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Jets and parton energy loss
Motivation: understand parton energy loss by tracking the lost energy

Out-of-cone radiation
RAA<1

>

Incoming -~
parton

In-cone radiation
Jet broadening

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

2) Out-of-cone radiation: Ry, < 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
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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



Jet algorithm examples

simulated p+p event
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Di-jet imbalance measurements



Di-jet asymmetry

Y-

|

E. (GeV " |
r(Gev) Leading jet

: 205.1
100 pr:205.1 GeVic

/ | CMS Experiment at LHC, CERN

| Data recorded: Sun Nov 14 19:31:39 2010 CEST
\| Run/Event: 151076 / 1328520
| Lumi section: 249
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Observation: some events have two jets with different energy
(However: one swallow does not make spring)
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) dN/dAA

Jet energy asymmetry

Centrality
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L, - £ Large asymmetry seen

-ener mmetry A4, =
Jet-energy asy etry 4, 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
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Energy dependence of asymmetry
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(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
CIS """""""""""""" LA B LA LR BN LAY BN NLNLELELE BRI BN B
[ om [ ]
0.8f- 0 — -
; ! $ j@ o 01 a0
_ — O T4 - -
N O oo N + 4 O - —_ _
0.7P0E% 5 g |:||:||:|':I -~ = + - TFo~oO H — + .
x ol ? } “e e * - - - ¢ ]
Q_|_ o®—— _ - e _ _ - T —_ ) L = ]
\C\l " ... — _.—'HHH ° ® — .
of 06 - ete - ]
~ [ o PbPbV\s. =276 TeV, f Ldt = 150 ub’ Lo—_~
0 5: o pp\s=276TeV, f Ldt = 231 nb” p,,>30 GeV/c 1 ]
O 2 T =
- A >&n + .
" O PYTHIA+HYDJET 50-100% 1273 20-50% | 0-20%
.......................... | IS TN T N SN TN TN T AN TR TN SO S AN T T WA Y i i AN M | | | |

PbPb - MC
S
—_ o
)
o
(0!
i)
ted 10
e
—o—"-"i"‘
bt
o]: ]
[.Ol:'_
o
o |
i
loli ]
e
(o] !
hli
AR
..]E :
o) |
i
o] 1 ]
e ]
-o-l: ]

150 200 250 300 350 150 200 250 300 350 150 200 250 300 _ 350
P, (GeV/c)

Asymmetry decreases for larger jet energy
Similar effect in pp (Pythia): difference stays ~constant
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v-jet imbalance

Centrality

CMS, arXiv:1502.0206
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Advantage: y is a parton: know parton kinematics

Disadvantage: low rate (+background ni®— vyy)

Translates into: low prr cut > 60 GeV
Dominant contibution: qg — qy

Potentially important observable — more stats in

next run(s)
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Corrections

Always ask: for which effects is the measurement corrected?
Important for any measurement, but in particular for jets!

- Ay Is basically uncorrected

-+ Background subtracted, detector effects corrected on average
- Hard to correct for detector effects+fluctuations

- Spectra and recoil measurements are corrected for

- Detector effects
-+ Background:
Overall background, measured outside jet cone, details differ
between experiments
Background fluctuations
- Motivation: compare to theory without detector effects and without
background (may be ill-defined)
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Measuring the jet spectrum

16



Charged and full jets

- Full jets: charged + neutral particles

(except neutrinos)

- Hadronic + Electromagnetic Calorimetry
(ATLAS)

-+ tracking (particle flow; CMS)
- Tracking + EMCal (ALICE)

- Charged jets: only charged particles

- Used by ALICE because of limited acceptance
of EMCal

Reconstructed energy

100 GeV jets (particle level)
—— Charged +y
---------- Charged

------------------- Leading charged particle

v

%

10 20

TR B R A B B b by Loy | 1-;"1"1--
30 40 50 60 70 80 90 100
E:_one [GeV]

Charge to neutral fluctuations!

Full jets strongly preferred for original goal: recover jet energy
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Detector corrections

Definitions:

Particle level: as generated by event generator, e.g. Pythia
Detector level: as reconstructed (Pythia+detector simulation)
(Parton level: parton energy; ill-defined?)

Standard praCthe: goo?;: LT T T T
: . 2 0.35¢ Part (GeV/c) E
Charged jets are corrected to charged jets at g & s L
the particle level S b 0 oo I
(qv] B
main effect: tracking efficiency E Atk A 03 "
Full jets are corrected to full jets at the particle o1 Ar>018Ceve  j1
level > -
_ o 0.05[
Calorimetric jets: HCal response o

Tracking+EMCal: Unmeasured hadrons (neutrons, U (et - peen
T,ch jet T,ch jet T,ch jet
KO, tracking efficiency)
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PbPb jet background

o _ Background density vs multiplicity
Jet finding illustration
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Background contributes up to ~180 GeV per unit area

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

Statistical fluctuations remain after subtraction .
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PbPb jet background
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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

€e90' LLEL-AIXIe JOITV
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PbPDb jet spectra

Charged jets, R=0.3

£€90" F+E L:AIXIE 3OV
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p, (GeVic) ‘recover’ much of the radiated energy

Jet spectrum in Pb+Pb: charged particle jets
Two cone radii, 4 centralities
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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

P I b I | D | ] T I T 0T
1.4 — Anti-k_ algorithm R = 0.3 o
B ® CMS Preliminary 0-10%/50-90% Particle Flow Jet n
1 2 __ k4 ALICE Preliminary 0-10%/50-80% Track Jet __
: ju ATLAS 0-10%/60-80% Calo Jet :
L ~
5 ol 3
4+ - ® N
() . _
= 06 a®?® + ]
- -.___‘...—fl__--— Suim -
- ..,.. .__1—\/1’—}\/ :
0.4 ’_ - ]
0.2 — Ll% —
0 B 1 1 l 1 Ll 1 l 1 1 L 1 l L 1 | l 1 | L1 l 1 Ll )
0 50 100 150 200 250 300

Jet P, (GeV/c)

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
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Comparing hadrons and jets

% _ :; Ch. particles Jets .
C k1, jAuce ALICE Ch. Jets R=0.3 -
6L * | (0-10%)/(50-80%) (0-10%)/(50-80%)
1.4 | CMS ATLAS Calo Jets R=0.3-5
1 oF (0-5%)/(50-90%) (0-10%)/(60-80%) E
13— --------------------------------------------------------- mn E
0 8:_ Pb-Pb \/ST\IN=2.76 TeV 1 E
T E — =
0.6 {# I ‘ E
. = P ﬂ”— - E
0.2 =
O— I L1 .

10 107

pie, pf (GeVic)

Suppression of hadron (leading fragment) and jet yield similar

Is this ‘natural’? No (visible) effect of in-cone radiation?
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Raa

Comparison to JEWEL energy loss MC

CMS data, 0-5% centrality —=—

ALICE data, 0-5% centrality —e—
JEWEL+PYTHIA ——

charged hadrons

<
<
R~

Ratio

0.6

0.5

0.4

0.3

0.2

JEWEL shows the same feature:

jet Raa ~ hadron Raa
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26



0.034
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Path length dependence: vz of Jets
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ATLAS, arXiv:1306.6469

Significant azimuthal modulation of jet yield
jet v2 ~ 0.03 at high pr
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Ccorr
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Comparing to JEWEL energy loss MC

5-10% centrality

(5-10)%, 45 GeV < p, < 60GeV
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Good agreement between JEWEL and jet v2 results

Geometry: Glauber overlap with Bjorken expansion
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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 k-

—in-cone = broadening of jet-profile

Out-of-cone effects are large, so expect combination of all of the above



Looking outside the jet cone
In Cone R<0.8 Out of Cone R>0.8

/o e ey e
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Jet broadening: R dependence of Raa

Ratio of spectra with different R

i | | |
o 2}ATLAS Pb+Pb \'s,, =2.76 TeV go_ 2 ' ' T o' ]
o 1.5} 010 % Centrality det=7ub mQ - Pb+Pby\s,, =2.76 TeV 0-10 % -
) oo 18F |Ldt=7ub’ ATLAS -
158 < p_ <182 GeV , Q:O - SR e R=0.3 :
e — 16 it =R=04 1
g C T e N _ -
- B ‘:*- B R=0.5 .
:_ 14 i 1 | * po T ]
B : t JHOERE L :
ok | | | P
1f | | | - .
- 50 < pT<58GeV ITLY
0.5 [ s e S ]
ol | | |
1F | | |
[ 38< pT<44GeV
0.5 ... .......................................................................................................................................
ot | | |

Larger jet cone: ‘catch’ more radiation = Jet broadening

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



Changes in fragmentation

Longitudinal

Transverse f distribut
fragment distributions _Tag!'”?”ﬁ -!?’_t.” u_tlo.n-s_
CMS PoPD, 8y =276 TeV | | Q 't CMS preliminary | 2
1.5+ 1 1 » 0.8F o @)
L dt =150 ub 1% o | 0-10% | =
> Q.O.G:“ oy
- anti-k; jets: R = 0.3 ol 2 e . Z
& T —— 12 go.zf— S
- . . D !
\a B ] % o O:- ------- g oete-t-6 g
R *® 2:— jet
5 -0.2F0 120 < p¥' < 150 GeV/c
&/\ i bl L1
= | , ] 1F
= p':‘> 100 GeV/c | 0,85.+
_ 03<m <2 8 0.6f
0.5F 0-10% prack o1 GeVic - & 04F ‘
| 1 1 1 1 l 1 1 l.r 1 l 1 1 1 1 | 1 % 0'2:— ’
0 0.1 0.2 0.3 o Of------- b et
r -0.2F, jet
4 150 < pI° < 300 GeV/c
n N TR SN T | PR T T
Enhancement at large R, low pr ~0.4% 0
prack (GeV/c)

No modification at small R, large pt: physics or auto-correlation?
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Toy model spectrum

Background fluctuations
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Fragment distributions (simulation)

z-subtracted

&S,
= d
R

[
Pythia ]
Pythia+Hydjet — —— 4
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© gdé" 10 i
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©
s 1 F
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-1
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g

At fixed prt: pick up

Ez4<:>pTSZGeV

above-average background contributions

Current measurements mostly pr > 2 GeV

9809°'60¢ L-AlXJe ‘e 18 Lelode)
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Jet Quenching Summary |

So, jet Raa is not close to 1
Large out-of-cone radiation, low pT, large angles
NB: even the fragmentation measurements do not capture the

‘Initial energy’

What is the (dominant) mechanism?
Several lines of investigation

No angular ordering the the medium; large angle radiation allowed (ventar-

Tani, Salgado, Tywoniuk)
Interplay of scales: medium density/mean free path vs opening angle of radiation

Multlple Interactions ‘thermalise’ the radiation (Renk, Wiedemann, Caselderrey-Solana)

Large angle ‘democratic’ gluon splitting allowed in the medium Biaizot, 1ancy,
Mehtar-Tani)
Kinematics, (trigger-)biases also play a role

Thorsten Renk: effect of Angular Ordering is small in Pythia
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Comparing to energy loss models

Jet observables: need explicit modelling of multi-particle final states

JEWEL: Rcpvs R Mehtar-Tani, Tywoniuk, arXiv:1401.8293
% Ii T ‘ T ‘ T T ‘ T ‘ T T ‘ T ‘ T ‘ T ‘ T ]
= 1A o Coh
—*— ATLAS data N Coh + Decoh
.| T JEWEL+PYTHIA Reo.s 1w 4l Vacuum
= e 1o CMS Prelim.: medium, 0-10% e
5 | = L | | , 1 © U CMS Prelim.: vacuum
% USWES RER 1 o { 3t
B B Q_) 2 2 |
- =
10! = R=0.3 (x1071) — 9'3
: . C X 1
# ) ¢ T T T T T ] 2.
L 1 A 0
n 1N )
5 9 Coh + Decoh
1077 — R=0.4 (x107%) — = A CMS Preliminary, 0-10%
RIS S m— S § 19
- ] © {g
n ] 1
1073 | R=0.5 (x107%) — 0.5
A ——— :
o [T = 0 1 2 3 4 9
—L I l - l L1 1 l I l L1 1 l I l - l I l | e
40 60 80 100 120 140 160 180 200
p1 [GeV]

JEWEL gets the right suppression for R=0.2, Fragment distributions sensitive

but not the increase with R to coherence effects

(Treatment of recoil partons?) (NB: no geometry model yet)
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Hadron trigger vs jet trigger

Are jets an unnecessary complication?
If hadron and jet Raa are similar, why not use hadron observables?

2050 GeV Trigger, 0-10% 2.76 ATeV PbPb

Hadron trigger: strong “surface bias”
maximizes recoil path length Hadron trigger <%

O
x [fm]

YaJEM, LHC (241)=D hydro

Full jet trigger: no geom. bias
partially cancelled by bkg fluctuations /€t trigger

806790 G80Hd Musy'lL

Biases are different! Can be exploited to constrain models
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Hadron-recoll jet measurements
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Hadron-triggered recoill jet distributions

G. de Barros et al., arXiv:1208.1518

10" &=
E e Trigger P, 10-15 GeV
N e Trigger P, 15-20 GeV
102 e Trigger P, 20-50 GeV
= HI.ICE
~ PERFORMANCE X
107 & ?‘?**
S # s+¢+
i "y *H 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 T *
107 &= '
- t (3 T
| 1R | 1 1 A A A A

-40 -20 0 20 40 60 80 100

< , p#’}et—p’ew pA (GeVlc)

~
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
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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 —
. 28 C loP - ¢'" 1|<0.6
(Perugia 2010) £ . e recol C g
g‘=1 4l Signal trigger hadron: 20 < P, < 50 GeVic
28 Reference trigger hadron: 15 < p'T"" < 20 GeVlc
1.2
R=0.4 g r
=3 [
T Apmeemmmemmsseseene- -I ---------------------------
Constituents: .
ponst > 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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Recoil Jet Al,,PYTHIA: R dependence

R=0.4 R=0.2

=2 .16 9 <1.6 .
28 F g™ Prcas <08 & F Wos™ Frcar 106
g:]-1 4 ~ Signal trigger hadron: 20 < p_ <50 GeVic aﬂ 14 - Signal trigger hadron: 20 < p_ - < 50 GeVic
g’? . C Reference trigger hadron: 15 < p;"" <20 GeVic g} = Reference trigger hadron: 15 < p:"° < 20 GeVic
" 1.2p— ul1_2,__
i. t. F
c2 [ e L
(] 1 e R L T ------- - ".‘ 1 e
0.8 :_ ¢ 7 i 1 0.8 L | 1 I l
E ¢ - . 7 '
0.6 I I : 0.6 | : t 1 ! !
m = I I l
04} %% Pb-Pb 0-20% \s,,, =2.76 TeV 0.4f %{% Pb-Pb 0-20% \S,,, = 2.76 TeV
[ anti-k;, R=0.4, p;*"* > 0.15 GeVi/c » anti-k,, R=0.2, p:*"*' > 0.15 GeVic
0.2|— ALICE —+— Diagonal element of covariance matrix 0.2— ALICE —4— Diagonal element of covariance matrix
- PRELIMINARY Shape uncertainty i PRELIMINARY Shape uncertainty
0 [___1 Correlated uncertainty O [ 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 S0 60 70
PL (GeVIC) Py, (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 | 5,,=2.76 TeV

r 1.8~ Centrality 0-10%
1 6:~ [¢7] ALICE Charged Jet
/ e A PYTHIA+JEWEL

i Charged Jets
12 Anti-k, R=0.3
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JEWEL correctly describes
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JEWEL: Zapp et al., EPJ C69, 617
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JEWEL Al ,~0.4, below measured
YAJEM agrees with measurement

Difference in energy loss or geometry?
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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
¢ Raa <1, similar to hadrons
o lap <1
« Radial shapes

— Remaining jet has small modifications:
* Longitudinal and transverse structure similar at small r, large z
« Deviations at large r, low z

— Most of the radiation is at low p+

« Scale set by medium temperature?
» Democratic branchings?

Interplays of many effects: impossible to read simple conclusions off the plots
Need (detailed) calculations to draw conclusions

e.g. JEWEL and YaJEM energy loss MCs agree
with many of the observed effects
Does this constrain the energy loss mechanism(s)?
Ongoing work...
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A C@%gﬁ;@mz}(@w of Jet quenchlng

arXiv:1205.5872
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Jet fragment distributions
PbPb measurement
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dNtrack /(jF)
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Jet fragment distributions
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Jet broadening: transverse fragment distributions
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Full jet comparison

ALICE Preliminary Pb-Pb s, =2.76 TeV
I anti-k; R=0.2
ALICE 0-10%

RAA
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Good agreement between experiments; hint of pr dependence
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