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. CMs, !
o) Overview =

= A brief introduction to jet quenching in heavy-ion

collisions
= Details of PbPb jet analysis in CMS

= Measurement of the dijet asymmetry with

calorimeter jets

= Jet-track correlations to trace the fate of the missing

energy of quenched jets
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High p; Suppression at RHIC

7° Yields from PHENIX
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Compiled by D. d’Enterria
Springer Verlag. Landolt-Boernstein Vol. 1-23A.
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Dihadron Correlations at RHIC

Dihadron Correlations from STAR
Vs, = 200 GeV
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= Correlation of hadrons of

4 GeV/C < Py yyigger < 6 GeV/C
2 GEV/C < pT, partner < pT, trigger

: — p+p min. bias :
0.2

= Near-side peak shows .
P - *- % Au+Au Central {S\Iﬂ I

similar jet correlation in
p+p and Au+Au

= Away-side jet correlation
nearly extinguished in
this p; range

= Supports a geometrical
picture of energy loss

_I I Ll 1l I | I I | l ) I I | I Ll 11
Q\ 4 0 1 2 3 4
- —@ A ¢ (radians)
STAR collaboration,

Phys. Rev. Lett. 91 (2003) 072304

1/Nygger AN/A(AD)
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Jet Measurements in A+A

Large background of soft
particles, dN, 4.q/dN ~ 1600
for 5% most central events

O\ Jets are reconstructed
- e ~ L from energy reaching
A
y—— calorimeters
A
A

Partons lose energy as they Some jet energy lost to

traverse the dense medium —Low p; particles
—Large angle radiation

—Nuclear interactions, decays, etc.

A schematic view of a jet
measurement in heavy ions

Measurements of jet modification allow to
= Determine the nature of QCD radiation at finite T/p
= Determine the transport properties of the QGP
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y The CMS Detector

HCAL
In| <3 Forward Hadron

Calorimeters (HF)
~3<|n| <5

Silicon Tracker
In| <2.5

3.8 T Magnet
Inl <3

Beam Scintillator Counters (BSC)
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A Dijet in Central PbPb

’\‘ - (!\AS CMS Experiment at LHC, CERN
—_ Data recorded: Sun Nov 14 19:31:39 2010 CEST
- ) /\| Run/Event: 151076 / 1328520
7 - } Lumi section: 249
E. (GeV : . —
T ) - . Leading jet S T
E | | py:205.1 GeV/c | | | | T
100 3 — . v "
80 - : |
60 % =I5 Subleading jet _ ;'
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At LHC energies, jets with p; of order 100 GeV/c cleanly separable
from background fluctuations in central PbPb collisions
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. CMS,|
y Triggers =

= Minimum bias collisions are
triggered by a coincidence
on either side of the HF or
BSC

- (a) CMS PbPb \(s, = 2.76 TeV-

0.8
= Jet are triggered at HLT

with a p; =50 GeV/c
threshold (uncorrected,
background subtracted)

0.6

0.4

Jet Trigger

0.2 (uncorrected p_> 50 GeVi/c, n|<2)

Efficiency (Trigger / Minimum Bias)

Illllllllllllllllll

= The jet trigger is fully

efficient around corrected 0 50 100 150 200 250 300
Corrected leading jet P, (GeV/c)
p; of 100 GeV/c
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Background Subtraction Method

1. Background energy per
tower calculated in
strips of 1.

2. Iterative Cone (R=0.5)
algorithm run on
subtracted towers

3. Background energy
recalculated excluding
jets

4. Jet algorithm rerun on
background subtracted
towers, now excluding
jets, to obtain final jets

ip

(2) Run ICS jet finder on subtracted towers

O

O O

(4) Re-run IC5 "et finder on subtracted towers

Method: O. Kodolova et al., EPJC (2007) 117.




y Analysis Details

= Collision centrality determined from the
energy in the forward calorimeters

ETT T [T T T[T T T [T T T[T T T[T T T[T T T [TTT
- (a) CMS PbPb \[s,,=2.76 TeV

—— Minimum Bias Trigger

= Dijet Selection

o Leading jet: p;; > 120 GeV/c, |n| <2

Jet Trigger

o Subleading jet: p;, > 50 GeV/c, [n| <2
o Azimuthal Angle: Ap,, > 2/3 1t radians

= Monte Carlo

Fraction of minimum bias events

o PYTHIA 6.423, tune D6T

;I 'l. H | l.l llll

- : : : o R po 20" 140 ten
o Adjusted for isospin ratio of Pb(208) Sum HF Energy (TeV)

o Embedded in real data or simulated
data using the HYDJET generator
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y Leading Jet p, Distributions
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No strong modification to shape of leading jet spectrum
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Dijet Azimuthal Correlations

TT T T T T T T

L B S B B B BN NI B JLELELEY BLNLELELE T
-(a)cms jL dt=35.1 pb’ "E(b) jL dt=6.7 ub 50-100% T(c) 30-50%
p —+—pp \5=7.0 TeV —a— PbPb V§,,=2.76 TeV P, > 120 GeVic
S 10 ~=PYTHIA ——— PYTHIA+DATA : Py, > 50 GeVic ]
5 Anti-k,, R=0.5 Iterative Cone, R=0.5
@
w
£107 =
>
w
107 2
L1l l 1
“(e)
10-1 = =
c
hel
©
o
-
§10°F 3
> - C
H ’HH o
:ﬂlllllllll § I T S | IS I 111 l::lmllll 1INt
0O 05 1 1. 05 1 1.
A

No strong angular deflection of reconstructed jets
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Angular Decorrelation Quantified

Rg(A0) is the The threshold of 3.026

fraction Of dijets 0_7 B T TT l T T T T T T | T TTT l T T 1T l T T TT I T T TT I T TT ] . . .
which are balanced C oMS @ PbPb\s =276 TeV ] radians is the median
in azimuthal angle 0.6 :_det=6.7ub'1 * PYTHIA h value from PYTHIA
- B PYTHIA+DATA /
—~ 05 S ER S AL T N
& Y - o
0.4 *

Rg(A¢, > 3.02
o
w

P> 120 GeV/c

|IIIIIIIII|IIIIIIIII*

p,,> 50 GeV/c Nyt is the number

_~ of participating

IIII|IIII|IIII|IIII|IIII|IIII|IIM nUCIeonS
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T 17T

o

No angular decorrelation beyond systematic uncertainties
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y Dijet p; Asymmetry

| I
: cMms JL dt=35.1pb” :
0.2 .‘ *  ppVs=7.0 TeV —
S i
E Antik,, R=0.5 .
c
2 01 —
P> 120 GeVic 7]
pm>50 GeVic
w0780 |
[ L . . . |
0.5 1
pPT,1 —PT,2
Ay =
pPT,1 T PT,2
Dijet asymmetry quantified by A, =2 Jet p; cuts place a threshold on A,
insensitive to shift in energy scale e.g., pr,=120 & p;,=50 GeV/c > A, < 0.41
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0.2

Event Fraction

Event Fraction

Dijet pT Asymmetry

CcMS _[L dt=35.1pb”
—a— pp V5=7.0 TeV

—="PYTHIA

Anti-k,, R=0.5

I T T T [ T T T l
IL dt=6.7ub"

—s— PbPb \5,,=2.76 TeV —

—— PYTHIA+DATA

Iterative Cone, R=0.5

P,,> 120 GeVic
P,,> 50 GeV/c

2
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Striking enhancement of asymmetry with increasing centrality
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Dijet Imbalance Quantified

Here Rg(A ) is the
fractionofdijets O_7_IIIIIIIIIII]I|IIIIIIIIIIIIIIIIIIIIIII

, - CMS ® PbPb\s, =2.76 TeV :
yvhlch are balanced 06 ;ILdt—67 . * PYTHIA E
In momentum § =0 H B PYTHIA+DATA ]

0_5:* _____________________________________________________________________ ]
5 L+ "ot om =
S 040 - 3
\ C lil i
i‘a 0.3~ (] E 7

02 &

0.1 :_ pT,1>120 GeV/c _:

0:| | | | 1 III|IIII|IIII|IIII|IIIIIIIII|IIII:
O 50 100 150 200 250 300 350 400
Npart

Smooth decrease in the fraction of balanced jets with increasing centrality
Note: Dijets in which no subleading jet found above threshold are included
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y Jet-Track Correlations

Main idea: Use charged tracks to trace the fate of the energy lost by subleading jet

Look at the sum p; of charged Baseline is PYTHIA+HYDJET where generator
tracks in 3 different p; ranges information is available for charged particles

\ /

> 8 GeV/c PYTHIA+HYDJET &7

4-8 GeV/c 552 0-30%
1-4 GeVlc

—
o
N

I IIIIII| w

A,<0.11

Leading Jet S Subleading Jet

T

Py, > 120 GeVic

Yp_ per bin (GeV/c)
=

Pr, > 50 GeV/c

- A¢, > 2x rad -
B e . 7]
gi:\?Leading jet 0 ARs,ublead(i)n'gsjet
>
Plot against AR from the jet axis for Background is subtracted using a cone at
both the leading and subleading jet same ¢, but reflected inm (n =2 -n)
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Asymmetry Dependence of Fragmentation

= Both data and MC show that dijet asymmetry is also apparent in charged tracks

= |n MC, rare asymmetric dijets are due to the presence of a third jet

= Relative abundance of tracks in the 3 ranges is largely unchanged with asymmetry
(a) ! (b) ! E (d) !

102 - X -+ ) i =+ X =
£ | I p,, >120GeVic | | I | 3
E f:l:!:ar L A<M T ey 011 <A, <022 +10.22<A, <033} i A,>033

i 1 P2 75 o I
A9,,> 37 S
- 0-30% + " <
5
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=
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1 =3 E3 E
10° s‘é:,.)s 3" : £ E
 PoPb V8 =2.76 Tev t A;<0.11 1 " 0.22<A,< 0.3335 i,»l A;>0.33
r _[L dt=6.7 ub™ % 5 T S
| 0-30% s
D AT A . Subleading Jet} Leading Jet i - Subleading Jet} Leading Jet E Subleading Jet

T

Yp_ per bin (GeV/c)
- S
TT II| T L

0.5 0 0.5 0.5 0 0.5 0.5 0 0.5 0.5 0 0.5
ARLeadingjet ARSubleadingjet ARLeadingjet ARSubleadingjet ARLeadingjet ARSubleadingjet ARLeading jet ARSubIeadingjet

= |n data the fraction of energy carried by low p; tracks increases with asymmetry
= An enhancement of low p; tracks at large angles is observed in asymmetric dijets
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y Missing p-

To explore momentum balance to low p; over all angles, calculate the “missing p;”

'I L > (I).S I(?aeillcI
0.5-1.0 GeV/c PYTHIA+HYDJET
1.0 - 2.0 GeV/c
2.0 -4.0 GeVlic
4.0 - 8.0 GeVic
> 8.0 GeV/c

40 0-30%

20

I

<p!> (GeVic)
o

P, > 120 GeVic

P, > 50 GeVic

-40

0.1 0.2 0.3 0.4

Sum the track transverse momenta projected onto the leading jet axis:

|1L — Z —PT track COS (¢traok — (/bleading jet)

tracks
Defined such that tracks on the away side give a positive contribution
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Missing p;: Data vs.

MC

N/
Fa T Ly e seseee T
| (@ 30-100% | (b) 7 05-1.0 GeVie 0-30% |
| PYTHIA+HYDJET I CE=10-20Gevic a
L i [CJ 2.0-4.0GeVic ]
- a [ 4.0-8.0 GeV/c _
L = N >8.0 GeV/c i
s F E 3 In MC, events are balanced,
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A r . .
3 independent of centrality
20
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B I A¢1‘2>%7t In1’2I<1.6 ]
-+ttt For pp > 500 MeV,
F(© w1 @ .
- cus 00 1 0 p; balance recovered!
401~ Pb+Pb \5,=2.76 TeV i . . 7
- JLat=67u" ’ T .
_ 20F g e B
DATA € o -
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B events, leading jet is
40 balanced by low p; tracks,
L 1 1 L 1 1 cov e b b b e By

0.3 0.4 0.1 0.2

A,

0.1 0.2 0.3 0.4

particularly in central events
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y Missing p;: In vs. Out-of-Cone

(b) ® >0.5GeV/c
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y Conclusions

= Evidence for large jet quenching in PbPb collisions has been observed
o No large azimuthal decorrelation
o Large momentum imbalance with increased centrality
= Jet-track correlations demonstrate that
o Energy is transferred to low p; particles
o This energy is deposited outside the typical jet radius

= Data places constraints on the nature of parton energy loss and should
challenge conventional models

= Future studies will further constrain energy loss via, e.g.,

o More differential studies of jet fragmentation, energy redistribution,
reaction plane dependence

o Flavor dependence with y+jets and heavy-flavor tagged jets
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Jet Response and Resolution
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Resolution determined from pythia embedded in data
Resolution degraded by ~ 30% by heavy-ion background in most central events
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CMS

Jet Reconstruction Efficiency
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Fully efficient for leading jet selection ( > 120 GeV/c)
High efficiency ( ~ 90%) for subleading jet sections ( > 50 GeV/c)
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D) Leading vs. Subleading Jet p-
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N Reflection Method =

Partner Jet Cone

¢ Reflected Cone ®
» N Reflected Cone
6
4 %o 2 2
2 2 T oy 0
A\

Jet Cone o -2

The background is evaluated within the cone symmetric about n
This avoids ¢ dependent variations due detector efficiency or hydrodynamic flow
The regions around mid-rapidity, |n| < 0.8, and |n| > 1.6 are excluded
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ATLAS Results
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FIG. 3: (top) Dijet asymmetry distributions for data (points) and unquenched HIJING with superimposed PYTHIA dijets
(solid yellow histograms), as a function of collision centrality (left to right from peripheral to central events). Proton-proton
data from /s = 7 TeV, analyzed with the same jet selection, is shown as open circles. (bottom) Distribution of A¢, the
azimuthal angle between the two jets, for data and HIJING+PYTHIA, also as a function of centrality.

Feb. 16th, 2011

Recent QCD Advances at the LHC

28



p: Dependence of Quenching
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<) Including the 3" jetin PYTHIA |
A z

8 100 :l | T I [ | I L | | I L | | | [ I | |:
S 90 E_ CMS Preliminary _f
= - Pythia ]
“ 80 N A,>0.3 E
70 - Leading Jet >120 -
- O 2 Leading Jets -
60 ; ® 3 Leading Jets E
)
=
op Ty 4 +
20 ++ i i + E
of o' L W, :
0 :)I IQ | (|:>| | | | | ?m_m | IQ‘WTDI Id 1D | || |:

0 20 40 60 80 100120140160 180 200

Lp

X,y

Feb. 16th, 2011 Recent QCD Advances at the LHC 30



Tracking Efficiency / Fake Rate in HI

Absolute Efficiency 5-10% Centrality | | Fake Reconstruction Fraction 5-10% Centrality |
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Tracking Efficiency

| Absolute Efficiency 0.0 <l < 0.8, 0- 10 Pct Centrality |
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Systematic Uncertainties on Rg

Table 2: Summary of the Rg(A) systematic uncertainties.

_Souroe 0-10% | 10-20% | 20-30% | 30-50% | 50-100%

 Jet Energy Correction 48% | 4.8% 4.8% 4.8% 4.8%
Jet Energy Resolution 6.3% | 6.3% 6.3% 6.3% 6.3%
Jet Reconstruction efficiency | 0.0% | 0.0% 0.0% 0.0% 0.0%
Heavy Ion background 7.8% | 6.5% 5.5% 4.5% 3.6%
Total 11.1% | 10.3% | 9.6% 9.1% 8.7%

Table 3: Summary of the Rg(A¢ ) systematic uncertainties.

 Source 0-10% | 10-20% [ 20-30% [ 30-50% | 50-100%

' Heavy Ion Background 12.6% | 8.0% 5.3% 3.3% 1.0%
Jet Energy Correction 07% | 0.7% 0.7% 0.7% 0.7%
Jet Energy Resolution 6.6% | 4.7% 3.2% 1.6% 0.1%
Jet Reconstruction efficiency | 3.2% 2.5% 1.9% 1.4% 0.8%
A¢ resolution 25% | 2.5% 2.5% 2.5% 2.5%
Total 14.8% | 10.0% | 7.0% 4.7% 2.9%
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