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Reconstruct the Quark Gluon Plasma

Pb Pb
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QGP
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Prepare the Quark Soup

Particle Multiplicity Azimuthal anisotropy
« Collision impact parameter of the ions * Early thermalization <1 fm/c
« Energy density of the medium * Shear viscosity

* Fluctuation of v, coefficients
from particle azimuthal correlation:
Initial-state geometry fluctuation

Quark Gluon Plasma
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Beyond the Analysis of Debris

« How does the strongly interacting medium
emerge from an asymptotic free theory (QCD)?

« Can we see quasi particles
(quarks and gluons) and medium ?
resonse in the Quark Gluon Plasma? %

Quark Gluon Plasma
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Beyond the Analysis of Debris

« How does the strongly interacting medium
emerge from an asymptotic free theory (QCD)?

Start from “un-thermalized” objects and see how
they are thermalized in the Quark Soup

« Can we see quasi particles S R
(quarks and gluons) and medium \ /

. \ |
resonse in the Quark Gluon Plasma? \\ /

Shoot colored objects through the QGP \\ /

Quark Gluon Plasma
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Hard Probes in Heavy lon Collisions

In medium parton energy loss Photons / Z
S et auenehing’ .-~ Colorless Probes
(Bjorken, 1982) /, Pﬁhotons{, glaectroweak bosons
g Tag the initial state

Transport coefficient g, stopping power dE/dX,
gluon density %’f, temperature T...

Colored Probes:

Jets and hadrons from High energy quarks and gluons
Studies of the medium properties
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Parton Energy Loss Models

 The main problem: we don’'t know how to describe the interaction
between the hard scattered parton and QGP (a multi-scale problem)

 Two theoretical approaches:
(neither of them are the full stories and both of them are effective descriptions in proper regimes)

Perturbative QCD Holographic calculation
Weak coupling limit Strong coupling limit
Collisional Radiative AdS/CFT “drag force”
energy loss energy loss
or—Q\ —
C E~ A
E_ A \
| I MR Afat AN
: E'ﬂ.E -2 0 2 4 6 8 10 12 14
X
(medium)

NS [ CUJet3.0 HYBRID
Q-PYTHIA | SCET; | JETSCAPE
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Jet Quenching

What is the mechanism of jet quenching?

4&
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] QGP
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Jet Ry, uptopr~1TeV

Can we capture all the quenched energy by jet reconstruction?

Anti-k; R=0.4 Jet R,, In 2.76 and 5.02 TeV

PbPb measurements <15 I | | | | [ | |

<
X [ ATLAS Preliminary ) . 0-10% 1
@ © antik, R = 0.4 jets @ —#- ATLAS, |s,,, = 5.02 TeV, this analysis <21
I ATLAS, \s,. = 2.76 TeV, arXiv: 1411.2357 1
@ | ) 4 aTias. s _
R = |

pp reference
ROl NE X T e R B e, ==
0 : [ ]

scatterings

: 2015 Pb+Pb data, 0.49 nb™’!

L 2015 pp data, 25 pb’ ]
0 I I I | | | ||

100 200 300 400 500 600 900
p. [GeV]

« Jet Ry, <1:quenched energy goes out of the jet cone
« Similar results from the STAR measurement on the h-jet at RHIC
* Significant jet suppression at high p; (up to ~ 1 TeV!)
« If the suppression is purely due to energy loss
— Energy transported out of the cone is O(100) GeV!

What is the fraction of parton energy going out of the jet cone?

N -
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Absolute Energy Loss with Z+Jet at 5 TeV

arXiv 1702.01060
PRL 119, 082301 (2017)

1 \Snn = 5.02 TeV PbPb 404 ub™”, pp 27.4 pb™

Z Boson / _l T [ | 531 & ! : | G 2 I | 38 S | T 177 ] TT7 ] T 171 ] L I | oY Y I T T T—

,\,\N\gf%&’_«a\é Jet  t CMS | €&—— ® PbPb, 0-30 % -

R — i I

- 0 Smeared pp

0.8 3 _

| p% > 60 GeV/c |

Momentum conservation - 0 anti-k; jet R =0.3 -

in the transverse direction | I pi:‘ > 30 GeV/c

. Zls | ! <16 -

Jet quenching (E-loss) —|2* 04l A¢, > g
A PP - ‘

PbPb e i b

0_$ SR oo + o 0

Ll l Ll L | - l 1 1 1 11 1 1 l 111 l L1l l Ll l | - l Ll

0O 02 04 06 08 1 12 14 16 18 2

1

i . pjet/pz
X:pT Jet/ pT boson iz T

~ 15% of the energy went out of the jet cone (R=0.3)
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Absolute Energy Loss with y+Jet at 5 TeV

ATLAS-CONF-2016-110

- 'S\ = 5.02 TeV Pbe 404 ub pp 274pb
><_J1 6 60<p < 80 GeV 1_ ——— T I ]
© . CMS cMs, |
> - B3 0-10% Pb+Pb, 0.49 nb” [ Preliminary prpb = ]
O —8— pp, 26 pb1 0.8 N + & ? & Bpp (smeared) |
2*1 2F PYTHIA 8 + Data Overlay © 0-10% 1
- T PbPb 5 = 0.6 + ° p, > 60 GeV/c |
:O qf oo PP z X ¢ anti-k, JetR=0.3 1
.Of o - N p* > 30 GeVic |
0.4 + 81 T | < 1?6
- AG > T -
. + e 75
0.4¢ 0.2~ ¢ .
[ . o ¢ O
O-IIIIIIIII T — - | - i
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0 1 X 2 Jet Y
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—_ A/\nfgﬁ%‘i«é
Xy~ [ prY L Jet

I N .
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CMS-PAS-HIN-16-002 (2017)
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Photon-Jet Data vs. Theoretical Predictions

CMS-PAS-HIN-16-002 (2017)

1.8 /————r———r—————— ———— ] —_———
1.6 :_CMS_ E PbPb 0 -30% _ L
‘O Fproiiminary I Hybrid Model 60 <p, <80 GeV/c |CMS |
1.4F0-30% — JEWEL + PYTHIA .k
~ %‘1_2;_40<pT<50G|eV/C LBT 2017

0 - 30%
50 < pj < 60 GeV/c

pJe’[/pY | | pJet/pY
T T T T
Photon p; 40-50 GeV/c 50-60 GeV/c 60-80 GeV/c
e
« JEWEL: pQCD 2 to 2 scattering extrapolated to infrared region +
recoll parton
 LBT: pQCD Transport model with medium recoll and thermalization
of the quenched energy
« HYBRID Model: PYTHIA8 + AdS/CFT drag force (strong coupling)

—
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Search for Quasi-Particles in the QGP

“QGP Rutherford experiment”

|IIIIIII|III|III|III|III|III
100 < p! < 150 GeV
ATLAS | !
Photon - ATLAS Preliminary
pjft > 50 GeV
Ad ey -5.02 TeV | PbPb E
Photon i PP
‘Backscattering”? (o4 T [ |
G ISR P
A¢J7 é.ll||lL|||||||||||||||||
- /2 3/4 Ap T

No significant modification
QGP probed looks smooth
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Hadron-Jet Angular Correlation

.r-E-LU.1|||||||||||||||||||||||||||||| Eiéﬁ;ﬁi% IAUBAU\I_IEODGeV-
4 | ALICE 0.15F —PyTHIA I\ s<d™<13 Gevic ]
-4 Pb-Pb |5y = 2.76 TeV, 0-10% £ o] \ :
| anti-k; charged jets, R = 0.4 0.1F ~

" 40< "2 < 60 GeV/c : ; , ﬂ‘ ; ]

- TT(20,50} — TT(8,9} 005 ]
0.05— O@M%’. .......... M

® Pb-Pbdata: ¢ =0.173 £ 0.031(star) £ 0.005(sys)

[ 20%-10%
L —PYTHIA® ME

- m PYTHIA + Pb-Pb: ¢ =0.164 + 0.015(stat) 7 0.15} -
= 0.1f E

l i s g .
0*,:.;1—-.-—:.:;‘;— """""""""" ] - 0'05: _:

statistical errors only

Lo v v v v b b e b b by |_ 'm.vv '.."
1.6 1.8 2 2.2 2.4 2.6 2.8 3

A9 =19 = 9y T e
\\t\rigger 004- scaled
hgdron
‘., 0.02
//' A¢ . . . 0 by
? No significant broadening .
-------------------- QGP probed looks smooth AG (rad)
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Jet Quenching

Do gluons lose more energy than the quarks?

If Yes: Gluon jet to quark jet ratio will decrease (Gluon jets are more suppressed)

N -
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Charged Jet p:D (DlsperS|on) and Jet Girth

Fom T S B B I I I IR I g 0335-"'I"'I"' ——
o'~ | ALICE Simulation E O [ ALICE Simulation PYTHIA Perugia 0 -
= 6 Ant'-kT charged jets, A=0.2 ] Z 30_Am| -k c:harged jets, R=0.2 pp Vs=2.76 TeV ]
et. ch F'YTHIA P (o] © i .
— - . © Z m Quark jets 2
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— 4 E 201 4 Gluon
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| I
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6 L T 30_ L LI T T T T M
O °FAUCE Prehrhmary ' ] .8’-‘ “ ALICE Prejminary | b
Q_'_ [ Pb-Pb |5y = 2.76 leV . ‘*Z- - Pb-Pb {5y, =276 TeV i
E : 2 _ O 5__Ami-kT chargedjeqa,r?:o.z 7 O 23 Anti-k, GharngJetS R=02 ALICE D .
i P 1,1 < [40<p"" <60 Gelc HALCEDaR 4 0T Lag< a0 Gevic + 2]
D _ © Al T v Shape uncertainty ko o0l Shape uncertainty
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E ; PT.i G_}Z - ] —- PYTHIA Perugia 11 - - 4 FPYTHAPerugia 11 -
, < 3 —9— a 151 -
- ] S PbPb ,—.
7 2- = 101~ = ; Y
Pt _ i == ALICE — = ALICE
g = jet i e — E Sk -
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p,D

Jets in PbPb are more Quark-like! (Gluon jets suppressed)

Yen-Jie Lee
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Jet Longitudinal Structure

Jet axis @ RD(z) = PbPb / PP ATLAS-CONF-2017-005
ﬁl%ﬁé i T LI L T T T T T T 1 |_
1.4 ATLAS Preliminary Iy o 1<2.1 n
EN, i @ 126 < P < 158 GeV :
. ¢ 200 < P < 251 GeV l
. . . I 1-2_ jet ‘ q_
Projection to jet axis - |4 316 < P’ < 398CeV | -
\ i e i

|

1_ ]
pTTk cos Ar - % & -
=" ¥ t :
Pr 0.8" .
| Pb+Pb, s, = 5.02 TeV, 0.49 nb™!, 0-10% |
0'6__ pp Vs =5.02 TeV, 25 pb™ PbPb/5.02 Tev_r

| | | 1 1 | | 1 | | |

_ 2 2

Ar = /A2 + A¢ 0!/ 1

 Fragmentation functions Ratio Ry, between PbPb and pp collisions at 5 TeV
« Enhancement at large z (high p; particles in jet): smaller gluon/quark ratio in PbPb
* Weak or no dependence on the jet p-

— If switch to y-tagged jet (mainly quarks), will this enhancement go away?
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Photon-Tagged Fragmentation Function

Photon

'\/V\/ﬁfi%‘g"‘g Jet

» First y-tagged fragmentation function!

« Decrease the population of gluon jets:
~70% of the tagged jets are quark jets

 Significant modification in PbPb
with respect to pp reference is observe

PbPb / pp

0.8
0.6

0.4+

1 2 3 4/1 2 3 4
EJjet E.,jEt

* No high z (or small ¢=In(1/z) ) enhancement observed!

'lllsNN =5.02 TeV
PbPb 404 pb’

pfF" > 1 GeV/c, anti-k_jetR = 0.3

P > 30 GeVie, [ < 1.6

1.8}
0

1.4¢
1.2}
1l

pp 27.4 pb” pi > 60 GeV/c, n| < 1.44, aq;h > ?—ét
'CMS Cent.30-100%1  Cent.0-30%
" Preliminary I ]
| @ PbPb 1
- 10 pp (smeared) T L] ]
[ . 1 *
i 8 © 6 T e L]
e 8 @ 3]
o o=

i N
LT ' ]
____"* _________________ * _________ T TN - ]
3 L ]
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Jet Quenching

Do we see medium response?

f222[20y

] QGP
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Where does the Quenched Energy Go?

JHEP 01 (2016) 006

Jet axis

P - o

QGP

Jet 0, pt: 205.1 GeV/| (p”) i [GE}V] 5‘
T P; A
0.5-1.0
Leading jet 1.0-2.0
 Quenched energy carried by 2.0-4.0
low momentum particles! = g'g:gboo .
« Average momentum of those n |<.2-4 '
rk

particles are higher than that

R
(PbPb 0-30%)

-Pp ]

from medium debris
— Not Completely Thermalized?
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Jet Transverse Structure

Jet axis

CMS /!

Jet shapes in pp and PbPb at 5.02 TeV

pp reference
108 cMS Preliminary PP

Anti-k; R=0.4

PbPb Cent. 0-10%

PbPb

0.7-1 GeV

L

[ 07 <p2*< 1 Gev

1< ijS°°-< 2 GeV o
E 5 < passoc.< 3 GeV i
‘Eli-SSOC, S
- 3<p < 4 GeV [o%
lSSDC, .-.-""_O
B /- P < 8 GeV 2
- 8 < p:ssoc{ 12 GeV ,-..E
B i2- p***°< 16 GeV 4
B 16 <p""<20GeV (=%

B 20 - pI7%°< 300 GeV
== Total 0.7 < pjssm' < 300 GeV

m |<24

track

3 Ratio: PbPb/pp
2.5
AN
2 $ t
1.5 Ny ﬁéi%
. R
N e
1 _\k\;\&ﬁf
0.5
0_-.-.---'---|---|--.
0.2 O'4Ar0'6 0.8

CMS-PAS-HIN-16-020

« Jet shapes and fragmentation functions in pp and PbPb collisions at 5 TeV
« Sensitive to the possible medium response to hard probes and induced radiation
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Theoretical Interpretation of the excess

l6r———m——————7 T T T T T ] JEWEL+PYTHIA (0 — 10%), Pb+Pb /s = 2.76 TeV

[ 1'6 T T T T T T T T T T T T T T T T T T T T T T T T T T T
- Visnn =276 TeV CNM only : a ' | | | ‘ ] Inclusive, PbPb (2.76 TeV)
[ _ _ r —— w/o Recoils 7 15 - o / _
1.4 L R = 03’ O3<| n |<2 CNM+R | — w/ Recoils 4MomSub ] p]]-‘> 100 GeVie, R=0.3
100 GeV AA o -
. Pr> ¢ All effects L CMS , — 14 | Gy~ 1.7 GeV¥fm, ey = 1.0 GeVie
1.2+ centrality 0—10% anti-ky R=0.3, || <2 4D ; i
T y ¢ - P> 100 GeV 1= P> 1.0 GeVie I
0 (,,)Pbpb I 12 |- * — - 213r
=% [~ = )
lofseepemen_ ., ______TEWEER_______ | - £ N e~ CMS (0-10 %)
p (r)PP : } { i g 12 — Shower+Hydro — |- .
7 2 1 — B === Shower
08 E _ ;:;—. = ———— —_—— % 11
i T I s 1=
i : 0s BN
0.6 CMS - - ] —— ——
i i i 1 09 1
0.4 T S T S S S S SRS . 0.6 j i ——
0.00 0.05 0.10 0.15 0.20 0.25 0.3( i J EWE |_ ] 0.8 ‘ i ‘ ‘ ‘
- | | ‘ . 0 005 01 015 02 025 O
r S o o1 o1 0.2 025 03 4

arXiv:1707.01539

Different explanation of the large angle arXiv:1701.07951
enhancement in jet shape measurement T

1.6 No Backreaction s

- SCET: Splitting function (large angle radiation) - E : }
« JEWEL & JETSCAPE: medium recoil parton 5 !

: recoil parton + hydro dynamical evolution !
« HYBRID: fully thermalized medium response 0
02 b e ]
0 0.05 0.1 0.15 0.2 0.25 0.3

See talk from lvan Vitev, Yasuki Tachibana, Abhijit Majumder
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Jet Quenching

] QGP

Can we groom away the soft radiation? (focus on the hard jet core)
Can jet quenching depends on the structure of parton shower?
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Groomed Jet Substructure with Soft Drop
CMS: used two grooming settings with AR>0.1 cut

_ min(pi,p2) (ARY
> Zcut
P1 + P2

N
Q
|

subjet

%O'T_II "']""I"1IIII'|['I" ED?_ |||||||||||||||||||||||| ]||||||||||||||[||||
- - O -
S [ ] < I
@ 0.6 “Defaultu — a 0.6~ —
# . - (13 tE -
< 1 £ [ Jet Core :
- - i = - _
N5 - )] S AU -
—(01,0.0 i 7 _
041 01,00 ] 0.4 83 ELLAY) 7
— (0.5, 1.5) z — (0.5, 1.5)
0.3 o 03__ ]
0.2~ ] 0.2f- -
0.1F ; : 0.14F
0 IIII|IIII|IIII|IIII|IIIIIIIIIIIIIIiIIIIIIIII 0-— |III|IIII|IIII| IIIIIIII I IIIIIIII :IIIIIIIIII_
. 0 005 0.1 015 0.2 025 0.3 035 0.4 045 05 0 005 0.1 015 0.2 025 03 035 0.4 045 05
From Yi Chen AR \R
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Groomed Jet Mass

(ZCUt’B) — (01;00) AR>01 (ZCUt’B) — (05,15) AR>01 z et Corer
- CMS Preliminary o CMS Preliminary - s
14T 140 < p, <160 GeV [ 140<p. <160 GeV e
- Jet i T,jet
121 ® PbPb 25¢ = PbPb
% _ ¥ S d % : \
5 10 3 ) & Smeared pp 8 oof \ & Smeared pp
s sk Default > [ y .
Ol _o [ N\ "o 15F N Jet Core
= 6F §$ . = 0
© X © o N
-z 4f X R e 10F W 0-10%
- i
2 NN 5 S &.4
Q. 2 Q. X
S 4r Anti-k; R=0.4 oo 2F
o|® 3 Qo : —
f s 2 3 P o g 1" -0 0_g—o—0— |
UEJ 1 —Oqo-o-=-=0=o=-0-""— D :
0'....I....I....I....I....I. 01-1-|----|----l----|---nl
0 0.1 0.2 0 OIV'I1 / 0.2
9 / pT,jet CMS-PAS-HIN-16-024 9 pT,jet
« Enhancement of large mass when looking * Results with a “more aggressive grooming”
at a less aggressive grooming setting » No significant modification of the “jet core”
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Momentum Sharing of Subjets

. _ ‘(S—NN =5.02 TeV, arXiv:1708.09429
One hard subjet Two hard subjets ——

ntrality: 0-10%
= PbPb

anti-k; R=0.4,In_| <1.3
14 160<pTJet< 180 GeV

Zy = Pr,2 g 12 ,®
5 fF---2--- & ----------2
Pr1 T Pr2 o o
S 08 o
06 Seo@

* Quark and gluon Z, distributions are very similar in pp 0.4 _
+ Jets with two hard subjets (large Z,) “relatively” more oz (ZeuP) =(0-1,0.0)

suppressed than jets with a single core (small Z,) e Y I YR R

(Or small Z; is enhanced) Zg

EJ-lIIIIIIIIIIIIIIIIIII

o
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CMS Groomed Jet Splitting Function

arXiv:1708.09429
: | |---|----|----|::|||||/|||||||||l|||||||||-
1.6 CMS Centrality: 0-10% i 2
C s? 140<p. <160GeV I i
1 4 ot T,jet —t ! 250 < ijet <300 GeV ]
o 1.2F -+
Q. L -
S— - -
O If—---O s - _____-_. — -
ol - I
O C 1
0. 08fF T
0.6f = JEWEL S Toor 4
L Coherent antenna BDMPS’53% ¥ 1 Chien-Vite ~ HT g =4 GeV/m’
0.4 '_ — q =1GeV/im*,L=5 fm T g=18 == Coherent h
" mom q 2 Gewfm |_ 5 fm |:: ||||||Ig 2.2 : Incciherent : : i
0 1 0.2 0 3 0 4 0.5 0.1 0.2 0.3 0.4 0.5
Zq Zg

+ JEWEL: enhancement of low Z, jets (due to medium recoil)
: modification due to medium induced splitting function
& Coherent antenna BDMPS: Data prefer coherent energy loss
* Measurement of r; and groomed R,, would help to separate models

I I I I I Yen-Jie Lee XLVII International Symposium on Multiparticle Dynamics 27



« Consistent picture of energy flow with respect to jet at LHC

from ALICE, ATLAS and CMS

« Modification of jet shapes and fragmentation function
« Jet substructure become more quark-like
* Quenched energy out of the cone (R>0.5) carried by low p; particle

* Hint of medium response from LHC data
« Different interpretations from theory groups

 Situation at RHIC Is not as clear as at LHC
« Opportunity for STAR and sPHENIX

« “Parton shower shape dependence” of jet quenching:
« Groomed jet substructure: a power tool for the highly differential
studies of jet quenching
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Backup slides
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Compilation of the charged hadron R,,

27.4 pb™' (5. 02 TeV pp) + 404 ub'(5.02 TeV PbPb)

|||||||| | IIIIIII ||l||l|| | | L

C MS SPS 17.3 GeV (PbPb) LHC 5.02 TeV (PbPb)
o mOWA98 (0-7%) [ ® | CMS (0-5%)
= 7*NA49 (0-5%) Models 5.02 TeV (PbPb)
SCET, (0-10%)
O 7% PHENIX (0-5%) Hybrid Model (0-10%)
# * hSTAR(0-5%) [||1] Bianchi et al. (0-10%)
LHC 2.76 TeV (PbPb) === CUJET 3.0 (h“+r°, 0-5%)
o ALICE (0-5%) = Andrés et al. (0-5%) N
v ATLAS (0-5%) == v-USPhydro+BBMG (0-5%)]

N

1.8
1.6
1.4
1.2

RHIC 200 GeV (AuAu) |

© CMS (0-5%)

0.8
0.6
0.4
0.2

Vi )
I it - v’:.\"’*: ‘\".1‘
* - I‘v,\".“
‘,"{-.‘
+ t .
o 0109

<

III<1IIIIIIIlIII|III|III|III|IIIIIII|III

IIIIIII| | IIIIIII| 1 IIIIIII| |

1 10 100
p_ (GeV)

o
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Jet R, vS. rapidity

g 1,2 T T T T T T T T T T T T T T T T T I T T T T T T
S 0-10% 158 < p_ < 200 GeV -
5 1_ _____________ '. ____________ . __________ ! ------------ '. _________________ .‘ ----- -
§ L i
X 0.8 ATLAS Preliminary .
>  r anti-k, R = 0.4 jets, |s,, = 5.02 TeV 1
E 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 I I
m 9:9 T T T T T T T T T T T T T T T T T T T T T T T T T T
- 200 < p_ < 251 GeV -
1| e 4—smee L —  —— ¢
. 0.8} i
o i i
H 1 l 1 1 1 l 1 1 I 1 1 1 I 1 1 I 1
'2 q g I 1 I 1 | I 1 | I | 1 1 | I I 1 I I I I | I 1 1 I I
251 < p. <316 GeV -
| o T .
= +
0.8} .
06 | | L | | |
1'2 T T T T ] T T T T ] T T T T | T T T T | T T T T | T
. +_ 316 < p_ < 562|GeV -
| e e i N ]
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Dijet asymmetry

2|3 :'"I""I""I""I""I""I""I"o" LA L A AL A S I ]
o asf 100 Py < 126GV 0-10%, ,“:_L;SR_MW 10-20% * Progress on the 2-D unfolding from ATLAS
3 EPb+Pb :anl R =04 jets
¢ [®lpp ] _ ]
25F " « Hint of peak structure in the low pT bin
1_2 Es-s ] | et observed at the threshold
i =l -
IIII IIII|IIII|IIII|IIIIIIII IIIII IIIII IIIIIIIIIIII|IIII|IIIIIIIII|IIII
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b 188 e b b b bena b 2P oW1 YUY RN FURTE FRTTY FOUTY
2|y AT I O T T T
s 35} 40-60 %] | |5, =276 TeV 60 - 80 %
= s t 2011 Pb+Pb data, 0.14 nb"'
3 1 T 2013 pp data, 4.0 pb-'
25f —r ]
2:_ ——— ] ==
15F fmgg E%
D
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RN B .7 Loveelienleenelin
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Jet Longitudinal Structure

(@% Ry = PbPb / pp ————
Charged hadron RAA ATLAS D(2) ATLAS-CONF-2017-005

EXPERIMENT

T } I I | L ] T | T | LI
‘Jet RAA ' ATLAS Preliminary ly o2 =~ _ |
§ I I I 1 T | T I I T T T I I I I 1T T ﬁ1 -4— //' \\ N
B i i 126 < 158 GeV | 7 N—]
T [ ATLAS Prellmlnary _ E - ® ) pJ_T < J/ *
| S - m - ¢ 200 < p* < 251 GeVIA q‘f
B ,” \\ i 1'2__ 4 316 < p":‘ < 398 Gev,‘ q _\l
0'8__ ® jet, 0-10% (ATLAS-CONF-2017-009) / + m \\ - i ! T _:
| ¢ h?, 0-5% (ATLAS-CONF-2017-012) { 1 i B |\ | - i
0.6~ ‘HH HBEE$ i 1, ; al l 4
i R . ‘ o
04EE EE' M@ Se_-" - = + #: \\ // _
— 1+ mjzl — 08_ Mo // ]
L * 0 _ B S~ i

- 0 0 _
0.2 D]D]El 1 B |
N *oprr® Pb+5p(§)25T02v TZ‘;’ %?9 nb™ | Pb+Pb, |5, = 5.02 TeV, 0.49 nb™', 0-10% ]
- PP e Y s !
1 | | | L1 11 | L | 1 L1 11 _

0 2 3 0'6_ pp Vs =5.02 TeV, 25 pb’ PbPb 5.02 TeV_

1 10 10 10 1 1 L1 1 | | l | 1

p_ [GeV]
T J—

10" 1

 Fragmentation functions Ratio Ry, between PbPb and pp collisions at 5 TeV <

 Enhancement at large z: consistent with smaller gluon/quark ratio in PobPb data
* Modified fragmentation could be the reason why
high p; charged hadron R, > jet R,
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Comparison between Z-Jet and Photon-Jet

CMS Preliminary  \s,, = 5.02 TeV, PbPb 404 b’ VSp = 5.02 TeV PbPb 404 ub’
1 :

1TTY]YlYIYYY'I'r[‘I'IrrTTTT[]TTTTI‘TI’[Y -
I ® Z+jet, 0-30% - oo CMS Preliminary

HIN-15-013

0.8} 0.8 V=27
; Blv+jet, 0-10% - anti-k; jet R = 0.3
[ PAS-HIN-16-002 _ ol P > 30 GeV/c
Sili % 0.6~ V=2Zv ] 0.6 M* < 1.6
43 pY > 60 GeV/c | B - A0, > In

anti-k; jet R =03 |
P >30 GeVic - 0.4
jet ,
'2]0' Tji - 0.3 ® Z+jet, 0-30 %
B 0.2 HIN-15-013
B y+jet, 0-30 %
PAS-HIN-16-002

0.2

0.1

111"lllll'llllll‘lll‘ll"'

Ti*TITYTIT

0...E} ............................................

Bl . l A_l_L_l LAl J__L,J__A__l LA l A 1_1_1 il .Li__L__‘__l_L | . 1 LAl 1 .- 1 & . l A L_L‘L,L Rt _1,1__1_,1__L_L_

0 02 04 06 08 1 12 1.4 16 1.8 2 % 50 80 70 80 90 100 110 120

Xy = PPy HIN-15-013 pY (GeV/c)
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STAR Jet Splitting function

p,'r9-Recoil: Calculated with pr.cut>2 GeV/c
z,. Measured on matched jets with pr,cut>0.2 GeV/c

o F T o F . ecoi

_Bl 8 Trigger Jet, p: 9=20-30 GeV/c _Bl 8 Recoil Jet, p: °l = 10-20 GeV/c

% 7= * & Au+Au HT 0-20% % 7 % Au+Au HT 0-20%
6 6

% s = pp ® Au+Au MB 0-20% % s = pp © Au+Au MB 0-20%
5 | 5 |
e STAR Preliminary N o STAR Preliminary
3F- :E: 3 :E: |
2 - 2E gy .
= =i=—l—:g: =
| E P PR P R i B | A E P R EPE P R B

0.1 0.2 0.3 0.4 0.5 206 0.1 0.2 0.3 0.4 0.5 206
g g

» Direct comparison to embedded p+p — no unfolding

» Selected di-jets with hard cores:
No significant modification of the splitting function in
AutAu observed with z,
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Groomed jet p- fraction

CMS Preliminary pp27.4pb" (5.02 TeV) CMS Preliminary popb 404 ub (5.02 Tev)

1025IIII|IIII|III\|IIII|IIII|IIII|IIIIE 102EIIII|IIII|IIII|IIII|II\I|IIII|IIIIE

" 140 <p" < 160 GeV ¢—data 4 - Centrality: 0-10% *— data -

" antik, R=0.4, <13 " PYTHIA ] " j40< pj:t < 160 GeV " PYTHIA+HYDJET i

10 SoftDrop =1.5, z =0.5,AR;,>0.1 . 10E anti-k, R = 0.4, |njei| <1.3 .

- o - SoftDrop p=1.5,z =05, AR,,> 0.1 .

E’;I— B E’;I— B 7

= ;.E—’ i = ;,E—’ i n
5 1= 5 1=
107" 107
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CMS Jet Mass

anti-kt B = 0.4, hrlwl < 1.3, Soft drop .= 01,p=0.0, J&Hw = 0.1

CMS Preliminary 160 <p <180 GeV PbPb 404 ub” (5.02 TeV), pp 27.4 pb” (5.02 TeV)
14 Centrality: 50-80% Centrality: 30-50% Centrality: 10-30% E Centrality: 0-10%
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& 10 M Smeared pp o
o i
% ""-\.m 8 :_
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a0 CMS Preliminary 160 <p . < 180 GeV PbPb 404 pb™' (5.02 TeV), pp 27.4 pb” (5.02 TeV)
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25 . mPoPp
3 2 e 3 Smeared pp S .
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s° 15 § N
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CMS Jet Mass vs. Jet energy

anti-kt R = 0.4, h.lwl < 1.3, Soft drop z .= 01,p=040, ﬁﬁw = 0.1

CMS Preliminary Centrality: 0-10% PbPb 404 ub” (5.02 TeV), pp 27.4 pb” (5.02 TeV)
14F 440 cp <160 GV - 160 <p. <180 GeV 180 =p_ - 200 GeV 200 <p. 300 GeV
i T b Jal ot T jut
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% 10F W Smearedpp [
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anti-kt R=0.4, | | < 1.3, Softdropz =05, B=15, AR_> 0.1
rL:I oul 12

30 CMS Preliminary Centrality: 0-10% PbPb 404 pb(5.02 TeV), pp 27.4 pb™ (5.02 TeV)
 140<p, <160 GeV 160 <p,_ < 180 GeV 180 <p, _ < 200 GeV 200<p,_ <300 GeV
25t & PbPb

i Smeared pp

H-LE-‘ :— i & @ ]

230 : : :
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ALICE Hadron-Jet

%_ ] ? “I.Iﬁtlhﬁlll-lll-lllI”I””II”II”IIII.”I‘I”‘
£ 160 0-10% Pb-Pb {5y, =276 TeV = . 16 -
n.qE LaF Antiky chgrged jets, R =0.2 E - - 0-10%, Pb-Pb \s,,, =2.76 TeV N
= T-Ap<0. E . : . ]
5% 12f TTI20.50)-TT(8.9) E I.'!'tl: 14 Anti-k; charged jets ]
53 ] = ..F 7m-Ap<06 ]
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L E o -
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=4 —r— ] Y - b
0.4 =i e ALICE data . o 08 E —— ]
5t Shape uncertainty E = o - b
02 E |:|Correlaled urlcerlalnlyI E ? EIE_— E -]
455650265050 F5—56 50100 o - 5 .
psh (GeVic) = 04F ¥ o ALCEdats .
8 - € Shape uncartainty ]
o 02 = Correlated uncertainty -
£ EETAEE T T T T - z B PYTHIA Perugia: Tune 2010 & 2011
Ir= £ p ‘ﬂ T T F TR R e N F RN NS NA NN TR R NS PR
£ 8 16 0-10% Pb-Pb ISy, =276 TeY E 096505040 50 60 70 80 80 100
n_qﬁ M: Anti-k; charged, R =04 ] ch
= T a-Ap<06 B
§5 125 TT{20.50} - TT{8.9) 3 PTJH(GEV"C)
3 - E
”::i osf i : T T T T T T T
_= E E'_l_|—‘—'— . — IR L N B R L LR LN BLELRLELE BLBLL R BLILRLEL LR
<j 0.6 ': M = er! 1.6 AL'CE pu—
b Ei E - - 0-10%, Pb-Pb \s,,, =2.76 TeV .
AL s ® ALICE data ] M 14 Anti-k.. ch ot =
o2 §: Shape uncerainty B Bl nii T C Erg ]e 5 .
. E E [] Correlated uncertainty ~ J E‘_ = T - ﬂfp <= f_]_ﬁ
O 5505090506076~ 80 80 "0 § 1.2 TT{20,50} = TT{8.,9}
N iy
pe (GeVic) N OSSR s, So0
ﬁ. GE: = ]
3 : S —— ;
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Eg Anti-k; charged jets, R = 0.5 3 ‘ﬁ" 0.6 E -
S HE 7 - Ap<06 e m N §1 ]
o= TT{20,50} - TT{8.9 3 - -
% g 2 { } B8 ] " 0'4: .? e ALICEdata .
R 3 8 C £ Shape uncertainty .
i E ] o 02 = 1 Correlated uncertainty .
=z 08 E “ - £ | EEEE PYTHIA Perugia: Tune 2010 & 2011 -
£ AP PR P e .
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PTja(CGeVic) No sizable modification of jet shape
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Missing p;!l vs. A,

More energy flow PP 0-10% PbPb

In the subleading jet direction

PbPb 0-10%

_._I

p‘Trk (GeV/c): 5
[]05-1.0[]2.0-4.0 ——
[ ]1.0-2.04.0-8.0 A~
— -

+ >0.5 3.0 - 300

200

#

-40 = =2.76 TeV
'60"'0'1"0'2"63"64 """ bi"bé"dé"di"
More energy flow
In the leading jet direction AJ AJ

Missing p; from high p; particles increases as a function of A,

In pp — Balanced by 2-8 GeV/c particles JHEP 1601 (2016) 006

In 0-10% PbPb — Balanced by particles with p; <4 GeV/c
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CMS Groomed Jet Splitting Function

‘1 =5. 02 TeV, PP 27, 4 pb Pbe 404 b

10F CMS Centrallty 50 80% -- Centrality: 30- 50% + g Centrality: 10-30% 1 — Centrality: 0-10% 4
R & PbPb I I I B . .
- B Hopsmeared T B I _ e
=4 [ 1
©lc  6r T T T |
— hl B T
ar s T : T : T = ]
ok e 3 T g I g I - ]
B _:.— -' T -‘-'...T.' P fr o . S - ]
= ".' '.‘ """ . e & T ' rir Cr iy I -
"‘----I----I----I----:....-::::::::::::::::::f::‘::--::::::::::::::... ,.-i ::::::::::::-::':":‘-T:.E"“'-}

1.8F
1.6k anti-k; R = 0.4, |niet| <1.83 F SoftDrop

1.4F 160<pTJet<1SOGeV + B =0, z =0.1,AR;;,>0.1 ¥ ¥ 3

12 } £ . I e .

ok $ i N IR , -5

PbPb/pp
.
+
=
"
-4
o
o
.
®
°
°
4

; T T T o o O ;
0.6 =+ T T -
0.4F =+ + + -Z
0.2F + + £3 .

01 02 03 04 05 o041 02 03 04 05 01 02 03 04 05 01 02 03 04 05

I I I I I Yen-Jie Lee XLVII International Symposium on Multiparticle Dynamics 41



PbPb/pp

PbPb/pp

CMS Groomed Jet Splitting Function

1.6
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Groomed Jet Mass (Q vs G)

40; T ! ‘ T ! T ‘ ‘ I T T ‘ | T I T T ‘ T I I T — 25 T T T I T T T T T T T T | T T T T ‘ T T T T
- . PYTHIA6,p > 100 1 I PYTHIAG,p_>100
35* jef - — . -
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Groomed Jet Mass (Q vs G)
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Charged Particle R,, vs. Theoretical Models

. 27.4 pb’’ (5.02 TeV pp) + 404 b (5 02 TeV PbPb) JEWEL

CMS ' ) SCET, (0-10%) | . 2
Hybrid Model (0-10% . . ) :
1.4F :-m Biyanchiet al. {{11-10%}} — 1.8 CMS data, 0-5% centrality &
N Sl CUJET 3.0 (h*+1°, 0-10%) i L6 ALICE data, 0-5% centrality +—&—
1 9F- Andrés et al. (0-5%) _‘ ' JEWEL+PYTHIA
' - —— — v-USPhydro+BBMG (0-5%) ] 14
- T,a and lumi. uncertainty -
1 —] 1.2 charged hadrons
- o T T 7. A
D’.’é 0.8 | =
- g 0.8
0.6_— ] 0.6
0 4: - 04 -
® ] 0.2 2.76 TeV |
0.2~ - 0 A R . e
R - 10 100 100K
_I I | II 1 | 1 L1 1 | II 1 | ]
5 10 10° p, [GeV]
p, (GeV)

General trend described by pQCD based and Hybrid models
 Afull description of the R4, IS still challenging for some models
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Jet Ry, vS. Theory

JEWEL+PYTHIA (0-10%), Pb+Pb \/; =276 TeV 1 T ]
< 1.6 - w/ Recoils, 2MomSab Inclusive, PbPb (2.76 TeV) (b)
14 —— w/ Recoils, GridSub1 | g0~ 1.7 GeV¥/im B 1
= w/ Recoils, GridSub2 08 - wtﬁ(ui;l? GeV/ c/ R=0.9 2
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3 1,6_ L I CA{[SIR‘:h.Q I T 0 L L
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L ] <
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0.6 — — Cii 0.6
0.4 1 0.4
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Z-Jet vs calculations

VSuy = 5.02 TeV pp 27.4 pb™ PbPb 404 ub

-I LI I rri I LI I rri I LI I rri I rri I LI I rri I LI I--I LI I rri I LI I rri I LI I LI I LI I LILIL I LI I LI I-
1.2-F-CMS —— JEWEL ref. - ~A— JEWEL =

I === Hybrid ref. 1 : i

Hybrid

L -+ _ o -

T “PP — ﬁnlé\f/s ri;.C@NLO__ #/PbPD, 0-30 % I dE/dx o T —

- = Voa T [ dE/dxaT ]

a + [ ] Strong Coupling -

0.8 —1 -

NI N T =+ GLV .
Z ‘_é_‘ : p% > 60 GeV/C :: T g — 2_0 :
-2 T P> 30 Gevic T :
0.4 | < 17-6_"_ bk

i Aq)iz >g" I ]

0.2} —- —

S s S B I T e i R P T P Y T P A e
0O 02 04 06 08 1 12 14 16 1.8 02 04 06 08 1 12 14 16 18 2

_ net/nZ _ AjetypaZ
Xz =P /P X, = P°p?

* Important to have correct pp baseline
 Reasonable agreement between data and theory curves from JEWEL, HYBRID and GLV
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N-Subjettiness in PbPb at 2.76 TeV

ﬁ?—- 4IIII|IIII|IIII|IIII|IIIIIIIIIIIII|IIII
(Y ALICE Preliminary == Al ICE Data
m 3.5 0-10% Pb-Pb s, = 2.76 TeV —=— PYTHIA Perugia 11
&Y Anti-k. charged jets, R = 0.4 - Shape Uncertainty
T gea|
3 m-Ap<06

TT{15,45} — TT{8,9)
40 < P < 60 GeV/c

— ] o— —

-

I|I[]I|IIII|IIII|I[I1|IIII[1III[III[
|Il||IIII|IIII|IlII|IIII|JIIIIIIII

— Qishs
1 111

Small 1,/ 1, related to leading parton splitting into 2 resolvable partons

Medium modification could shift 1,/ 1, to higher values

No significant difference between PbPb data and PYTHIA within the uncertainties
Could JEWEL, HYBRID, CCNU and SCET reproduce this data?
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I\/I|ssmg pT” \VISHAN

Subleading jet direction —
| Pbe O 30%

Leading jet direction

=
0.5-1.0 —
P, >120, p, ,>50 GeVic 1.0-2.0
n,l.In,|<0.50, A¢, ,>5n/6

anti-k; Calo R=0.3

-4080

B 5 03000

n | <24

trk

JHEP 1601 (2016) 006
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“Shooting Jets with Different Width” through the Medium

Small R parameter Large R parameter
A e o SR R e IR B s B B A e i e Ay
PbPb - @- PbPb - M PbPb - p@-- PbPb - p@
¥ - 55, ¥  plCige ¥ [E
Sl 0 — L 1
Q@
g —
=‘;|‘_— | E p™ (GeVi/c): .
- C-MS [30.5-1.0[2.0- 40 o
' - [J1.0-2.04.0-8.0 o _
# >0.5 B 8.0-300 PbPb PP <PT)"3
e o by e by vy Ty by by e s by Ty by e by s by Ty b by 1y
05 1 15 05 1 15 05 1 15 05 1 15
A A A A
\ JHEP 1601 (2016) 006
.+ Quenched energy distribution depends on the R parameter used
in_ the Anti-k; algorithm | | o
~A * Hint of narrower leading jet (or wider subleading jet) in PbPb
collisions.
« Soft particles extends to larger A in dijet events reconstructed
with larger R parameter
4

— 2 -2
A - \/A(rbTrk,jet + A’]Trk,jet
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“Shooting Jets with Different Width” through the Medium

Narrower jets Wider jets
L L L '/'l T LI 1 LI I | I | LI I L) LI | I ml T I LI | LI ] I L] LI | I LELEL LI I B | I LI I I | I /T 0 I Im
PbPb - @- PbPb - M PbPb - p@" PbPb - ph R = 0.5
)
g —
—/“T— trk G
= . ™ (GeV/c):
= Ehis, | P ( ) .
) B 1 [Jo.5-1.0[J2.0-4.0 -
i T | [ ]1.0-2.04.0-8.0 O PbPb - I
¢ >0.5 B8.0- 300 PP <PT>‘5
4 ! ! ! ! ! e N S SO R I e
0
z
SO
— R=0.2 R=0.4 Iy
= 0.5-1.0
1.0-2.0
-8 PbPb-pp, 0-30% 2.0-4.0 i
HYBRID 4.0-8.0
8.0-300.0  mm—
0 0.5 1 1.5 0 0.5 1 1.5 0 0.5 1 1.5 0 0.5 1 1.5
A A A A

« Medium response from HYBRID is farer away from the jet axis.
« Shower not completely thermalized?
* Where are the calculations from JEWEL, CCNU, QPYTHIA and SCET;?
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Jet Quenching with Inclusive Charged Particles

- 27.4pb™ (5.02 TeV pp) + 404 ub™' (5.02 TeV PbPb) Charged particle Ry,
. _I I I I I | L II | | I | S S R ] | | 0 ] )
- CMS 4 |ews. 1« Strong suppression of charged particles
14— ATLAS alrce == _ (up to a factor of 6) in PbPb compared to pp
" [#]CMsS5.02Tev ¢ ALICE 2.76 TeV ]
12 © CMS276TeV v ATLAS2.76TeV = s o
E T, and lumi. uncertainty 1T [ ATLAS Preliminary i
1._ ..................................................................... - | eI L e S e L LLLEELELEELPEPE s —
< + + 1T :
2 08 11 o0sl :
o 0.8f 1 08 . + :
B E 0 |+ h?, 0-5% (ATLAS-CONF-2017-012) i
0.6 ' 1 oef I H .
04F - 0.l o : @3} =
§ B E@ MEEEI ){PEF!TMENT ]
- 21— [{Hﬂﬂ -
Ut 0-5% i Farres’® Pb+Pb 5.02 TeV, 0.49 nb™™-
- i - pp 5.02 TeV, 25 pb” i
Olll | 1 lllllll 1 | lllllll2 | | O L L | | . 1 I I
1 10 10 1 10 i 10°
p, (GeV) P, [GeV]
« Almost no suppression at very high p-  Similar Charged patrticle R,, in PbPb
compared to pp reference at 5 TeV compared to 2.76 TeV
* Charged particle Ry, measured up to * Good agreement between ATLAS, CMS

pr = 400 GeV for the first time!

JHEP 04 (2017) 039
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and ALICE measurements

ATLAS-CONF-2017-012
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Charged Particle R,, vs. Theoretical Models

0-10% 30-50%

27.4 pb* (5.02 TeV Pp) + 404 pb’ (5 02 TeV PbPb) 27.4 pb’ {5 02 TeV pp) + 404 ub™' (5.02 TeV PbPb)

1 6 1 .6 LI | T L i L |
' [77) SCET, (0-10%) | . |
C MS [ Hybrid Model (0-10%) ] CMS SCET, (30-50%) ]
1.4} — Bianchi et al. (0-10%) — 1.4 - ]
= == CUJET 3.0 (h*+r", 0-10%) . - . o -
1 2 Andrés et al. (0-5%) _ 1 9[- CUJET 3.0 (w4, 30-50%) -
T — — v-USPhydro+BBMG (0-5%) - T .
M — Tas and lumi. uncertainty = o ] M. Tapandlumi.uncertainty =~~~ B -
- nf<1 } - n|<1 N
< - w+,ﬂ | < .,+++ ]
< 20 CUE S I SCETg| % E
- e ] : t-
0.6]- \ ds - 06[ josees -
N g [ - .
0.4-_.‘.0“ ° SCETG 04&' L] .... " * [
o* ¢ \ - , CUJet3.0 .
0.2 o 0.2 -
- 0- 10% CUJet3 O - 30-50% ]
B I L1l I 1 | 1 1 L1 -I L | | 1 L | L1 11 | | 1 1 | L1 11 | ]

0 1 10 102 0 1 10 10°
p, (GeV) p, (GeV)

General trend described by pQCD based and Hybrid models
 Afull description of the R4, IS still challenging for some models
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Description of the D® Meson Data

arXiv:1708.04962

27.4 pb™ (5.02 TeV pp) + 530 ub™' (5.02 TeV PbPb) 27.4 pb™ (5.02 TeV pp) + 530 ub™' (5.02 TeV PbPb)
P I R
1.6_— CMS ) ZAA - 16_— CMS E] Djordjevic et al.
- N0 + PO aoetal. 0% L MO0 . O HATH CUJET 3.0
1.4 D s D | Djordjevic et al. 1.4F D + D i \C/giveft;l' {g=1.9:2.0)
HHE CUJET 3.0 — PHSD w/ shadowing
L . L eeeeass PHSD w/o shadowi
1.2 1 and lumi. R 120 T dnd lumi. AJSICFT HH D = const
Jg uncertainty T s v | geuncettainty 7= AASICPTHRO0) ..]
2 2 | -.
X o.8f _+_ CUJet3.0 0 o.8f }
0.6f 0.6F " it -+
0.4¢ 0.4F - |
: Qs ly| <1 B DL 5 lyl <1
wac Cent. 0-100% 0.2 : r\ Cent. 0-10%
0_ 1 1 |11|||| |11|| 0— 1 | 1|1||11 1 1 ||1||1|
1 10 10? 1 10 10?
P, (GeV/c) P, (GeV/c)

* At high D° p;: Trend captured by pQCD and AdS/CFT based models
* Reasonable description of the data could be achieved
 Details doesn’t work perfectly, especially the slope of the D° R,, vs. p
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Dijet Transverse Momentum Correlation

(e 0.25 |

2 pS*>2 GeV/c: pS*>0.2 GeV/c, Matched:

S o  p+p HT @ Au+Au MB O p+p HT @ Au+Au MB
L 0.2 = Au+Au HT

e Au+AuHT _+_
s, |

0.15

Au+Au, 0-20%
Anti-k;, R=0.2

With p(T:”t>2 GeV/c:

P oas>20 GeVie
0.1 :*: —+— pT’ L1oag™ 10 GeVie
1 -D-+ |
L
0.05 + i:*:
+ -
0 -T.- 1 \ | 1 \ | | | \ | =\.= ‘
0.2 0 0.2 0.4 0.6 0.8
AJ

arxiv:1609.03878

R=0.4

< 0.25 ‘
2 B p$”‘>2 GeV/c: p?”‘>0.2 GeV/c, Matched:
E B o p+p HT @ Au+Au MB O p+p HT © Au+Au MB
- 02~ o Au+AuHT = Au+AuHT
- -+- Au+Au, 0-20%
041 57 i == Anti-kT, R=0.4
—O0—.
S - With p(T:m>2 GeV/e:
i == P, .20 GeVie
0.1~ i=+= _+_ Pr subtead™ 10 GeV/c
- - : -
005 4+
- F =
. | =E__‘5:-!-!-i-
—— | ==
P [ I S R R E S S 1 =’=I%.|. J
002 0 0.2 0.4 0.6 0.8
A,
E|-é_"‘ 4:IIIIIIIIIIIII|||||||||||||||I||||I||||:
© t 100 < p_ < 126 GeV 0-10 %]
‘-|E 3.5 N T .
3f [Pb+Pb
E [#lep

« STAR: Di-jet pairs seeded with “hard core”

* No significant energy flow out of the jet
cone R~0.4 in this subset of dijets

« ATLAS: inclusive dijet (resolution unfolded)

e Peakat~0.5

e Check from CMS?
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Nuclear Modification Factors (Rux)

ATLAS-CONF-2017-010

PbPb measurements

@%@ A@)S Z boson R,, (PbPb at5 TeV)

ATLAS Preliminary
Pb+Pb, 0.49 nb™

+ pp, 24.7 pb™
| Sy 18=5.02 TeV

pp reference L 1.2

pp luminosity uncertainty I systematic uncertainty

scatterings o%o 0.8
(T, uncertainty

t 100 200 300 400
 From a Glauber model calculation (N

« Validated by isolated photon, W and Z part
4 '

production studies (Ryo~ 1)
@» g No significant modification of

colorless probes in PbPb collisions

g
(o))
C)-Illlllllllllllllllllln

S

O Spectator nucleons

O Participating nucleons
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Jet Quenching with Inclusive Charged Particles

- 27.4pb™ (5.02 TeV pp) + 404 ub™' (5.02 TeV PbPb) Charged particle Ry,
. _I I I I I | L II | | I | S S R ] | | 0 ] )
- CMS 4 |ews. 1« Strong suppression of charged particles
14— ATLAS alrce == _ (up to a factor of 6) in PbPb compared to pp
" [#]CMsS5.02Tev ¢ ALICE 2.76 TeV ]
12 © CMS276TeV v ATLAS2.76TeV = s o
E T, and lumi. uncertainty 1T [ ATLAS Preliminary i
1._ ..................................................................... - | eI L e S e L LLLEELELEELPEPE s —
< + + 1T :
2 08 11 o0sl :
o 0.8f 1 08 . + :
B E 0 |+ h?, 0-5% (ATLAS-CONF-2017-012) i
0.6 ' 1 oef I H .
04F - 0.l o : @3} =
§ B E@ MEEEI ){PEF!TMENT ]
- 21— [{Hﬂﬂ -
Ut 0-5% i Farres’® Pb+Pb 5.02 TeV, 0.49 nb™™-
- i - pp 5.02 TeV, 25 pb” i
Olll | 1 lllllll 1 | lllllll2 | | O L L | | . 1 I I
1 10 10 1 10 i 10°
p, (GeV) P, [GeV]
« Almost no suppression at very high p-  Similar Charged patrticle R,, in PbPb
compared to pp reference at 5 TeV compared to 2.76 TeV
* Charged particle Ry, measured up to * Good agreement between ATLAS, CMS

pr = 400 GeV for the first time!

JHEP 04 (2017) 039
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and ALICE measurements

ATLAS-CONF-2017-012

XLVII International Symposium on Multiparticle Dynamics S/



Flavor Dependence of Parton Energy Loss

arXiv:1708.04962

27.4 pb™'(5.02 TeV pp) + 530 ub™ (5.02 TeV PbPb)

16_CMS E\DD+BD <<( : T T T llllll T T T llllll T T T TIIII:
- s charged hadrons © [ ATLAS Preliminary ]
e B lyl<24 s s @ ------------------------ =
T nonprompt J/y (2.76 TeV) [ W Z,0-10% (ATLAS-CONF-2017-010) i
. + 16<|y<24 -+ non-prompt J/y, 0-80% (ATLAS-CONF-2016-109) -
1.2 + d lumi 0.8 _
C Tan ar? ' l:ml. *x |y|<24 - @ jet, 0-10% (ATLAS-CONF-2017-009) + -
§ 1—--1-1-':]99--%'”-! ----- b ------- J /+ ----- [ ¢ h?, 0-5% (ATLAS-CONF-2017-012) { .
Fod IR + : b—>J/l.|J M ;E@lﬁ,w 1
0.6] + 4 0 4%@95]% % ; -
B ooy + DO B L ‘ ‘ - ]
e : m@ 1
0.4 02 h* mm@ o
Fh* ly| < 1 - mwmmm Pb+Pb 5.02 TeV, 0.49 nb™
0.2:_ B+ Cent' 0-100% O_ | | 1 | = S 5 | I 1 1 L L Iplpl5l 02 Tev 25I pIb1l Ll 11
0 —I | | | | L1 1 111 | | | L1 1111 I 2 | 1 1 0 1 02 1 03
1 10 10 p_orm, [GeV]
P, (GeV/c)

* R, IS meson flavor dependent at low hadron p+

» Disappearance of the effect at high hadron p-

« Results are consistent with the expectation from models with parton flavor
dependent energy loss
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PHENIX Photon-Hadron Correlation

Low p;

Photon

5-7 GeV |
3

High p; _

Photon -

12-20 GeV

N

2-55_ 40% I.I'|'ALI Vs= 200 GE 5‘<p “:TGEV XU5<p ‘TGE\H _g
2 007+201 0+2011 < /2 —
15E- T<n3 =
= n|<m/6 =
15 =
0.5 W PH ENIX =
nE_ preliminary 3
R 05 1.'a : 1" ' 25 g
25— 7<pl <9 GeVic x 0.5 < pl < 7 GeVic =
2 —
1.5 —
= [ - 3
1
= ¢ =
)3 @&m PR E
0:_| L 1 1 1 1 _:
0 05 1 25 g
25 H | 9<p/ <12 GeVic x 0.5 <p' < 7 GeV/c =
2 il —
15— IHU <
= ﬁ@ EE =
'E [1 “l“é* b : r O
0.5 —
= —
0 05 7 15 2 25 g
w "y P ) J |
2.5} — jet+j.i.m.e 12 < P;. <20GeV/c |A¢p— 7 <1.4
2.0} - jet-only
1.0
0O5F |1 & @@ e - - T
' . Au+Au (0-12%) @ 200 GEV (d)
8.0 0.5 1.0 1.5 2.0 2.5

‘ Indication of wide angle
radiation carried by
soft particle. Significant
modification of jet FF

‘ Something in between

- ‘ No modification of jet

fragmentation (?)

4
A\

Significant modification

‘ of jet FF
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Event Fraction

ALICE Charged Jet Mass

| L] I L) L] L] T T I L] T T L] I T L]
[ - Eo P, 80<p .. <100CeVic 100<p .. <120 GeVic !
0.2f Nt — 2
r R=04 @  0-10%Pb-Pb {5, =276 TeV JEWEL + PYTHIA 0-10% Pb-Pb ]
: s PYTHIA Perugia 2011 Recoil on
[ = = Q-PYTHIA i Recoil off
0.1F
= ] ] I 1 1 1 1 I 'l ] ‘I"I
5 10 15
2 2 2
) MCh jet (GeV/c~) M, jet (GeV/c?) M chjet (GeV/c?)
0.25
02}  R=04 No Bk R=04 No Bk R=04 No Bl
pp reference (PYTHIA) pp reference (PYTHIA) pp reference (PYTHIA)
ALICE Data R=0.4 —e— ALICE Data R=0.4 —e— ALICE Data R=0.4 —a—
0.15 F T
[ ]
0=10% L 0= 10% 0= 10%
0.1} ' Gl < P;-_,.;._,-,., < Bl GeV B0 < Py Ceh jer < 100 GeV T i . 100 < P-;-_!.;.J-., < 120 GeV
[ ]
0.05 F
“t] .: lli] 15 ¢ 2;] 2-.’: 0 J; ll[] ll.’: 20 25 0 I; l;J ll,-'; :ZI[} 25
M jer (GeV) Meh jee (GeV) Meh jer (GeV)
« Data sit between JEWEL recoil on and off
« HYBRID need medium recoil to describe the ALICE data
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STAR Hadron-Jet Correlation

arxiv:1702.01108
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..... syst. uncertainty

U{
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« R=0.2-04
* |p significantly lower than unity; significant out-of-cone Eloss

 R=0.5 Ip >R=0.2 I
* Indication of the recovery of the quenched energy
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Jet Flavor Composition in Dijet and y-Jet

CPYTHIAG Z2 Truth __gyyon | PYTHIAB Z2 Truth __ gion
12 i i Hlead \ = light quark - . . v &= light quark |
- di-jet p:a > 30 GeVigg heavy quark| Y-jet P, > 30 GeV g heavy quark

-

o
o

Fraction of jets
o
(o))

o
»

IIIIIII]IF

o
N

IIJlIIIJ

20% Gluon

precol 1Gev) prece! (Bev)

Dijet vy+jets

o

From Doga Gulhan
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STAR Splitting Function

o F . o
Nsr Trigger Jet, p: 'Y = 20-30 GeV/c N's- Recoil Jet, p?*" = 10-20 GeVic
— - — =
% = =*= & Au+Au HT 0-20% % 7= & Au+Au HT 0-20%
Z - £ pp ® Au+Au MB 0-20% Z - £ pp @ Au+Au MB 0-20%
45_ STAR Preliminary 45_ + STAR Preliminary
3 :E: 3 :E: |
1;—| Trigger . - 1;—| Recoll
: 25 1 | L 1 l 1 L L 1 l 1 1 L 1 I L 1 L L J 1 1 1 L : 2fl 1 I L 1 1 L J L L 1 L l 1 L L 1 l 1 1 L 1 I 1 1 1
I, - Trigger Jet, pI"“ = 20-30 GeV/c < . Recoil Jet, pf**°' = 10-20 GeV/c
+ +°F
é‘msj— 4 Au+Au HT / p+p HT ® Au+Au MB 31.5:_ 48 Au+Au HT / p+p HT @ Au+Au MB
“‘6.1-4:— STAR Preliminary “5_1.42— STAR Preliminary
3_1.2:— | 5.1.2:—
1ome e aeffpen * _+_—+— ..... _+_ ............... 1:~+++_+_+‘+ .................
0.8 + 0.8— +
0.6 _+_ 0.6
0.4~ - 0.4 -
02F- | Trigger .- | Recoil
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 STAR: Di-jet pairs seeded with “hard core”
* No significant modification in this subset of dijet
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Quenched Energy out of the Jet Cone

Subleading jet Jet axis,

JHEP 01 (2016) 006

- - o

|Jet 1, pt: 70.0 GeV

CCNU Model
“Reheating” the QGP  QGP
t = 0.9 fm/c e (GeV/fm?)

Leading jet
* Quenched energy carried by
low momentum particles!

« Average momentum of those
particles are higher than that
from medium debris e ; :

— Not Completely Thermalized? See talk from ¥auael Tachibana
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Medium Response

We also don’'t know how much the medium response (recoil)
plays a role in the description of the jet quenching observables
and how to describe it correctly

Medium Recoill

without re-scattering T Vrr e ey
JEWEL Medium response SCET

HYBRID

CUJet3.0

JETSCAPE Q-PYTHIA
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