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p Jet quenching: RHIC vs LHC - i

PHENIX =°

o At RH|(-), suppr_ession o= 121 Nucl.Phys.A747:511-529,2005 - Sl
of leading particles i O _BRAHMS h
- Interpreted by “parton w
energy loss” models Z e Y
. . = 0.4 , e L
- Surface bias dominates oty ol LT a-scevim
yield at high p, w R ErmeeE e
« At LHC, jet cross sections large P (Y
e_nough ’go coplousl_y produce ol @Naafdprdy
high-E jets that stick out of the T (Neou) @y /dprdn
underlying HI background Ratio of AA/pp scaled by

. o # of binary NN collisions
- Use jets to characterize initial

partons event-by-event

- Measure how the “energy loss’
Is distributed inside the jet
fragmentation cone




CMS detector ”!
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Ar] =10 for Calorimetry

> An = 5 for Si tracker

et
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Pixels+Tracker
Muons

Capabilities

High-precision tracking over |n| < 2.5
Muon identification over |[n] < 2.5

» Large (mid-rapidity) acceptance

High resolution calorimetry over |n| <5 (traCker and Calorimetry)
Forward coverage o
Large bandwidth: DAQ + Trigger « DAQ+HLT will inspect

Very well suited for HI environment

J.Phys.G34:2307-2455,2007

every single Pb+Pb event

e Large statistics for rare probes




-~ Photon-tagged jet fragmentation function%ﬁil“l i

Jet axis provides

-~ parton direction

/.

Multiplicity and flow w7 Charged hadron tracks
measurements / used to calculate z = p,/E;
characterize density,

path length N\
Sl

~

Measure jet fragmentation function:
dN/d¢ with ¢=-log z

/

Photon energy tags

parton energy E; (lllustration next slide)

Main advantage Ingredients:
« Photon unaffected by e Event/Centrality selection

the medium e Reaction plane determination

e Vertex finding

* Avoids measurement e Track reconstruction élllzflj#ltz b_aseld t(_)n wull

of absolute jet energy e Jet finding -4 simuiations using

full reconstruction algorithms

e Photon identification

on expected one run-year
4 statistics



— In-medium modified fragmentation functimm UIT

dN/d€
al " OPAL, Vs ;192—1%%9(}(}?7 . ‘ Quenching increases
- — in vacuum, Eje;= € " low-p_particles
12 | ---- in medium, E;;=100 GeV “
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B  Photon- tagged fragmentation functions " l1lii"

2000_...|||||| L—— I |_ 2_5_|||||||||||||||||||||||||||||||||||||||||||||||_
- generator-  pyTHIA i PYTHIA, p+p, 5.5 TeV

- level p+p  55TeV | I ’ ]
- 5. >70GeV 5[ p > 70 GeV, ET>7OGeV_
[ E' > 70 GeV § T A¢ > 172° ]

@ Eiway > 70 GeV = i i
£ A0 > 172° " - .
21000 S 15 1
L 8 L g
© L ® |

L 0~1 3 /0 \g 1 ..t!..‘...‘n..'_?.ql.‘.‘ -

: g O° | :

O_ TR N (N PR R T ! LLII: I i o |

-1 -0.5 0 0.5 1 i ]

Y paway, —away 06— —

(E-E;™)E] : :

" generator-level ]

0 e b b b b b B B b B g

o 1 2 3 4 5 6 7 8 9 10
=In(E Jp.)

 Use isolated photons + “back-to-back” cut
on azimuthal opening angle between the

LO NLO photon and the jet to suppress NLO and

- background events
);: — Determines FF with <10% deviation



. Event generation i

e Study two scenarios

- No quenching: PYTHIA signal and QCD background (p+p) events
mixed with central unquenched Pb+Pb HYDJET events

« No high-p.. particle suppression

» Leads to high background rates

- Quenching: PYQUEN signal and QCD background (p+p) events
mixed with central quenched Pb+Pb HYDJET events

« Suppression of high-p_ particles

« Energy loss radiated out of jet cone
» Challenging for jet finder

PYQUEN v1.2: Eur. Phys. J. C 45 (2006) 211
HYDJET v1.2: hep-ph/0312204
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TR e Study for one nominal LHC Pb+Pb

>, Signal and background statistics

PYTHIA ] ? ”

Signaly - jet events 5 run “year

PbPb 0.5 nb” E - 10° sec, 0.5nb™", 3.9 x 10° events

0-10% central

'l <2 =« Use 0-10% most central Pb+Pb
-

- dN/dn|, _;~2400

1« Simulate signal and background
QCD (p+p) events

~ generator-level - Mix into simulated Pb+Pb events

Ll =

0 50 100 150 200 250

(~1000 events)
E! [GeV]
Data set pr [GeV/c] ||signal y-jet m Tt M n’ W
unquenched >70 4288 23675 | 47421 | 12267 | 8194 | 30601
unquenched >100 1216 4422 | 9103 | 2357 | 1567 | 5975
quenched >70 4209 7569 | 140616 | 3825 | 2445 | 9235
quenched >100 1212 1562 | 3000 829 515 | 2051




CMS

5 Reconstruction .

——

e Tracking
- Low p;cutoff at 1GeV/c
- Efficiency (algorithmic + geometric) ~ 50-60%
- Fake rate ~ few %
« Jet finding
- lterative cone algorithm with underlying event subtraction (R=0.5)
- Performance studies on away-side jet finding (see later)

* Photon ID

- Reconstruction of high-E isolated photons

- New for this analysis (see next slides)

Tracking: NIM A566 (2006) 123
Jet finding: Eur. Phys. J. 50 (2007) 117
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—p+p aII hlts (selectlve readout)
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“p+p after seed threshold
(0.5/0.18 GeV)

3 -2 -1 0 1 2

ECAL reconstruction chain used with standard p+p settings

L

ECAL response in p+p and Pb+Pb

107

10

NB: The two p+p (QCD) events are not the same.

Pb+Pb after seed threshold
(0 5/0.18 GeV)
B S Ry R T
n
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e |dentification 0.4]

- 10 cluster shape ol
variables .

0

e based on ECAL A f

— 10 isolation variables %

“  Photon ID: Isolation and cluster shape cuts'| I!lii

e based on ECAL/HCAL '0'4-_._ o meAr

- Track-based cut
 Selection

- Total of 21 variables
grouped into 3 sets

- Linear discriminant
analysis (Fisher) and
cut optimization using
TMVA

TMVA: http://tmva.sourceforge.net

11

*) Maximum set to 10
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Set working point 1

to 60% signal efficiency -

Leads to 96.5% e
00.9

background rejection

Training is done on
unquenched samples
only

ground reje
o

Bgck

Photon identification performance
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Unquenched p+p (PYTHIA)
Quenched p+p (PYQUEN)
Unquenched 0-10% Pb+Pb (HYDJET)
Quenched 0-10% Pb+Pb (HYDJET)
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Photon identification performance

Quenched Pb+Pb

Before cuts: S/B=0.3
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After cuts: S/B=4.5

ECMS Preliminary o Non-isolated particles ;
U ® |solated photons -

- O lIsolated hadrons
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Photon isolation and shape cuts improve S/B by factor ~15
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Jet finding (away-side) Wi

Quenched Pb+Pb

1_I | T | T T T | IIIII w T | I L | 17T | 1T T
>\ — _+_ - 1._ ]
S 09F — E QL re v - jet Events, PYQUEN
g 0.8 =B —— | _- 8 - E?r >70GeV i}
£ S 08 PbPb, 0.5 nb™, 0-10% central |
O 0.7F = e
(@) - . © -« .
<€ o6F = S CMS Preliminary ]
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S 05F —e— = ) i
Y= C ] L2 | |
© 0.4F Iso. ¥ - jet Events, PYQUEN = S o4 : ]
8 0.3 f_ PbPb, 0.5 nb™, 0-10% central _f "'6 i I
k> - Ag, >172°, |n|<2 . - - .
- Reco. EI" > 30GeV E S o2 | 7]
S o1F CMS Preliminary - g [ 1. |
; - ] — u ¢¢¢‘ ; T ]
< O_IIII | IIII| L1011 |IIII |III I| I |IIII_ m O [ I||.II|I?|+I|I|||||||||I||I||I|IIII|
0 50 100 150 200 250 300 350 0O 50 100 150 200 250 300 350

MC jet E_[GeV] EX [GeV]

« Select away-side jet with Ag(y,jet) > 172°, |n|< 2 and E; > 30 GeV

- The energy cut reduces the false rate to 10% level

« Analysis does not use jet energy otherwise
- Jet finding efficiency rises sharply between 30-100 GeV MC jet E_

* Main source of systematic uncertainty in reconstructed FFs
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= Fragmentation Functions Wi
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10*E CMS Preliminary 5 10t E CMS Preliminary .
- e Unquenched Fragmentation Function 3 - e Quenched Fragmentation Function ]
10° Underlying Event Contribution - 10° E Underlying Event Contribution -
g Pb+Pb, 0-10% centra(I:I § B Pb+Pb, 0-10% centra(l3I =
wr 2 b Track P, > 1GeV/c, EI7 > 70GeV ] wr o2 ;_ Track P, > 1GeV/e, EZ > 70GeV ]
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> Unquenched 1 = Quenched 7
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= =In(E_/
E=In(E, /P E-In(E /p,)

e Obtain dN/dg using tracks in R=0.5 cone around jet axis
 For ¢>3 (~p;<4GeV/c) dN/d¢ dominated by underlying Pb+Pb event

- Estimate background using R=0.5 cone rotated in ¢ by 90° relative to jet
- Sum event-by-event backgrounds and subtract

15
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¥ Reconstructed fragmentation functions

A
IR A3 SR AT
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Track p_ > 1GeVT/c, ES“S' > 70GeV . n Track p_ > 1GeVT/e, E?“S' > 70GeV .
5L Underlying event subtracted ] - L Underlying event subtracted |
10 = e Unquenched Fragmentation Function 10 = e Quenched Fragmentation Function =
wr - MC Truth ur - MC Truth
S 1og - g 10 J
= . Unquenched = Quenched
0 i %) i
E 1E 3 di 1e =
pd E pd E
~ C : C
107 & E 10" E
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E=In(E /p.) &=In(E /p.)

« Major contributions to systematic uncertainty (added in quadrature)

— Photon selection and background contamination (15%)
— Track finding efficiency correction (10%)
— Wrong/fake jet matches (10%)

— Jet finder bias (largest contribution in quenched case,
see next slide)

No or small &
>
dependence

16



Jet finder bias

« Jet finder bias leads to about 30% in quenched case
(10% for unquenched case)

* |t has two contributions

1) FFs and jet finding efficiency depend on parton E_

e Can be corrected with known turn-on curve

(not done here)
2) For a given parton E_, jet finding

probability depends on parton
fragmentation pattern

* The jet finder is more likely to find
a jet with few high p_ particles than jets

with many soft particles

 MC based correction might be possible
(not done here)

 MC studies suggest that 2) dominates

17

Fragmentation Function Ratio
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MC truth for found reco jets
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CMS Preliminary
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Fragmentation function ratio
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Reco quenched Pb+Pb / MC unquenched p+p

6

Fragmentation Function Ratio

TTT | TT | | |
CMS Prellmlnary

Quenched / Unquenched
El > 70GeV
¢ Reconstructed Pb+Pb / MC p+p
— MC truth p+p

Fragmentation Function Ratio

JRARRN R
CMS Prellmlnary

6 d Quenched / Unquenched
‘ El > 100GeV
* Reconstructed Pb+Pb /MC

— MC truth p+p

V >1OOGeV

p+p

7

8 9 10

« Medium modification of fragmentation functions can be measured
- High significance for 0.2 < ¢ < 5 for both, E.* >70GeV and E.’ >100GeV

18



Summary M

 Complete study of in-medium fragmentation functions
using photon-tagged jet events
— Two scenarios: Ungquenched and quenched cases
e Pythia and Pyquen (+ Hydjet)
« Key features of the study

- Full statistics expected for nominal one-year CMS Pb+Pb run at LHC
- Full detector simulations of signal and background
- Complete reconstruction chain
» Track finding
 Jet finding
* Photon isolation
« Underlying event subtraction
— Analysis of systematic errors
e Uncertainty dominated by jet finder bias

e Measurement of expected strong medium modification of
fragmentation functions can be done reliably in central Pb+Pb

19



BACKUP SLIDES
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CMS

2 Signal Processes T

Compton Bremsstrahlung

—
Annihilation Fragmentation ;fiﬁ‘i

« Use photon to tag parton energy

- Goal: Best correlation of the photon and parton energy
- |dea: Use leading order photons

- In practice: Use isolated photons + cut on azimuthal opening angle
between the photon and the jet to suppress higher order processes
and background events

« MC isolation definition on generator level
« Combination of calorimeter- and track-based isolation cuts on “data”
« Cut on opening angle of A®(photon,jet)>3.0

21



CMS

~—~  MC photon isolation and signal definitiorié[llﬁ“\ll IMir

Compton -For a photon, calculate total p_ © in cone of
R=0.5, P_*, and find hadron with largest P_m

* Require

(Pt — E )< (5GeV + 0.05 E,)
P_max < (4.5GeV + 0.025 E.)

Annihilation >L;: Events where an isolated photon is emitted

back-to-back with a jet are our signal events

® excluding neutrinos and muons
22
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« Low p,cutoff at 1GeV/c

» Efficiency (algorithmic + geometric) ~

23

Fake rate ~ few %

50-60%

NIM A566 (2006) 123
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% Photon isolation: Calorimeters W nir

* Use the energy content in cone around candidate direction in
ECAL and HCAL

d E CA L : 7 T
co--ie Yo CPTLTATE
* HCAL: AR<i/10 R . | -
— — AR
R.,: — Z E'fl" A\ //
AR<i/10 7 —
P “Candidate

24
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-~ Photon isolation:
10T T
Hj CMS Preliminary
S | — |
CD i =
O 102 - R 10%;
o R
< S o
=~ | =
% 107 — %_Il— 10
L - e ©
o
0 o4 o2 03 04 os !
AR
« Subtract HI background

25

- ECAL:
- HCAL:

¢! = C; - (C)
Ri = Ri - (Ri)

Background subtractic

‘]03 ‘L B B B BB B T L B

- CMS Preliminary .
mili
= SRR Isolated photons =
G5 e Isolated hadrons
-— — Non-isolated particles -
; | | | | | | | | | | | | | | | | | | | | | |
0 0.1 0.2 0.3 04 0.5
AR

An

Use avg outside of cone
(normalized with AR/4)

+AR

-AR

A¢



e Based on cone variables form
f ! !
{R ) 2 R 23

« Combine to

Sp=)_aili+) BC]

I/

to be determined
coefficients
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0-10% quenched Hydjet
T | I T T I | T I T I

™  Photon isolation: Combined calorimeters " l!lii"

— Non-isolated particles
-~ |solated photons .
------- Isolated hadrons i

CMS Preliminary
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@ Photon isolation: Tracks

» dRxy: AR of (y+1%) nearest track with p_ >
(0.4*x + 0.2) GeVic

* We use 09O
00
- dR10 for p+p A
- dR41 for Pb+Pb -

27
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 Based on ECAL shape variables form

Emax Cmax Cmax Cmax €4 €4 €4 €g C€g €25
Er:{ 3 3 3 I T T B R }
(&) (&) Car e Cg €Caf €  €ag e e
e Combine to 0.08
N
o
O 0.06
-
J _ >
SE = E Yilvi o
9 © 0.04
A -}
O
o
L
0.02
to be determined
coefficients
0
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2 Photon ID: Shape variables |“||'|

0-10% quenched Hydjet

— Non-isolated particles

- Isolated photons ]
ol Isolated hadrons .
—  CMS Preliminary -
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1 -0.5 0
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< Isolated photon reconstruction " |IliT

Quenched Pb+Pb

T [ T T T T | T T T T 1000 T T T T T T T T T T T
= Signal efficiency —ETy >70GeV|| cwmspretiminary -
1~ * Fake rate b — 12] - 7
| c
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| >
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S =] © 500~ .
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i Z
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{ ] o ? | l 0 P - ! OI ! ! T
- - 4 - -0.2
CMS Preliminary I
O 1 | I | 1 | | | 1 1 ! 1 é | ET/EEltue = 1
100 200 300
E. [GeV]

Before cuts: S/B=0.3

 Performance for E.Y>70GeV
After cuts: S/B=4.5

- Efficiency > 60%
- Fake rate < 20%

og ~ Transverse energy resolution: 2-5%



- Jet Finding in PYQUEN Ui
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e Quenching mechanism in PYQUEN moves energy out of R=0.5
cone

- This lowers jet finding efficiency for a given initial parton E-.
30



CMS

= Event selection summary

* Pb+Pb background events
* 0-10% HYDJET v1.2, 1000 events, dN/dn ~ 2400

 PYTHIA (v6.411)/PYQUEN (v1.2) events
« E;. > 70 GeV potential trigger particle

« E; > 60 GeV reconstructed supercluster

* Tracks
« p; > 1 GeV/c, > 8 hits, prob > 0.01

 Reconstructed events
* |solated photon with E; > 70 (100) GeV, |n|< 2

« Jet with E; > 30 GeV, |n|< 2, Ag(y,jet) > 3

e Fragmentation function
e Cone-size around jet axis: 0.5

31
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Significant bias

(up to 30%)

in quenched sample
with E; > 70GeV

Fragmentation Function Ratio
- \V]
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Fragmentation Function Ratio
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Fragmentation functions (vs z)
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