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* jet nuclear modification factor
* jet shapes

* subjet measurements at STAR, CMS and ALICE
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%}Qﬁ Jets: seeing quarks and gluons ..,

University of Tiukuba

- jet: collimated bunch of hadrons

* quasi-free parton scattering at high Q2:
the best available experimental equivalent to quarks and gluons
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X Jet fragmentation =

- initial hard scattering: high-pt partons
» cascade of (anti-)quarks and gluons: parton shower

- at soft scale (O(Aacp)): hadronization
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Fragmentation = Parton shower + hadronization
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Jet reconstruction

C i R E University of Tiukuba

 Establish correspondence between

detector measurements / Jet 3 thﬂ Jepp 10'M
final state particles / partons g ". l Deposited Energy:
% o [ Hadronic
- two types of jet finder: ° Fesemenele
- iterative cone Track Hits
- sequential recombination . 10"5m
|- c
eg antl kT) 9 Mesons: Baryons: —
Pions, Protons,
. T Kaons, Neutrons,
* resolution parameter R o ste.
plGevi | __anti-k, R=1_» | <10*m
g Gluon Quark
Q
€
©
Qo -
Proton y Proton
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%QE Partons in heavy-ion collisions s

University of Tsukuba

 hard partons are produced early and traverse the hot and dense QGP

e expect enhanced parton energy loss: ‘jet quenching’ (mostly) due to
medium-induced gluon radiation

 ‘vacuum’ expectation calculable by pQCD : ‘calibrated probe of QGP’

7_—'—uIl'*'l|*"w""|"'*|*"'l"”'
* jets sensitive to properties of ; 3EI al%V_B(\?VUJET " e :
the medium (energy o T EER :

itv O [ A McGill-AMY &

densq:y, q, mean free path, S Eo M =Be o

coupling ... ) I .
“ 4 R
. . S| Ri—
* ... but also jet-medium 5t B
interaction not trivial ﬁ N
(strong / weak coupling, 2 ol
parton mass / type, | ] <Au+Au at 0.2 TeV, E
fireball dynamics ...) _g qn/ T2 (DIS) <Ph+Pb at 2.76 TeV, :
>y et b b b oy
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%) JetsatALICE (LHCrun1)  #

University of Tsukuba

EMCal

* charged particle tracking:
- Inner Tracking System (ITS)
- Time Projection Chamber
- full azimuth, |n |< 0.9
pT > 150 MeV/c

« EMCal :
- neutral particles
-Ap =107°, |n|<0.7
cluster Et > 300 MeV

* jet trigger with EMCal and TRD
* ‘charged’ (tracking) jets and ‘full’ jets

e full jets from charged particle tracking and EM energy:
conceptually different and complementary to traditional approach
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g{@E Jet nuclear modification factor &%,
1  d*Ne,/dndpr
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e Raa(pr) = -

Taa d20 Phys.Lett. B746 (2015) 1

/dn dpr

- strong suppression observed, similar to hadron RAA JEWEL: PLB 735 (2014)

— parton energy not recovered inside jet cone YaJEM:PRC 88 (2013) 014905

. increase of o central O semi-central @
. < » | |
SUppression @ [ A \cE Po-Pb |5g=2.76 TeV | Antik R=02 [ <05 pf*">5GeVie
with centrality o o I
i * Data 0 - 10% [ ]Correlated uncertainty + Data 10 - 30% [ |Correlated uncertainty
0.8 I JEWEL & Shape uncertainty i JEWEL - Shape uncertainty
- JEWEL and L T
- = YaJEM - == YaJEM
YaJEM 0.6 ) ! )

jet quenching
models reproduceo.4
suppression




.y Jet Raa at 5 TeV ol
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C | R E University of Tiukuba

e motivation: compare to previous results at 2.76 TeV to study
Vsnn dependence of Raa
o with increasing Vsnn
higher initial energy density

e stronger jet quenching ? < ?
X 18

T | T T T | T T T | T T T T h T T T t 1: T T
PR e % s ape uncertainty
ALICE Pb-Pb ysyy = 5.02 TeV [ ] correlated uncertainty

1.6 Anti-k, R=0.2 n,,| <07 p*’ > 5 GeVic

1.4—=— \'Syn = 502 TeV ALICE 0-10 % (Ch Jet, R=0.2 pp:Data)
ISy = 5:02 TeV ALICE 0-10 % (Ch Jet, R=0.2 pp:POWHEG)
~ —— s = 2.76 TeV ALICE 0-10 % (Full Jet, R=0.2)

1=  PLB 746 (2015) 1

 —— |s,, = 2.76 TeV ATLAS 0-10 % (Full Jet, R=0.4)

1.2

III|III|III|III|III|III|III|III|III|III

e comparable Raa: 085" PRL 114 (2015) 072302
» with increasing Vsnn 0.8 ;
flatter parton spectra 0.4
« effect of flattening 0.2~ ALICE Preliminary
Compensated by . 0 2|O — I4|O — 6|O — I8|O — I1(|)OI | I12|OI | I14|10I
stronger suppression p, ., (GeVic)
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Jet Shapes
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%‘FQE Jet shapes ﬁf |

- radial moment ‘girth’ g, longitudinal dispersion pTD, g3 o -
difference leading - subleading prt LeSub 17 e
\/‘}:: p%,i
D —
Pr Zi P,

LeSub= pTIead,track_ stublead,track

 shapes in Pb-Pb as probe of

quenching of low-pr jets:
characterise fragment distributions and are sensitive to medium induced
changes of intra-jet momentum flow

» ‘event-by-event’ measure, sensitive to fluctuations
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Jet shapes in Pb-Pb L A

University of Tiukuba

» fully corrected to charged particle level

« compare to PYTHIA reference, validated with results from pp collisions
at 7 TeV

« g shifted to smaller values — indicates more collimated jet core

1/N®® dN/dg

SOFALICE Prefirtinary :
" Pb-Pb |5 = 2.76 TeV :
25__Anti—kT charged jets, R=0.2 ]
B iot.ch -4 ALICE Data ]
—_40 <p; <60 GeV/c Shape uncertainty
20 .
- [C]Correlated uncertainty
C : +—+— -4 PYTHIA Perugia 11 ]
151 == -
10F- i # E
C = :
Ol iy, | —
0 0.02 0.04 0.06 0.08 0.1 0.12
g
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1/N®® dN/dp_D

3=
« larger ptD in Pb-Pb compared to PYTHIA

&

EN P

V2,
&S

University of Tiukuba

— indicates fewer constituents in quenched jets

— hardest splittings likely unaffected

"ALICE Preliminary
” Pb-Pb |, =2.76 TeV
_Anti-k; charged jets, R =0.2

- . —# ALICE Data
- 40 < ;ﬂf““ <60 GeV/c

Shape uncertainty

—4— PYTHIA Perugia 11

[] Correlated uncertaint

1S

E —— ]
- —e— -
- —— E
r | | | | | ? :I
3 04 05 06 07 08 0.9 1

p,D

« LeSub in Pb-Pb in good agreement with pp:

« collimation through emission of soft particles at large angles

S 0-20ATIcE Prelimihary k
@ 0.18-Pb-Pb sy, = 2.76 Tev E
(2 0.16FAnti-k; charged jets, R =0.2 -
3 01 4:_40 < ﬂ:t’Ch <60 GeV/c _:
2 0.12F —+— ALICE Data E
v T F Shape uncertainty 3
O 0.1 [] Correlated uncertainty —
B 0.08E— —— PYTHIA Perugia 11 -
Sl e— .
< 0.06]- e
"Z 0.02F =
~~ -

F O_I 1 I 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 'T 1 1
0 5 10 15 20 25 30
LeSub (GeV/c)
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Subjets
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Subjets at LHC

« declustering and soft drop grooming to identify hard jet substructure

: min ,
« subjet momentum balance | z, = (Pr1.p72)) 5 ¢ 4

Pr1 + P12

« in vacuum, do/dzg ~ splitting function

------------------------ P S N B N B B N B B B B

180 cms {w=502Tev antik, F't='of4'—;— SoftDrop B=012m=0.11—;
- CMS: strongest I S-S UREE W e
. 1.4 Centrality: 0-10% = + E
suppression for o 12 : : h
lower prtat highzg & =& : .‘l
Y
0.4F
0.2F
18 T : _
14- : 3 ]
o 12 g T mom + 2 _%_ _H. +
5 - T e e e oy o cOR e RN o o
£ o ErgmiRe: & Gt T T T
0.6F =2 E
0.4F + 3
02F 200<p, <250 GeV : 250<p__<300 GeV - 300<p, <500 GeV .
CMS PAS HIN 16-006 0016203 04 0F 01 02 03 04 05 01 02 03 04 05
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Subjets in STAR

« STAR: RHIC accelerator (USA), Vsnn = 200 GeV

» select dijet pairs matching to ‘hard core’ jets reconstructed with high
constituent cut preonst > 2 GeV/c

* NO suppression observed

« role of different kinematics, STAR selection bias, subjet AR cut ?

1/N dN/dz,
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STAR Preliminary

1/N dN/dz,
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ALICE subjets

« charged jets, kt declustering

 subjettiness tn: how consistent is a jet with having N subjets

T2/ T1: NO significant modification

~ AT
(Y ALICE Preliminary —e— ALICE Data ]
\N 3.5 0-10% Pb-Pb ys,, = 2.76 TeV —=— PYTHIA Perugia 11 —
() T Anti-k. charged jets, B = 0.4 - Shape Uncertainty .
. -\o/ 3:— T-Ap<06 —:
EPT iMIII(ARu,ARI. ) ,...,ARI. N) 2 C TT{1545) - TT{8,9} 3
= | | ’ 2.5 40« P < 60 GeVie . E— -
Ty =" o = ]
ROEPTJ @ 2 ' -
i=1 < F .
= 1.5 e— — -
C —_— .
1= =
0.5 0-10% PbPb E
r—i* PYTHIA ]
MJ_L_LL_A_[_LLI_I_I_LL_LI_A_I_A_I_I_AJ_I_A_I_LA_l_LL
2 03 04 05 06 07 08 09 1
/7,
2-prong jet 1-prong jet
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ALICE subjet AR

 subjet distance AR - observable potentially sensitive to medium response
(J. G. Milhano, U. A. Wiedemann, K. C. Zapp, arXiv: 1707.04142)

 data uncorrected for detector effects and background fluctuations
compared to PYTHIA embedded reference

« NO significant modification observed relative to reference,

full correction to particle level in progress

1/N™ dN/AR

107%F

- ALICE l|3reliminar)|( |
0-10% Pb-Pb \/s,, = 2.76 TeV

E_ Anti-k; charged jets, R = 0.4

- 80 < pF" < 100 GeV/e

e

B ——
ol T 4=

—+

i -|- Data Const Sub
~} Pythia Embedded Const Sub

| statistical errors only S
I 1| I 1 1 1 1 l 11 1 1

I 11

v b by
0 01 02 03 04

0.5
AR



go,QSE Summary

 hard probes allow to probe properties of the QGP
e first insights on dynamics parton of energy loss from jet
nuclear modification factor and jet shape measurements
e collimation through emission of soft particles at large angles

e exploring potential of subjet observables

* intriguing jet pt dependence
e dN/dzgy from ALICE under preparation
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Jet reconstruction

C i R E University of Tiukuba

 Establish correspondence between

detector measurements / Jet 3 thﬂ Jepp 10'M
final state particles / partons g ". l Deposited Energy:
% o [ Hadronic
- two types of jet finder: ° Fesemenele
- iterative cone Track Hits
- sequential recombination . 10"5m
|- c
eg antl kT) 9 Mesons: Baryons: —
Pions, Protons,
. T Kaons, Neutrons,
* resolution parameter R o ste.
plGevi | __anti-k, R=1_» | <10*m
g Gluon Quark
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« direct photons:
prompt photons from hard scattering
+ thermal radiation from QCD matter

* low-pT inverse slope parameter:
Tett = 297 +/- 12818t +/- 42syst- MeV/c

* indicates initial temperature way
above Tc

arXiv 1509.07324 [nucl-ex]

SRfsE QCD matter at LHC s

University of Trukuba

% % LI | LI L | | I I I I I | I g
o - Pb-Pb {s,,=2.76 TeV ]
> 10°=  [] 0-20% ALICE — PDF: CTEQ6MS, FF: GRV =
] = . [#]20-40% ALICE -- (n)PDF: CTEQ6.1M/EPS09,3
> 10°E ', [+]40-80% ALICE FF-BrG2 =
= o F JETPHOX =
% (O 10 W PDF:CT10, FF:BFG2 g
Q nPDF: EPS09, FF:BFG2 3
2; 1= | (all scaled by N_,) -
~107E =
102 E
10° x 10> g
- —— e —
10 .
= x10" 3
10"’_5 E
10°% . x 10" o
10‘7_g =
10-85_1 1 I 111 l 1 1 I L1 1 I 11 I L1 1 I L1 1 I'E

12 1
P, (GeV/c)
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g%gf Hadrons in heavy-ion collisions s,

3
o
* high- pt hadrons "proxy’ for jet ’
e jet quenching for charged hadrons,
Pb-Pb collisions at Vs = 2.76 TeV
1 d?Ne,/dndpr .

Raalpr) = :
LAA ([ T) Tan d‘)ffff.)/d'fl dp

* hadron observables biased towards
leading fragment

— study the effect for fully reconstructed jets

PLB 720 (2013) 250

LI S NN B B S B AR S R A B N S R S S I B S |

ALICE, Pb-Pb, | s, = 2.76 TeV
charged particles, n| < 0.8

RRRRRRRRRRR

@ ALICE (0-5%)

YRR VONSN USUN TR FUUC SOUNT OO U U FUY ORI N YOO SHROT TUSY WOOl FPOTT ST WO 300 SO

0 10 20 30 40 50

P, (GeV/c)
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Analysis detalls

&
SR

University of Tiukuba

« charged jets from charged particle tracks, pree"st > 150 MeV/c
in pp MinB at 7 TeV and Pb-Pb 10% central at 2.76 TeV

« R=0.2, 40 < p7et < 60 GeV/c, no leading constituent cut

« novel background subtraction methods (Pb-Pb)
- area subtraction (G. Soyez et al, Phys. Rev. Lett 110 (2013) 16)
- constituent subtraction (P. Berta et al, JHEP 1406 (2014) 092)

2D unfolding to correct
for background fluctuations
and detector effects

S 1oEAUCEsmulation T
= R=0.2, Anti-k; charged jets
Z 140 < pJe“’h <60 GeV/c
10‘ "“‘f%__
—z 102 R **f+f~
— 10—4 T e + T
107 -~ F
—5 +
10 +
10°° —— Pythia Det. Level T 1
1077 & —— Pythia Embedded Area. Sub (2nd order)
—— Pythia Embedded Const. Sub
1078 E —— Pythia Embedded Unsubtracted T
10—9 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I I

0 002 004 006 008 01 012 0.14 0.16
uncorrected g
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Q,Q Underlying event in heavy-ion collision &
CiRTSE Uniﬁs?gfnﬁuba
* jet reconstruction in heavy-ion collisions :

difficult due to the high underlying event background

not related to hard scattering

e correct spectra for background fluctuations and detector effects
via unfolding

LHC2010 Pb-Pb\ /s, = 2.76 TeV

N
(=
(=]

- T T 1 10°

* not possible down to lowest jet pr

FastJet k; R = 0.4 (cut 150 MeV)

p (GeV/c)

B 4
1501\ e 3 1

ALICE 10°
ALICE performance
Uncorrected
2011/05/13

100 -

— 107

10

M N M L " M -: | L M P
% 20 40

O et S 00
centrality (%
jetarea~0.5(R=0.4)
central peripheral




EO}QE Jet shapes: model comparison

- trends reproduced by JEWEL jet quenching model:
collimation through emission of soft particles at large angles

&

A

University of Tiukuba

35 T 17T L U L A L T T ] 6 [rrrryrrrrprrro T T T T T T 71
.8) - ALICE Preliminary . D|_ [ ALICE Preliminary 2
2 30F Pb—.Pb VS = 2.7.6 TeV - ALICE Data - % 5:_Pb-Pb VSun = 2.76 TeV -# ALICE Data _:
eo) - ,:gtu-l;etgrarzgd G{'et\:;,; R=0.2 Shape uncertainty . E - Anti-kretirarged jets, R=0.2 Shape uncertainty . .
% o5 :_ <p; < eVic [JCorrelated uncertainty _: = - 40 < p‘T <60 GeV/c DC;\;:IeEIited uncertainty 1
= - JEWEL vacuum 1«  4AC ! vacuum -
Sy - . 1 B L JEWEL recoils off ]
— 20 JEWEL Recoils off = & B T]PYTHIA Perugia 11 i
- [ IPYTHIA Perugia 11 1 < 3- —
C S r ] 2_— _
o= o B - : — :
- 1= | 3
O_ ! - ! I - ! ! I ! - ! | ! L L : 1 L L L L ! I_ |— I 1 1 1 | 11 1 | | I I 11 1 | 111 | | I I | I I
0 0.02 0.04 0.06 0.08 0.1 0.12 8_3 04 05 06 07 08 009 1

P
JEWEL: K.C. Zapp, F. Kraus, U.A. Wiedemann, JHEP 1303 (2013) 080
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