 TeV R, 0} 0.020 = 0.007 - (3 \Sn os): 0-105 = 0.020
S 40° L, =231 nb" =(51= 1) MeV/c? _| g L, —150ub1 = (50 = 1) MeV/c? -
3 - ® data . - dat
- C %4 total fit i - e data
"UE) - - background i = “%total fit
o 1P - with RE2%(PbPb) | 4 - background
W E 1.6<lyl <2.4 E W o3 0-20%, 1.6 <lyl <24 —
- 3<p, <30 GeV/c ] 3 <p, <30 GeVic
% %~ PbPO shape
105 :
Lol e n ol o nalnna o a Tonallnnallaag _|||||||||||||||||||||||||||||||_
26 28 3 32 34 36 38 4 42 26 28 3 32 34 36 38 4 42
2
m,,, (GeV/c?) m,, (GeV/c®)

?, Low pT w(2S) 1.6<|y|<2.4, 3<p;<30 GeV/c

Recombination?
Statistical fluctuation?
- Need more pp data and results from ALICE & ATLAS
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Summary (1/3)

1. Photons, W and Z bosons are not affected, which is different
from and jets.

- CMS e T, uncertainty -
2 — PbPb \s =276 TeV == 7' lyl<2.0 —]
- W p >25GeVic |n|<2.1 ]
- 0-10% _I.Ldl 7150 ub” _g Isolated photon  [nj<1.44

&— Charged particles |n|<1.0 -

BB b-quarks {0-20%) |nl<24 S
(via secondary J/y) —

QCD Medium
“QCD Vacuum’”

-
($)!

% | I I [

0.5 5
4 '+—““D .
[ %°
D 1 | | | | 1 | | | | 1 | | | | | | | | |
0 20 40 60 80 100
M [GeV]
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Summary (2/3)

2. High p+ jet suppression 5. p; difference found at low
AR = 0.2 — 0.5 doesn’t capture all , Py particles far away from
the radiated energy the jets
3. Large average dijet p;
Imbalance gf Y 6. “Hard part” of the partons
3 } fragment as in vacuum

nnnnnnnnnnnnn

4. Angular correlation of jets
not largely modified 7. Jet shape “broadening”
seen in low p; two particle

correlation

8. Large photon-jet p; imbalance
> dijet p; imbalance

@m Yen-Jie Lee (CERN) Quark Matter 2012 - Hard Probes 69



Three possible scenarios

?_ To explain the suppression of high p-. particles

®

Soft collinear

ot Hard radiation Large angle soft
radiation radiation
oA “QGP heating”
GLV + others PYTHIAlns_pl_red mod_els
Modified splitting functions AdS/CFT
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Summary (3/3)

14 — - -
D L I T
L] - 2+ . X
e
- 1& J
Osfh%ﬂ T
= Indirect evidence of high p; @ (23), X, suppressic = *.. . .
0.4
0z,
o B AR AR AR AARAR AN E I N R b e
.tSJ F v data CMS POPb {5 =276 TeV | 0 50 100 150 200 250 300 350N 400
3700?— PbPb fit Cen 0100/ lyl<2.4

10. Indications of suppression of
excited Y States in Pb-Pb Collisions!

8 9 10 " 12 13 14
m,, (GeVic?)

11. Ry, (low py J/y) > Ry, (high pr Jig)
Enhancement of w(2S) / J/y ratio at low p+

; - | C C
o v,
Recombination? 7

Expect a lot of new results in this conference!!!
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Di-jet angular correlation
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The propagation of high p; partons in a dense medium does not lead
to a visible angular decorrelation. Phys. Rev. C 84, 024906 (2011)
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Scaling the charged particle p; spectrum

0
Scale p; by 10%
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" PbPb 5, = 2.76 TeV,

_[Ldt=7-1supb"

0-10%

aa Uncertainty

¥4 lyl<2.0
—a— lIsolated photon |n|<1.44
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Consistent picture obtained from dijet
momentum balance results and
charged particle R,, analysis




Centrality | b mean (fm) | b RMS (fm) | Npart mean | Npart RMS | Ny mean | Noy RMS
0-10% 34 4+0.1 1.2 355+ 3 33 1484 £ 120 241
10-20% 6.0+ 0.2 0.8 261 + 4 30 927 + 82 183
20-30% 7.8 +0.2 0.6 187 +£ 5 23 562 + 53 124
30-50% 99+0.3 0.8 108 £ 5 27 251 4+ 28 101

50-100% 13.6 £04 1.6 22+ 2 19 305 35
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Charge asymmetry

@LO:ud - Wt &ud » W™
— Less W* and more W~ in PbPb

u d
than in pp (isospin effect)
e Cancels for W*+ W~
— W boosted towards the valence
quark (higher rapidity) <—>
W

— Spin conservation > p* (1)
boosted back to (away from)

midrapidity __ _Vt_%_lx ______

> A strong acceptance difference
(not heavy-ion specific)
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Background subtraction

« Background subtracted
Isolation by using the
mean E- per unit area Iin
the n strip and remove
the underlying event
contribution inside the
Isolation cone

@ Yen-Jie Lee (CERN)

|solated photon
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Quarks and gluons
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Background subtraction

CMS as a example:

@ Yen-Jie Lee (CERN)

>N

1. Background energy per tower calculated

in strips of . Pedestal subtraction

2. Run anti k; algorithm on

> N

background

subtracted towers

I
© A | O A
I
! ® O
I
I
I
X O
I
5 O
I
I
| > r] > r]
3. Exclude reconstructed jets 4. Run anti k; algorithm on background

Recalculate the background energy

Quark Matter 2012 - Hard Probes

subtracted towers to get final jets
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