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Jets and parton energy loss
Motivation: understand parton energy loss by tracking the gluon radiation

Out-of-cone radiation
F"AA<1

>

Incoming —aa
parton

In-cone radiation
Jet broadening

Qualitatively two scenarios:
1) In-cone radiation: Rya = 1, change of fragmentation

2) Out-of-cone radiation: Raya < 1



Jets at LHC

ALICE
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from high-energy quarks and gluons

And a lot of uncorrelated ‘soft’ background



Jet reconstruction algorithms

Two categories of jet algorithms:
« Sequential recombination ky, anti-k;, Durham
— Define distance measure, e.g. d; = min(p,pr)*R;
— Cluster closest

» Cone
— Draw Cone radius R around starting point
— lterate until stable n,@jet = <N, 9P>particles

Sum particles inside jet
Different prescriptions exist, most natural: E-scheme, sum 4-vectors

Jet is an object defined by jet algorithm
If parameters are right, may approximate parton

For a complete discussion, see: http://www.lpthe.jussieu.fr/~salam/teaching/PhD-courses.html



Collinear and infrared safety
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Jets should not be sensitive to soft effects
(hadronisation and E-loss)

- Collinear safe

- Infrared safe



Collinear safety

Collinear Safe Collinear Unsafe

e T
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| | | | | | | | G)
jet 1 jet 1 jet 1 jet1 . 8
jet 2 3
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Infinities cancel Infinities do not cancel

Note also: detector effects,
such as splitting clusters in calorimeter (x° decay)



Infrared safety

Soft emission, collinear splitting are both infinite in pert. QCD.
Infinities cancel with loop diagrams if jet-alg IRC safe

IRC safe IRC unsafe =
-Jet 1-jet 2 Jets -Jet §
4o c%

©

%

sum Is finite sum Is infinite =

Some calculations simply become meaningless

Infrared safety also implies robustness
against soft background in heavy ion collisions



Clustering algorithms — k+ algorithm

Majority of QCD branching is soft & collinear, with following divergences:

200 C dE; db;;
1| M2 |~ S5 A J Y
[dkf]’Mg_’g"gV(kj)‘ 7 min(ELE) 0

(Ej < Ei. 0 <1).

To invert branching process, take pair with strongest divergence between
them — they're the most /ikely to belong together.

weles ‘9 Ag apl|S

This is basis of k;/Durham algorithm (e*e™):

1. Calculate (or update) distances between all particles i and j:

-2 min(E?. Ejz)(l — cos bjj)
Yij = Q2

2 Find smallest of Vi NB: relative k; between particles

» |f > yue, Stop clustering
» Otherwise recombine / and j, and repeat from step 1

Catani, Dokshitzer, Olsson, Turnock & Webber '01



K+ algorithm

Various distance measures have been used,
e.g. Jade, Durham, Cambridge/Aachen

Current standard choice:

» Calculate
— For every particle i: distance to beam d., = pii 2
— For every pair i,j : distance d;, =min(p;,, p;.) "

. . R*
e Find minimal d

— Ifdig, i is a jet
— If dj, combine / and j

* Repeat until only jets



K+ algorithm demo
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K+ algorithm properties

Everything ends up in jets
kt-jets irregular shape

— Measure area with ‘ghost particles’
kt-algo starts with soft stuff

— ‘background’ clusters first, affects jet

Infrared and collinear safe

Naive implementation slow (N3). Not necessary -2
Fastjet

1 1 \R 1

2 0 2
Pii Pi

Alternative: anti-ky d; = min(

2
i

Cambridge-Aachen: d,; = R

ij -
: diB 7
R P
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Cone algorithm

Jets defined as cone
lterate until stable:

(nacP)Cone = <T]acp>particles In cone

Starting points for cones, seeds, e.g. highest p+
particles

Split-merge prescription for overlapping cones

12



Cone algorithm demo
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Seedless cone

— ,etc...

1D: slide cone over particles and search for stable cone
Key observation: content of cone only changes when
the cone boundary touches a particle

Extension to 2D (n,)

(a) ™ (b) ° (¢) ™ (d)

Limiting cases occur when two particles are on the
edge of the cone



Jet algorithm examples

simulated p+p event
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Measuring the jet spectrum
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PbPb jet background

o _ Background density vs multiplicity
Jet finding illustration
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Ninput

Background contributes up to ~180 GeV per unit area

Subtract background: p}”f?et =Prow—p A4

Statistical fluctuations remain after subtraction 7
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Main challenge: large fluctuations of uncorrelated background energy

Size of fluctuations depends on py cut, cone radius
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Background jets

Raw jet spectrum

Event-by-event background subtracted

®  Inclusive
B Leading track p_ > 5 GeV/c

Leading track p.>10 GeV/c

Pb-Pb \'s,,=2.76 TeV
Centrality: 0-10%
Charged Jets
Anti-k; R =0.3

Low p+: ‘combinatorial jets’

- Can be suppressed by requiring
leading track
However: no strict distinction at

. A]et>02|n 1< 0.5
low pr possible 2 v e plt > 0. 15 GeV/c
-Og »:
o
3 ':‘:".’.
— "‘_"
Next step: Correct for background E e 4
fluctuations and detector effects by < gl e L s ]
folding/deconvolution — pe TR 80 100
HRToEing pse —paw g A (GeV/c)
T,ch jet T,ch jet ch
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Removing the combinatorial jets

Raw jet spectrum
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Correct spectrum and remove combinatorial jets by unfolding

Results agree with biased jets: reliably recovers all jets and removed bkg
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PbPDb jet spectra

Charged jets, R=0.3

A= 10“ 3
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charged particle jets

Two cone radii, 4 centralities

Jet reconstruction does not

recover’ much of the radiated energy
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Pb+Pb jet Ry

Jet Rya measured by
ATLAS, ALICE, CMS

Good agreement
between experiments

Despite different methods:
ATLAS+CMS: hadron+EM jets

ALICE: charged track jets
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Raa < 1: not all produced jets are seen;
out-of-cone radiation and/or ‘absorption’
For jet energies up to ~250 GeV; energy loss is a very large effect

300
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Comparing hadrons and jets

% _ :; Ch. particles Jets .
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Suppression of hadron (leading fragment) and jet yield similar
Is this ‘natural’? No (visible) effect of in-cone radiation?



Raa

Comparison to JEWEL energy loss MC

CMS data, 0-5% centrality —=—

ALICE data, 0-5% centrality —e—
JEWEL+PYTHIA ——
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JEWEL shows the same feature:

jet Raa ~ hadron Raa
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Generic expectations from energy loss

Ejet ‘kT“’M

—

fragmentation
after energy loss?

 Longitudinal modification:

— out-of-cone = energy lost, suppression of yield, di-jet energy
Imbalance

— in-cone = softening of fragmentation

* Transverse modification
— out-of-cone = increase acoplanarity kt
— In-cone = broadening of jet-profile

25
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Jet broadening: transverse fragment distributions

CMS, |5y = 2.76 TeV PP, fL dt_53pb PbPb, fL dt = 150 ub”

Jet broadening: radiation at large angles @
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Jet broadening: R dependence of Raa
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Jet Raa increases with R (but slowly)



Jet broadening: R dependence

Ratio of spectra with different R

rm

Al 2 T T T T T
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However, R = 0.5 still has Ry, < 1
— Hard to see/measure the radiated energy
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Recap

+ S0, jet Raa is not close to 1

- Large out-of-cone radiation

- Also means: measured jet energy # initial parton
energy!

Next sections: more jet measurements

Why so many?
- Different observables sensitive to different aspects of
energy loss
- Finding a balance between what you want to know
and what you can measure
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Generic expectations from energy loss

Ejet ‘kT“’M

—

fragmentation
after energy loss?

 Longitudinal modification:

— out-of-cone = energy lost, suppression of yield, di-jet energy
Imbalance

— in-cone = softening of fragmentation

* Transverse modification
— out-of-cone = increase acoplanarity kt
— In-cone = broadening of jet-profile
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Jet fragment distributions
PbPb measurement

— 1 IIIIITI 1 | I I | RatIOtO pp
N
= 104|Eo . ATLAS Prellmmary 1% - —rrrr
2] o _ 1 -
e o, PRAPD\Sy=2.76 TeV 3 g 16 ATLAS Prellmmary
o I L Pb+Pby/s,,=2.76 TeV
A T R=0473 3 1.5 .
E:*OG': > \ AADOO E§ Llnt:0.14 nb .
zrv s o e 1.4 a_ntl-kT R=0.4
10°F Yoy # & e igi® =4 O et
= Vv**'ooo :AOO ; § 1.3-_ pJT >100 GeV
- e R B ] 0-10%/60-80%
et N 1.2/1
10.’:_ v x on 3 ™
RS E 11k M. Rybar@QM2012
" ©0-10% x 2° R F >
0 5 Vo o -
b ©10-20%x 2 AN 1
= £ 20-30%x 2 e : g
- © 30-40% x 2° s 0.9F "y
10-1’_040-50%XZ2 VOJ : 1 r 3 32 333l 1 1 L1 1 111
= *50-60% x 2' % - 10" 1
~ v 60-80% E
-2 L 1 [ N 111 LOW pT enhancement z
10 e 1 _
) soft radiation
Intermediate z:
NB: z is wrt observed E; # initial Ep,on depletion: E-loss

32



! ! L | ' R || ! L L ||
10 CMS Preliminary E3 « PbPb E3 Jetp > 100 GeVic,n| <2 = E
n ot —— pp reference Track pT >1GeVic, r<0.3 5:
— e
Q. .'o.
O E: E:
=~ X 3
x 1 1
O
e
Z il ot il
© 3 - 1
o2l 50-100% 1 30-50% 1 10-30%
I T T T rrrr ‘] i T L J L 4 LI IT L4 || 1 L4 T L4 T LI 'i T 1 1 T ] ]
151 T T 1 ;
o 1 1 : it ]
Q . _ I I *
. [ ] L ® I ¢° ]
Q 05} . 1 : :
0— L i *.. ] I - ]
0 ! Y . ®
a 0 —¢...’ NP PAPEPUPAPPAPAY . R T TS - .—.f.fl-..—"----""----.- ------------------ DU OOU VI — PPN
i ababgue T sPegesany d (LYY Y I T .......50. )
o5 i ! |
'I Ll l 1 -'] 1 1 L1 11 ll ] 1 1 1 ‘1 1 1 1 L1 1 1 ll 1 1 1 1 q-l 1 1 1 L1 1.1 I[
1 10 1 10 1 10 1 10

Jet fragment distributions

CMS, Frank Ma@QM12

pT"""“k (GeV/c)

pT‘“““’k (GeV/c)

Low pt enhancement:

soft radiatio

n

pT"a°“ (GeV/c)

p;’ack (GeV/c)

Intermediate z, pr:
depletion: E-loss

33



Azimuthal modulation of Raa ‘jet flow’



0.034

0.032
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0.028

Path length dependence: elliptic flow of Jets

ATLAS, arXiv:1306.6469
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Significant azimuthal modulation of jet yield

jet v2 ~ 0.03 at high pr
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Good agreement between JEWEL and jet v2 results

Geometry: Glauber overlap with Bjorken expansion
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Di-jet imbalance measurements



Di-jet asymmetry
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) dN/dA
ewvt

(1/N

Jet energy asymmetry

Centrality
- 4= o T L r————————T——rT
3 3 10-20%] 5 [\sy=276 TeV 0-10%
= Z R ATLAS |
. ~ ~ P Pb+Pb’
3 - - ’
° : ’ 17ub'

e

(1/N
(1/N
(1/N

N

i
Jet-energy asymmetry 4, = by = £ Large asymmetry seen
E, +E, for central events

Suggests large energy loss: many GeV
~ compatible with expectations from RHIC+theory

However:

* Only measures reconstructed di-jets (don’t see lost jets)
* Not corrected for fluctuations from detector+background
* Both jets are interacting — Not a simple observable

(78d) 2819 LLOL:AIXIe ‘SY 1LY
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Energy dependence of asymmetry

v T T v L T T T v T T T v L ] T v L ] T T L ' T T Ly I Ld T L4 l T T L4 l T T T l T T T ' T T v ' T T T '

ooy moroT
0.3 cMms ILdt 150 ub” -+ Anti-k; (PFlow), R =0.3 .
: :- p. >30 GeVic .: Centrality 0-20%
= e Pbpb \:Su. = 276 TGV T2 2
i ) Ao, >5n
O " N\ - 127 3
— ><< PYTHIA+HYDJET
C 02 -+ £ -
— — - - & \ -L\\\\ —~
BN 120<p. <150 Gevie +0] 150 <p__ <180 GeV/c h 180 < p__ < 220 GeV/c -
NN T.1 NN T.1 NN TA
P NN\ R O *
O SRLANN ‘f‘\.\\\\\\ NN "\.\_\\i\\\
O o intHe, N\, NN -
T NN NN RN e
e NN e, AN o
Ny e Ny e NN
NN AR RN e
iy, e i NNk e

Event Fraction

(Relative) asymmetry decreases with energy
However: difference pp vs PbPb remains — energy loss finite at large E
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Energy dependence of A,

Peripheral Central
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Asymmetry decreases for larger jet energy
Similar effect in pp (Pythia): difference stays ~constant
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Studying the imbalance

In Cone R<0.8 Out of Cone R>0.8

/o e ey e
pT,miss _ E pT COS(CP — cpjet) R :::: T (b) él;:i?z:w g:;‘::;cme '
tracks 40 PYTHIA+HYDJET "% F 5 uo2aceue .
- 4 N 20-80GeVic I
L B - 8.0 GeVic Py
. 20}
s %
8 o
A._
> y
°20__ _.
. C T p“>1mGeWc :
Momentum imbalance 40~ T Pa >50Gevic .
restored by hadrons at e
large angle R>0.8 and Out-of-Cone
AR=0.8
small pr <2 GeV/c
7SI
| NI I
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v-jet imbalance

Centrality
CMS, arXiv:1502.0206
25— L B RN LM e e B B S B Sk B B m
r (a) m ppData (b) e PbPbData (c) p]>60GeVic [n'| <144 (d)
2:.. | PY-THIA'Q' HYDJET p';°:>3OGeV/C lrlJG'I<1'6
5 S1.5F
© [
v—lz"’ 1:- ..................................................
0.5F
O: 1 1 T T - ST e T 8B~
0.5 1Jet _{15 0.5 Lot '(15 0.5 1Jet 715 0.5 Lot _{15
jet
. _ Pr
y-jet asymmetry X, =",
Pr

Advantage: y is a parton: know parton kinematics
Disadvantage: low rate (+background 7i°— vyy)

Translates into: low prr cut > 60 GeV
Dominant contibution: qg — qy
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Hadron-recoll jet measurements
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Hadron trigger vs jet trigger

20-50 GeV Trigger, 0-10% 2.76 ATeV PbPb

Hadron trigger: strong “surface bias”
maximizes recoll path length Hadron trigger

(T.Renk, private com.) z

x [fm]

YaJEM, LHC (2+1)=D hydro

Jet trigger
Full jet trigger: no geom. bias

y [fm]

partially cancelled by bkg fluctuations

Centrality and reaction plane biases: x ()
- Finite, but only weak trigger pr dependence for high p,nd

806790 G80Hd Musy'L



Hadron-triggered recoill jet distributions

G. de Barros et al., arXiv:1208.1518

10" &
§ e Trigger P, 10-15 GeV
B e Trigger P, 15-20 GeV
102 e Trigger P, 20-50 GeV
= HI.ICE
~ PERFORMANCE "
107 & ?",**
S # s+#+
i "y *ﬁ Ly
¢ 4
104 &= - l
= PbPb \s,, = 2.76 TeV 0-20% + .I: ®
: O ..
B anti-k_ R=0.4 A>0.4 pe"*'>0.15 GeV + *
10° & T
- t (3 T
L, 1R | 1 1 A I B A 1 N A

-40 -20 0 20 40 60 80 100

< , p?’}et-p'e” pA (GeVlc)
g

Prjet< 20 GeVic: “ J
No change with trigger p; h

Combinatorial background Prjet” 2_0 Ge_Vlc:
Evolves with trigger p;

Recoil jet spectrum

o)
o
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Background subtraction: A

Remove background by
subtracting spectrum with
lower pie:

Arecoil =[(20-50)-(15-20)]

Reference spectrum (15-20)
scaled by ~0.96 to account for
conservation of jet density

10°

10

10°

I lllllll

| llll]lll |ILLURLLLL

L lllllll

T

.

ALICE

PERFORMANCE g

L
"

#
1

4

n

+

T
[
-
.

t

b
%

anti-k, R=0.4 A>0.4 po"*'>0.15 GeV
T

1'

0

1,

m Trigger P 20-50 GeV
m Trigger P 15-20 GeV
m A, (20-50)-(15-20)

PbPb |, = 2.76 TeV 0-20%

T

|

ITI | | l*l l L 1 1 L

-50

90

100 150

200

pch =p*°-p A (GeV/c)

Tjet

Aocoi Measures the change of the recoil spectrum with pt9

Unfolding correction for background fluctuations and detector response
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Ratio of Recoil Jet Yield Al,,PYTHIA

pp reference: PYTHIA s_16 —
. =8 L loP - ¢'" 1|<0.6
(Perugia 2010) £ . e reeol T g
g‘=1 4l Signal trigger hadron: 20 < P, < 50 GeVic
28 Reference trigger hadron: 15 < p'T"" <20 GeV/c
1.2
R=0.4 2 -
=3 [
T Apmeemmmemmsseseene- -' """"""""""""""""""""""""
Constituents: .
pr°nst > 0.15 GeV/c 0.8— —'/
g 0.6— I 1 !
no additional cuts - : :
(fragmentation bias) on 0.4 %% Pb-Pb 0-20% |'s,, = 2.76 TeV
recoil jets - anti-k;, R=0.4, p°™ > 0.15 GeV/c
02 H |. IC E —¢— Diagonal element of covariance matrix
~ Shape uncertainty
u PRELIMINARY  [—] Correlated uncertainty
0 - No reweighting of reference
llllllllllllllllllllllllllllllllllllll
0 10 20 30 40 50 60

AY
P et (GeV/c)

Recoll jet yield Al,,FY™HA =0.75, approx. constant with jet p;
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Pb-Pb, , Pythia
AA Arecccl /—\wcou
[ B »

Alpylma

Recoil Jet Al,,PYTHIA: R dependence

R=0.4 R=0.2

"P:w. ¢ «x|<0.6

recoll

Signal trigger hadron: 20 <p_ ' < 50 GeV/c

trig

Reference trigger hadron: 15 < P, < 20 GeVic

Pytha
recod

fec

b o onle
l‘omg A n]<0.6

e
N

Signal trigger hadron: 20 < p‘:" < 50 GeVic
Reference trigger hadron: 15 < p;"" < 20 GeVic

Pb-Pb
. S

IIX 1.2

thia

Pyth
A

Al

........................................................... S
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0.8
0.6 1
|
% Pb-Pb 0-20%\s,, =2.76 TeV 0.4 Pb-Pb 0-20% \% =2.76 TeV
anti-k;, R=0.4, p;*"* > 0.15 GeVi/c anti-k,, R=0.2, p:*"*' > 0.15 GeVic
HLICE —+— Diagonal element of covariance matrix 0.2 RLICE —4— Diagonal element of covariance matrix
PRELIMINARY Shape uncertainty PRELIMINARY Shape uncertainty
m [___1 Correlated uncertainty 0 [ Correlated uncertainty
ponan B9 g 0 0l pe pg By g0 9B g g 0 gl g gg il og gl gy b o aunlesnapllegngbloneallesgsnalageaalegsaglags
0 10 20 30 40 50 60 o 19 0 10 20 30 40 50 60 70
P, (GeVIo) P, (GeVie)

Similar Al,PY™IA for R=0.2 and R=0.4

No visible broadening within R=0.4

(within exp uncertainties)



Hadrons vs jets Il: recoll

Hadrons Jets
é i I I I I l I I I I I I I I I I I I i E§16b - —
[ Away-side ALICE |1 &2 F A
- 4 0 =14 Signal trigger hadron: 20 <p_~ < 50 GeV/c
2.0 15 48 [ Reference trigger hadron: 15 < p_" < 20 GeV/c
- 0-5% Pb-Pb/pp  60-90% Pb-Pb/pp 12 " 1.2F-
i O Flat bkg m Flat bkg 1o &.
- 0 v, bkg ¢ v, bkg R S R e
1.5 O n-gap ® n-gap 1 - T
: : —_ 08:_ 'Y 1 7 i 4
1.0 f------- R W - osf- t H l
i “ g%ﬂ d 04 E— Pb-Pb 0-20% |'s,,, = 2.76 TeV
- B X ) r anti-k,, R=0.4, p=>"* > 0.15 GeV/c
0.5 B gg E ﬁ . 0.2|— ALICE —4— Diagonal element of covariance matrix
- . n PRELIMINARY Shape uncertainty
i ) O : l [:ll Corrlelated unﬁertainty 1 l
Illllllllllllllll 11 1 1 1 1 1 Ll 1 1 11 1. 1 Ll 1 1 Ll 1. 1 11 1 1 L1 1
0.0 > 4 5 3 10 10 20 30 40 50 60 p;,;:(oG NG
p t.assoc (GGV/C)
Hadron I, = 0.5-0.6 Jet Iy, =0.7-0.8
In approx. agreement with models; Jet 1,4 > hadron I,
elastic E-loss would give larger s Not unreasonable

NB/caveat: very different momentum scales !
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Model comparison I

Pb-Pb | $,,=2.76 TeV

oc % Centrality 0-10%
(7] ALICE Charged Jet

Pythia
AA

(o]

1 [ LI

1.6

- ALICE A PYTHIA+JEWEL
14

[ Charged Jets
1o  Anti-k, R=0.3

: py** > 0.15 GeV/e

g I

0.8_-
0.6
0.4

0.2

111 11111111111 llllllxllllllllllllllll}
930 40 50 60 70 80 90 100 11C
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T,jet

JEWEL correctly describes
Inclusive jet Raa

JEWEL: Zapp et al., EPJ C69, 617

16
 anti-k;, R=0.4, pi™* > 0.15Gevie ~ JE WEL preliminary
1.4 4 ALICE A IY™4(20-50)-(15-20)
1ok m  JEWEL A I} *(20-50)-(15-20)
N ... B e
0.8:— [} 1 | i i [
- f i | |
06'_— 1 1 |
04:— ~2\
: % y +—#——-—
0.2
- ALICE +
o  PRELIMINARY Pb-Pb 0-20% |'s,,, = 2.76 TeV
_lllllllllllllllll!llllllllllllllllllll
0 10 20 30 40 50 60 70
p;:et (GeV/c)

Predicts Al,,~0.4, below measured
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A consistent view of jet quenching
G. Roland@QM2012

arXiv 1205. 5872
CMS Prellmlnary L,,,t = 140 pb
3= 2010, 0-30%, Leadingjet -
o 2011, 0-10%, Inclusive jet
2 5~ 2011, 10- 30%, Inclusive jet |- )
o)
%15
g 1 Change
1 e e S ST 4 from
, ] “ey 73 "
05 = & to pT
Jet P, > 100GeV/c 1
Le vv s la v s ba g s by v v byvw gl
0 0 1 2 3 4 5
£ =In(1/2)

Consistent with 2010 result

Recall (2010 vs 2011):
«Track pr >4 GeV vs pr> 1 GeV

*Leading vs inclusive jet
*0-30% vs 0-10% and 10-30%
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N
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——
0-10%

L) I L) L) L] L]

% 1.5} CMS Prelummary 1o t .
O Ly = 129 ub™ g p': >100 GeV/c :
= 4t 12 15 Il <2 ]
D 0-10% 1§ 4 4
& | e |8 __Is
é 0.5} . ] g_ 1@ o B :
ﬁ 0- ----- o B -.-."00000 é::\ 05 :
0.5f ] = .
0 ol 0\ La s o o1 o o o .0
1 10 0 0.1 0.2 0.3
pra (GeVic) radius (r)
0.4
No change at
small r, high p+
gs_r- 0.3 ‘/
5 s Narrowing/depletion
Q 0.2 . .
2 at intermediate r, py
01 A/ Broadening/excess at

0

01 02
Radiusr

(~2% of jet energy)

large r, low pt
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CMS (* preliminary)
1 T 1 T

A consistent view of jet quenching
G. Roland@QM2012

PbPb\s,,, = 2.76 TeV

300

| | T I T | T T 1 T T

i 4 EmE - Z (0100%) p) > 20 GeVic |
18 .[ LS S=AC e M= W (0-100%) p > 25 GeVic 1 [ ]
1.6 — @ Isolated photon (0-10%) —  — I
1.4 E b-quarks (0-100%) _‘ B —:
(via secondary J/v) g - giget (0-5%) <2 -
1.2~ ~E— *b-jet (0-100%) <2 _
3 T S I . i :
0.8— + - ]
0.6 Q | L + ﬁ

o @ .
04ﬁﬁngooo¢¢ ¢_-l _‘:J..... ¢ . ™ |
0.2_ @J ~5.. Charged particles (0-5%) _j | _-:
T I 1
. 0 20 40 60 80 100 100 150 200 250
p.(m ) (GeV) jetp_(GeV)
Charged particles from LOOkmg at the same
pr=50-100 GeV: parton pt range
z = p+(track)/p+(jet) = 0.4-0.6
— &<1

2.

5

th
T T7T

S e 0-10%
- Jet P > 100GeV/c, n| < 2
- Track Py > 1GeVic, r<0.3

Ty TYTYTY T -"y-q,

CMS Prellmlnary L= 129 ub™’

PbPb/pp

©
wn
T T

—
TT L

o
T

PbPb fragmentation function = pp for ¢ <1

Consistent message from charged hadron Raa,
inclusive jet Rya and fragmentation functions!
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Summary

» Jets: a new tool for parton energy loss measurements

— Large out-of-cone radiation (R = 0.2-0.4)
* Energy asymmetry
e Rpp <1
o lap <1
« Radial shapes

— Remaining jet is pp-like:
* Fragment distribution at large z same as pp
« Rua similar for jets and hadrons

— Most of the radiation is at low pt

« Scale set by medium temperature?

* Direct photons

— y-jet allows to measure initial parton energy; jet asymmetry
seen

JEWEL energy loss MC agrees with many of the observed effects
Does this constrain the energy loss mechanism(s)?
Need to test for kinematic effects/alternative explanations (e.g. YaJEM)
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Extra slides



1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

v, hadrons, jets compared

v, hadrons Jets

I 1 I 1 ] I I | I | _I L ] ’ ] ' l J |
i _ 4 Em= ©Z (0100%)p°>20Gevic | | CMS PRELIMINARY n
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— —@— Isolated photon (0-10%) — B ]
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- ] — —®— qglg-jet (0-5%) [n|<2 —
] ++ """ * '*-— i |
- o ¢ ¢ O ¢ ¢ - — . . . . . ¢ ¢ + —

Q | . . ¢ _
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—l 1 | 1 | L | | l 1 | l L | ! | l l 1
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p_(m.) (GeV) jet P (GeV/c)

T 7T

Suppression of hadron (leading fragment) and jet yield similar
Is this ‘natural’? No effect of in-cone radiation?
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Model comparison

Hadron Rua
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Charged Jets
Anti-k; R = 0.3
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M. Verweij@HP, QM2012
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At least one model calculation reproduces the observed suppression
=> Understand mechanism for out-of-cone radiation?
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