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Mutual Interaction : Medium 2 Jets

e As jets are modified by medium, the medium is also affected by jets!

G.-Y. Qin et al, PRL 103, 152303 (2009)
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e Structures formed; Mach cone, sonic boom, shock wave, wake, diffusion wake, ...

e By energy and momentum conservation, lost jet energy = into medium
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What is Medium Response?

e Recoil (Weakly-coupled approach, when £ > £ _ ) Recoillparton

= partons in medium scatter with hard parton KXY

= “hole” (or "negative”) of recoiled medium partons can be
propagated and subtracted from the final parton spectra

Ay

Hrd parton
e Hydrodynamics (Strongly-coupled approach, when £ S E_ ) |

. L R
= medium fluid with a source term from a jet; dﬂTﬂuid = Jjet

e Medium response (medium excitation) # in-medium parton shower
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What Jet Observables to Investigate Medium Response?

e Jet quenching by (radiative energy loss + medium response + Moliere scattering + ...)

 Hybrid strong/weak coupling model predict more sensitivity to

= wake effect for jet shapes. fragmentation functions, boson (or jet)-hadron correlations,
acoplanarity, ...

= \loliere scattering for groomed jet observables (e.g. Rq, Zq, girth, leading k1) with small jet cone
size, Jet axes difference, ...

e.g.

hadron-jet acoplanarity
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Talk by K. Rajagopal

— sensitive to medium response groomed y-jet Ry w/ R=0.2 — insensitive to medium response
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Experimental Results
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Hadron-Jet Correlation at LHC: pr dependence
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e Low-pr jet (10-20 GeV) enhancement
= significant difference between models w/ and w/o medium response

QM Finalized

ALICE
arXiv:2308.16128
arXiv:2308.16131

Talk by J. Norman

= data described by models w/ medium response (Hybrid w/ wake, JEWEL w/ recoil)
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Z-hadron Correlation at LHC: prdependence

CMS PRL 128 (2022) 122301 ATLAS PRL 126 (2021) 072301
A¢(Z, hadron) > 37/4 or Tx/8 Vo= 502 TeV. POPb 1.7 b pp 304 0. G35E . amae | -
pm——— ‘1.8 [ - = K fo y .
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 Low pt hadron enhancement
= significant difference between w/ and w/o medium response
= models w/ medium response ( and ) describe the data better
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Jet Shape at LHC: Angular Distribution

CMS JHEP 11 (2016) 055

102 | | | | CMS JHEP 05 (2021) 116  Talk by J. Viinikainen
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e At small angle, negligible effect of medium response by models
e At large angle, enhancement; explained by
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Hadron-Jet Correlation at LHC: Acoplanarity

10 < p!ret< 20 GeV 20 < p!ret< 30 GeV 30 < pJTet< 40 GeV
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ALICE arXiv:2308.16128

TakbyJ.Norman Hadron-jet acoplanarity broadening particularly for low-pr jets w/ large R

e Data described well by JEWEL w/ medium response
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O_Hadron Correlation at RHIC
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PHENIX Preliminary " Hybrid w/o wake ’
Talk by M. Connors y %
e Enhancement of low pr hadrons

e Model with medium response (Hybrid w/ wake) describe the data better
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Charged Jet Mass at LHC
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JEWEL with Recoll
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e JEWEL w/o recoil: not physical, energy-momentum not conserved

e JEWEL w/ recoil w/o subtraction: not compatible with background-subtracted jet data
= important to subtract of thermal component of recoils

o JEWEL w/ recoil w/ subtraction:

= important to use the up-to-date subtraction method: constituent subtraction
(J. Milhano and K. Zapp arXiv:2207.14814)
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So far, we’ve learned ...

v

e Enhancement of low pr particles at large angles w.r.t jet axis
* Acoplanarity broadening

e Hint of lower jet mass

 Modification in the jet direction

= How to disentangle
in-medium parton shower modification and
medium response experimentally?

One way ... Opposite jet direction, Diffusion wake !
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Looking for Diffusion Wake

A, An’jet) e Jet-hadron (A, An) ~ (x,0) in y-jet events
' Ny = unambiguous diffusion wake signal

e CoLBT model
= diffusion wake amplitude  jet energy loss (smallerpjet/pT = x;,)

(b) Only Diffusion Wake
=0-2GeV/c ~ 0. — —.
R -<e].+ 12.0 % o0
Pb+Pb =1 & o1- .
5/ 2 Small jet E loss
S| 69 -
ST 40 S 02+ -
T 20 ke, jet
K Di-jet dlfju6|0n W&Q 00 Q <:1 ’et/pr <0.6
diff s ke 3 (b&o § 270-10% Pb+Pb e t/pT ~H
| LISIO.[\ WaKe, ~"""n3] == p'pY € (06,10
wake ..... parton shower .é}:(\ = G = 5.02 Tev | pT lp 1 )
partort shdwer 4 be \ 6 4 2 0o\ 2 4 ¢
“““ wake, 4 5 -2 AN = Np \Njet
Y-jet parton ‘shower r /7(/81‘ ; 3 |
}/W\M aq fon) Large jet E loss
Kﬁfus'on wake J D'foS'On wake CoLBT, PRL 130, 052301 (2023)

Poster by Z. Yang Talk by Z. Yang
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Jet-Hadron Correlation in Photon-Jdet Events at LHC
A, adron,jer

o Y 1Y

COIT Uncorr
= Relative yield ratio btw signal and mixed events

Talk by C. McGinn
ATLAS CONF-2023-054

2018 Pb+Pb 1 7 nb \[ 5 02 TeV

1 AL BLELELELEN BLELELELE B B > C | | | ]
1 = - ATLAS Prellmlnary 90<p <180 GeV =
1 06k ATLAS Prellmlnary 0.3<x,,<0.6 2 5 008 oty 0-10% pF o 40 GeV_—
O Centraltl;[aygko 10% ok 8 0.07 £ Ag(jet,track) > /2 In'l<2. 37, 1 <2.5 =
1 04- 05<p < 2.0 GeV él\"’ a 505<p"a°k<ZOGeV Ag(y,jet) > 3n/4 E
VEE Iy <25 Y 0.06 - e 1o 5 -
0.05 - Width (o, ) for -
T - double ratio = 1.033 7
;_i__ 1____ 0.04 & -
i TV 003 E
L ﬂﬂ £ 90 % CL ]
QM Preliminary [ 0.02 [ 95 % CL E
: ¢ : 0.01 CoLBT -
Y. = 1 tdZNjet—track 0.94 (') ' 1' — 2' - é L 4'1 - 5' - A Ol_:‘(ljo'lO?bI I;I‘?c-l‘)Z(Y—O/-?JI | )cl) , 'o/.lz):/ '/('3;62' .). c')_(l)é .
’)/—Je . mpiituae wr or cor’ " uncorr/, _ cor/ " uncorr/, _
N dAT]dA(b IAT](Jet traCk)I d x, =0.3-0.6 ij;o‘.s-1.o
 No significant diffusion wake signal within the current sensitivity in data y.w"‘ W """"""
e Data provides limits on double ratio amplitude
= 95% CL upper limit of 0.0095 does not rule out CoLBT prediction of 0.0018
= Stat. uncert. dominates in probability distribution; more statistics in Run-3 would be valuable
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0.8

0.4

p/m(PbPb) - p/m(pp)

0.2

Talk by G-Y, Qin
Luo et al,

PLB 837 (2023) 137638

Baryon-to-Meson Ratio around Jets
e Coupled jet fluid model

= medium excitation — change the chemical composition of particles
via parton coalescence
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STAR Preliminary

ey STAR Preliminary

: Au+Au, |s, =200 GeV, 0-20%
- pwp, /5=200GeV

e [GeV/c]

Anti-k_
Jet p’Ta‘” > 10 GeV/c
p$°“s‘ > 3.0 GeV/c

—@— Au+Au, JetR=0.3
—S - p+p, Jet R=0.3

BB —4¥ - Au+Au, Track-Track

Inclusive

| Au+Au, 0-20%

[PRL97(2006)152301]
| p+p
[PRLB637(2006)161]

» No significant modification of p/x in Au+Au within uncertainties in data
= |arger datasets + larger radius would be valuable
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R-dependence Measurements
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Radius-dependent Jet Raa

small R p large R

with increasing R ...

Coupled jet-fluid N.-B. Chang et al.

Hybrid Strong/Weak Coupling , PLB 801 (2020) 135181
rF - -1 7 7 7 7 7
Daniel Pablos, PRL 124 (2020) 052301 - \s=2.76TeV, ATLAS (0-10%)  Data, without/ with Hydro 1
1.8/ 4.=1.7 GeVm ® ---- — R=03 _
1.4 L S i T m —— ——R=04
- R=0.2 non-eq. contrib. 1+ non-eq. + QGP ridge & trough contrib. - . k  meemeae —— R=0.5
1.2 R=04 e 1 _ 1.6 -
- R=0.6 s L ¢
L R=1.0 weem T 1 g 14 LT * * 1018
308} fi=20 0-10% T . > | .
= 0.6 | = 19 l
0.4 | ) i |
L - 1_ —
0.2 /s = 5.02 ATeV I )
: BT I 08554060 80 Te0 120 140 160 180 200"
20 40 o60 80 100 120 140 160 180 200
Jet pr [GeV] Jet pr |GeV p_ (GeV)

T :
w/0 medium response

w/0 medium response — negligible R dependence

e Significantly different picture between w/o and w/ medium response in models

Yeonju Go Quark Matter 2023 September 3-9 18



Radius-dependent Jet Raa

small R

large R CMS o 10% PbPb 404 ub™, pp 27.4 pb™

. —
400 < p '<500GeV | antiky, i_| <2
S - - CMS 0-10%
| 1 LBT w/o 2— Hybrid w/ wake :
m < i d .l.l.I.I.I.I.I.I.I.I.I.I.I.I.I.I.I.I:
A 1 Medivm « — Hybrid w/o wake:
~— 7 response FEEEEEEEEEEEEEEEEEEN
] Hybrid w/ pos wake
r < { Hybrid
0 1w/ wake =— MARTINI
’ HYb/l’ld mLBT w/ showers only:
I ] Wi LBT w/ med. response
wake = - ,
CMS JHEP 05 (2021) 284 PRI NI BRI I R

0.2 04 06 08 1
Jet R

e At high jet pt (400-500 GeV), relatively small R-dependence in data

o At larger R, higherR /RR =02 for models w/ medium response
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Radius-dependent Jet Raa

small R p large R

B | I | I [ | L | 1
.4~ ALICE, 0-10% Pb-Pb . 5.02 Te\
- Ch-particle jets, anti-k., 1. | <0.9-F

I L L

llllllllll

- -8 - - - -a LE 4 B 3 K 3 | 43 &5 &8 -8 -8 -8 -8 s -8 -8 -8 -8 - -a -8 -8 -8 -

B ° - .' . I
0.4 | —
- @ ALICE Data 1 Mehtar-Tani et. al, g .
- mm LIDO =1 Mehtar-Tani et. al, g -
- mm LBT =1 Mehtar-Tani et. al, all -
O.Z—E%EWEL w/o Recoils IJI %% ngel :;N/ \f\'ﬁg‘é —
_ ~ @ Factorization ] v3.5 7
ALICE arXiv:2303.00592 - MARTINI i
O | ] | | | ] | ] | ] | | | ] |

20 40 60 80 100 120 140
)

'DT, ch jet (GGV/C

e At low jet pt (40-140 GeV), ALICE data shows Raa (R=0.6) < Raa (R=0.2)

e Various model (w/ and w/o medium response) do or do not describe data

= detailed systematic study will be useful
e.g. baseline pp, recoil/hydro/other medium response, turn on/off medium response, ...
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Radius-dependent Jet Raa

Talk by A. Sickles ATLAS CONF-2023-060
small R p large R QM

o ATLAS{-”LB 719 (2013) 2?0 Preliminar E 1i P R
Od:o E Pb+Pb \/TNN 276 TeV 0-10 %% E y - Pb+Pb 1.7_1nb'1 |syn = 5-02 TeV, 0 -10% -
a 18[ JL dt=7 ub‘ ATLAS = 0.8 PP 260 Pb" 1s=502TeV -
o pJdT Ll e R=0.3 ° C W=21 - ¢f>7ni8 :
I . R=04 T gl 0BT | :
C Tt L B e + R = _ R e : -
aF + B =05 - Ly e 0.4 -
E t.» SE TR | B - i -
: 0.2/~ e 200<p  <224GeV

T T R I
R
40 510 610 710 — 160 260 5§ 2;— ;4';'LIAIS Ilntlerlnell S _;
(GeV] 1.8 Pb+Pb 1.7 nb™' |5, = 5.02 TeV, 0 - 10% =
P 1_6:_ pp 260 pb™ Vs = 5.02 TeV =
| 1.4 Iyl <21 I - ¢, > 7n/8 =
e At low jet pt (40-200 GeV), ATLAS data shows ceeegeiineeenit 4 oF 050 <%, <056 | R
Rcp (R=0.5) > Rcp (R=0.2) O;? E
- - 0.6 -
e For di-jet pair, Jaa (R=0.6) > Jaa (R=0.2) VAL s E
. Tap = 1 pair ( 1 pair) 0.2F —
= tension between ALICE and ATLAS TaAnNAE i [ \Lpp dry ] obgpg g
............ ?,;?
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Radius-dependent Jet Yield at RHIC

small R p large R Talk by T. Pani
STAR arXiv:2309.00156, arXiv:2309.00145 lglgifgg / Ntf];+Pb
TT T[T T T T[T T T[T T [TTTTI[h Ipp = Vhadron/ /e
O : 17 7T e 1aa (0.5) > 1aa (0.2)
& 0.1p = = Jets w/ larger radius are
71-0 :I | L L1 L L1 I: IeSS Suppressed
L I I I I I~
i R=0.5 4 v
é 1 é— 0.5/ 0.2 1
— - 12205 o IAz/Ixh>
. ]
O i _ —
o — Ip h+jet, 9 < p 9 < 30 GeV/c [PRC 96, 924905 (2017)] nOte) not directly Comp_arable
-2 0.1F - = w/ LHC double Raa ratio
= lan'Het, 9<E " <11 GeV . ¢
I N T R I R A I I ‘ L1 1 | ‘ L1 1 | | ] measurements
) 10 i 15 20 29
- - C
QM Finalized P et [GEV/C]
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Discussion: Radlus-dependent Jet Raa

N 2 l T ~~~ 1 8 I I I | — | | | | | I —
e\ — B | _
3 F Posp +— ALICE 502 TeV S I S SPHENIX BUP 2022 -
= 18 0-10 % —S— ATLAS 2.76 TeV, R, B < 1.6 ATLAS  0-10% AusAu, Years 1-3 —
D:< - —m— ATLAS 5.02 TeV (recalculated) o - 62 pb™! samp. b+ _
— 16 [ CMS 5.02 TeV T _|_,>\ — _O_-O-_O_ P y P. P+P _
- N ¢ Uz 1€ ] o] 1.4 A 21 nb™' rec. Au+Au —
S 14 —&— CMS 2.76 TeV, 0-5% (recalculated)- o : T T -
~—" — O~ 7 < | -~ |
< - O _<#_ = < 1.2 -0 ~O=-O- 5

<
0 1.2 4> 4} — = - *#* OMS .
g T . 20 Y L B o =
RSN T e | B
084 |+ :Eqﬂ'_#i + . 0.8~ | | 'L -= sPHENIX R™=05 —
| _ | jet _
06 ALICE arXiv:2303.00592 | - 06 ¢ 7| 9] = ALICER™ =06 —
-~ | ATLAS PLB 719 (2013)220  CMS PRC 96 (2017) 015202 = - Al.l CE —~ ATLAS R*' =05, Ryp -
04! ATLAS arXiv:2301.05606 CMS JHEP 05 (2021) 284 ] 0.4 jet .
B ] ] | ] ] ] ] ] ] ] ] ] B ] ] ] ] ] ] | _e_ CMS R OI 6 | ]
40 50 60 10 2x10? 10° 102 10°

Note) “recalculated”: uncertainties p ft [GeV] Figure by Dennis Perepelitsa plTe‘ [GeV]

btw 0.4 and 0.2 are treated fully uncorrelated

V- At high pt, mild R-dependence
e At low pT, tension between data (ATLAS vs. ALICE), but there are differences

- full jet vs. charged-particle jet
- 1 range — quark-jet fraction difference, pr spectrum difference in pp
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Discussion: Radius-dependent Jet Raa

N 1 _8 | | | | | | | | | | | | | | |
SPHENIX X B ;
Run/Event: 21615 / 1362 o - SPHENIX BUP 2022 -
Collisions: Au + Au @ +/Syy = 200 GeV < 1 6 ATLAS 0-10% Au+Au, Years 1-3 ]
Peripheral Collision s B -k 62 pb”' samp. p+p ~
3 1.4 T 21 nb™' rec. Au+Au -
T - T T -
D::E 1.2:— - o %OMS B
SPHENIX E-ematg oo =
projectionos- | | = sPHENIX R™ =05 ~
- 0 | N
o6 o 9| & F —o— ALICE R*®' =0.6 -
: —~ ATLAS R*' =05, Ryp -
4 . ALIOE | —6— CMS F?jelt =06
107 10°
Figure by Dennis Perepelitsa pJTet [GeV]

v/

e Future beneficial jet measurements for medium response

= R-dependence of inclusive jets at RHIC at low pt (+ full jets w/ sSPHENIX)

= R-dependence of jets with higher quark-initiated jet fraction to disentangle color-charge
difference

- e.g. boson-tagged jets, jets at forward rapidity (D. Pablos et al, arXiv:2210.079017), ...
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Summary

< T I T T T I T T T I T T T I T T T I T T T I T T T I _I ! ! ! ! I ! ! ! ! I ! ! ! ! I !
= - ALICE —a Data . 10k :
25F | PO U JEWEL (reols o = i ] PbPb 1.7 nb' (5.02 TeV) pp 320 pb™' (5.02 TeV)
L R i , u L J
\c/:? i f . JEWEL (recoils on, 4MomSub) 1.2 3
- -particle jets, anti- Hybrid model . < i i — .
o[ R=04, |y |<05  wmm No éllasr:?gg, No Wake i B[ STAR Preliminary Anti-ky ~ Cent: 0-10%
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|5 C A\ TT20.50 - TT(5.7) Elastic, Wake 1T ' p4p, V5= 200 GeV P > 3.0 GV I gJ +
- . —@— Au+Au, Jet R=0.3 ,\% . ® 00<x<06
- 0.8 4 < > 2L BE B &
1t - | 2018 Pb+Pb 1.7 nl \/_ 5. 1 2 0.8 <x<1.0 s
n - - >, | - - ' B I
05 : 0'6 = 0.08 - = ATLAS Prellmlnary 90 < pT < 18 : +_ \i_/_j—/*:* 4 Au A;oo's PlnLl1o4'252I301 IIII \f
L 18 S UL Centrality 0-10% : p. >4 I P-4 T i w wake Af
Ny I .S | SPHENIX BUP S 0.07 |- Ag(ettrack) > /2 ' Il <237, 1" LT _-\Hfl re wio wake =
0 20 40 60 80 100 3 16 0-10% Au+Au, Y. . o 05 pr** <2.0 GeV Ag(y jet) . 250 preimnay 4 -
T - 62 pb™ samp. p+ . track A 3
p1 8 1.4 T 21 Fr)lb'1 rec. F/Z\ue-A : = E I < 2 > . - 10<p; chjet = 20 GeVicmlz" - L3+ I - Antik; jets, R=0.4 M, <16
. - = Width (o, ) fc ’ ] I et
S 0.05 _ dwr — lead sub 5n
< 9 ol - double ratio = PR S TN T N TN S M S N TN SO MY 0____9_T __ — L pT > 120 GeV, pT >50GeV A¢> 3
Q:': + 004__ T L O  p T
1 L SR Y AU IS S SUSR - 2 2.5 3  radron oo . 0 0.2 0.4 0.6 0.8 1
N o - n°-hadron (0-20%) 4<p” <5Ge
- - . 009 —_- 90 % CL : qu (ra‘ | 200 GeV AusAu 0_5<Tp nnnnnn < - Ar
0.8~ —= SPHENIX R™ =05 ] ! 2014 !
0.6 % = ALCER™=06 1 0.02 - [l 95 % CL | 2
- - ATLAS R™ =05, R, ] 0.01E : -
0.4 , —- CMS R™ =0.6 E . | | |
L L T L L L L 1 0 ||||||||||||| 1 T R | 1
10? 10° -0. 03 -0.02 -0.01 0 0.01 0.02 0.03
jet
Py [GeV] Amplitude (by,,) for (Y con/ Yuncorr)XJ 0s0s (Yoo Yuncorr)XJ 0810

e Understanding medium response is important

= for its own sake; e.g. extracting medium properties such as n/s, sound velocity
= to reveal other effects; e.q. quasiparticle scattering

e More systematic studies between different models is crucial

* Precise experimental measurements with large statistics can help constraining models

Thank you!
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Fragmentation Function in y-triggered Events at RHIC

S PHENIX {7 . [ o ]
~I - -jet-only ] .
55 15} & PHENIX — { w/ medium response
1.0 i
05 _De o Ie e " ______________ _
O i ————— e (a)
250 _jet+j.i.m.e [PHENIX Ag—ml<m/2
20 --jetonly |7 <pl <9GeV ‘;
= 151 & PHENIX E
1.0{ ; :
Og [ S (b PHENIX PRC 102, 054910 (2020)
250 _jet+j.im.e A¢p—n<1.4 | STAR PLB 760 (2016) 689
2.0F : .
<o letonly ISTAR 12 < pZ < 20 GeV
< 2| 4 STAR
7 = p’%/py ~ 1.0} ] COLBT‘hydrO
T | L
oSl by SIS e PR (O W. Chen et al, PLB 777 (2018) 86
_ h\ - ‘0i5‘ o ‘1:0‘ T 11:5‘ o ‘2101 o ‘2:5l |
¢ = In(p{/pr) = In(1/z) o )
high pt 5 low pr
hadron 7 a7y ) _
7o = Ypo+pb/Np-+pi e Enhancement of low-pr hadrons, depletion of high-p+ hadrons
T g

e Overall, CoLBT-hydro with jet induced medium excitations (j.i.m.e)
describe the data better than the one without the medium response
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Radius-dependent Jet Raa: Discussion

* Quark/gluon fraction difference in different R
= |_arger R — less quark (more gluon) fraction — more E-loss (Lower Raa)

[S—
-

=
00

5.02 TeV, |n| < 2.8 Z-jet R=0.2

-----------
--------
-
-
-

-

-
L g

-------------
L]
L)

Quark jet fraction

=
=

Small R

Large R

0.4

0.2

0.0

Di-jet R=0.2

Di-jet R=1.0

Figure adapted from
Adam et al, JHEP 10 (2021) 038

10? 103
pPr [GGV]

Impact of

color-charge
difference on Raa

(AE,) o aS@

¥

QLZ

AE

gluon

" Casimir color fa
4/3 for quarks |
3 for gluons

> AEquark

<
<
C

ATLAS arXiv:2303.10090

2018 Pb+Pb 1.7 nb™!, 2017 pp 260 pb™', |/s,, = 5.02 TeV

B | | | | | | | | | | | |
12— ATLAS ]
| anti-k; R=0.4jets i
- 171 <2.8 -
1 e e e - - -|- —
_ y-tagged jets R=0.4 (larger quark jets) i
0.8 — P _
) N —
o, fonis 4] ;
[l — H m [
0.6 |— s —
— @) (@)
B I _
0.4 | Inclusive jets R=0.4
0.2 — p;>50GeV, Iyl <237 Inclusive jet v-jet —
" Ad(y.jet) > 78 0-10% 0-10% ]
O B ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | I_
50 100 150 200 250 300

Jet P, [GeV]

e Forward rapidity — more quark (less gluon) fraction — less E-loss (Higher Raa) D. Pablos arXiv:2210.07901

e One could utilize Raa of boson-tagged jets or jets at forward rapidity (dominated by quark-jets)
to de-weight the color-charge dependent E-loss effect in the double Raa ratio
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Radius-dependent Jet Raa: Discussion

* In pp collisions, different prt slope results in different Raa
= steeper pT distribution — Lower Raa

/ For the same energy loss, \

PP

flatter steeper
pr distribution in pp  pr distribution in pp

\ — higher Raa — lower Raa j
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Radius-dependent Jet Raa: Discussion

J. Brewer et al, PRL122 (2019) 222301

0.6
. . . . . Raia = o—eo—o— 9
* In pp collisions, different prt slope results in different Raa M 05 /
. . . T4 0.4
= steeper pT distribution — Lower Raa s s
prT - . . . .
]‘OO b Ratio <R4‘4> SIIQ{IUSSIVZGO}G? 100
CMS JHEP 12 (2020) 082 <35.9 fb" (13 TeV) Lot
] ' ' Y . 1
8 _— lyl < 05 | —— Eiii EI?%;S) __ dedn 10 N ])H(‘ll(l()qllelllli](‘ L 150 _quant
2 Symbol : Data o Ro00(3y [ ‘nb ] (Qan) [pT |
5 — PH+P8(CUETP8M1) T R-OTho - GeV | 1072 GeV
- 9///, 2 . . —— : e ]
T EXp. sys —~— Efgg o) - fo mitigate the | e e P
bQ: . L //;@7'v : T RI0; €:0:725) ] effect from pT —8— Pb-Pb (0-5% cent.)
~ ; 100 150 200 250 08 0.0
A - slope difference o GeV] >0
S f Qar = —F5
D1 | e
o
B S s S e s sssssssssnntts o 018 B poipt Gantaity 0-10% Inolusive ot A=0.4
0 B e 3 016 - yo% Inclusive jets R=0.4 =
S V - - (PP — prOPP)y g onaE L (larger gluon jets) =
100 Jet p_ (GeV) 1000 Sloss — L 0321 = e E
Pt o 0.08 £ ~
: : : . 0.06 F"*==eeo..._ ST TUTIRRERELLLLLEES
e Different R have different pT slope in pp collisions 0.04 e | =
0.02 E Y-tagged jets R=0.4 (larger quark jets) =

e |nstead of Raa, other observables (e_g_ Sioss, QAA) can be 00 120 140 160 180 200 220 240 260 280 300

. Jet p_[GeV
measured to de-weight the pr slope effect - vetp, [GeVl
ATLAS arXiv:2303.10090
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Z-hadron Correlation at LHC: A¢ dependence

2<p$h<4GeV

CMS PRL 128 (2022) 122301 ATLAS 5 10 arras o~
T T PRL126(2021) 2 F b2 60 gev : _
6— Hybrid | 1CoLBT _ 072301 ZCCJ - _1_ 0-30% Pb+Pb | i
- ) wio wake ; = or E=pp | -
o 4F w/ wake J ZN ar : f ]
?- E - - 2F *% ]
5 2._ OE+EI33=$=.;_"_: _________ |
8D Of---- oo _ o""0.5""1""1.5'"'2""25"A;b3
_2F p?>30Gevrc . R -
® - p™*>1 GeV/c 1Hvbrid T4 E
o | AN TR T TR &y/ov:,ake 0 3 Enhancement
05 1 15 2 25 3 & L . L
- —0—
Aq)trk,Z (rad) gé o S S O E
ey e : = | — |
e Enhancement of hadrons in jet direction; medium response! -1E - A | E
_ -2 Depletion E
e Differences between ATLAS and CMS measurements 8L
. . 0 0.5 1 1.5 2 2.5 3
(1) different background subtraction method A

(2) ATLAS 2 < plTl <4 GeV, CMS p% > 1 GeV
= |n Z-boson direction, ATLAS shows hint of diffusion wake
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Z-hadron Correlation at LHC: A¢ dependence

2<p$h<4GeV

| CMS PRL 128 (2022) 122301 ATLAS & 1o a1ias | -
Wei Chen, PRL 127 (2021) 082301 e ey PRL 126 (2021) 2 F 60 Gev :

: Hybrid -COLBT : 072301 Z 2 —1— 0-30% Pb+Pb | i
CoLBT—hydro 6 W/O wake ' 2 6_ —-| pp | f‘
| X ColLBT-hydro 4 CMS MP' i"cluded % % 4_ : ]
o ©7 mmm CoLBT-hydro (MPI sub) 4 27 % 1
>I_Q_ 4_-___. hydro (MPI off) // O_ __—*:% _________ B

Y o] () S & 0 05 1 15 2 25 3

o | al ,
> ‘ , | Z A(I)hZ
1} C—_ R —2 eS80 GeVic . I _—
T | T - p*>1GeVic NG > 4F =
0.0 ™=, 1 0 1 5 2.0 2.5 3.0 i 8 1 = - .
f AR i et N 0 b Enhancement
MPI subfracfedA¢“ZI =|¢" - ¢7| 05 115255 3 x k
3 | ——1
Aq)trk,Z (rad) ;5 [ 1_l_[|_
T : = | — |

e Enhancement of hadrons in jet direction; medium response! -1E - A | E
| -2t Depletion E
e Differences between ATLAS and CMS measurements B

. . 0 0.5 1 1.5 2 2.5 3

(1) different background subtraction method A
hZ

(2) ATLAS 2 < ph < 4 GeV, CMS p" > 1 GeV

= |n Z-boson direction, ATLAS shows hint of diffusion wake

CMS and shows enhancement by multi-parton interaction (MPI)
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Jet Shape

CMS, PLB 730 (2014) 243

et axis 1.61| === w/ medium response | M5 (0-10%) MARTINI
. /Sun =2.76 TeV
- = = W/0 medium response 20
1.4- Hybrid: no backreaction o Coupled jet-fluid
‘o Hybrid: backreaction
| —
& 1.2- - S
Q
N
<~ 1.0- JEWEL
| —
O
=
A 0.8
Q
0.6-
P!t > 100 GeV/c, ptrack > 1 GeV/c
0.4 inclusive-jet transverse-momentum profiles
0.00 005 010 015 020 0.25  0.30
1 X i 2 1 4 5
trke(r—or/2,r+6r/2) K
PiedT) = N, Z pict 57 \/ \/
B e || | MARTINI, NPA 982 (2019) 643
JEWEL, JHEP 1707 (2017) 141
* At large angle, Coupled jet-fluid, PRC 95 (2017) 044909
all models predict enhancement by medium response Figure adapted from Rey Cruz-Torres’ slides
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y-Jet Fragmentation Function at LHC
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Charged Jet Mass

Jet mass -~

Talk by H. Bossi
ALICE ALI-PREL-540565
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 For pp as baseline,
there are
discrepancies
between data and
models

= need to consider
this when
interpreting
comparisons
between data and
models in Pb-Pb
collisions
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Radius-dependent Jet Yield at RHIC

small R p large R

Talk by T. Pani

STAR arXiv:2309.00156, arXiv.2309.00145

S Y O B I B
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720 O1=] v v v L bl il E
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9 per-y R=0.2 jet yield
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S per-y R=0.5 jet yield

NS

Relative yield ratio between
different radius

= Jets w/ larger radius are
less suppressed

R~ RAIRS
= [arger than unity

= note) not inclusive jets
e.g. more quark-initiated jets
IN
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Radius-dependent Jet Raa

small R p large R

CMS 0-10% PbPb 404 ub™, pp 27.4 pb
- 400 < p” <500 GeV anti-ky, n_| <2
o : ]
c|:| 1.5 i -
r 3
C : | .
—~~ 1 | <9 _ 9 __ ——— e ; .| - CMS 0-10%
eI | i 1 —PYQUEN
as : 1 — PYQUEN w/ wide angle rad
0.5 [ JEWEL w/o recoil 7 — JEWEL
- 1 =—JEWEL w/o recaoll
CMS JHEP 05 (2021) 284 0'2' ‘ 0'4 ‘ O|6 ‘ 018 — '1
Jet R
e At high jet pt (400-500 GeV), relatively small R-dependence in data
e Medium response increases REMREXOQ for most models (Hybrid, , )
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Radius-dependent Jet Raa: Discussion

e Rapidity difference in different R
= Forward rapidity — more quark (less gluon) fraction — less E-loss (Higher Raa)

Quark Fraction

. 0.01 —

Daniel Pablos et al, Ef s }y} <03 . 10
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L2 f - 21 < |y < 2.5 —— § - ALICE pp \[s,, = 5.02 TeV -
R | 25 <yl <3 ® 102 Ch-particle jets, anti-k—, In. 1 <0.9-R =
| 3< |yl <4 S = jet =
¢ d i L I 1<yl <45 — ] _g - :
3| |
orwar : rapl Ity 1 %106 | \./Q 10 ? ALICE g
— ; . %= i -
. g Slam . Ll arXiv:2303.00592 -
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Why is medium response important to understand?

e Essential to describe the jet (sub)structure precisely

e Understanding in QGP bulk properties e.g. 1/, sound velocity R. B. Neufeld, PRC 79 (2009) 054909
nls = 1/4rn nls = 3/4n nls = 6/4rn

Jet

x [fm] x [fm] x [fm]

I I I I | I I I I l I I I I !
1~ Vs=5.02 TeV Pb+Pb 0-10 % —

e In-medium thermalization information e.g. £_ .4, Dy, Tiry ~ anti-k R=041yl<238 w/ medium
_ | response

* Medium response affects the extraction of jet transport coefficient ;

! [ - K
VY VYV V-V Vyyy.

s

0.5

- e il Ll . _
can be related to local gluon density distribution of the medium O LAS data o medium

- LBT 0,=0.15 shower+me.re., response

- v LBT 0=0.15 showers only

ATLAS, PLB 790 (2019) 108 | * LIBT 1°‘§=?'113 f“l"‘f"fsl‘“l"yl -
Yayun He et al, PRC 106 (2022) 044904 0 200 400 600 800 1000
p, (GeV)
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Medium Response in Various Models: (1) Recoll

e Different models have different medium response implementation

* Recoil (Weakly-coupled approach, when £ > E_ ) .,

= partons in medium scatter with hard parton

= “hole” (or "negative”) of recoiled medium partons can be
propagated and subtracted from the final parton spectra

Hard parton
e Models with recoll
= BT (T. Luo, S. Cao, Y. He, X.-N. Wang, S.-L. Zhang, G.-Y. Qin, Y. Zhu, ...)
- low virtuality
= MIARTINI (C. Park, S. Jeon, C. Gale, B. Schenke, ...)
- low virtuality
= VIATTER (A. Majumder, S. Cao, G. Vujanovic, M. Kordell, ...)
- high virtuality
= JEWEL (K. C. Zapp, R. Kunnawalkam Elayavalli, J. G. Milhano, U. A. Wiedemann, ...)
- re-scatterings of recolil partons with the medium are not implemented yet
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Medium Response in Various Models: (2) Hydro

» Hydrodynamics (Strongly-coupled approach, when £ S E_ )
= medium fluid with a source term from a jet; dﬂTg”. = Jr
uid jet

e Models with hydrodynamics

= Coupled Jet-Fluid (Y. Tachibana, N.-B. Chang, G.-Y. Qin, ...)
- ldeal hydro

= EPOS3-HQ (. Karpenko, M. Rohrmoser, J. Aichelin, P. Gossiaux, K. Werner, ...)
- viscous hydro (VHLLE)

- source term thermalizes after 7,
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Medium Response in Various Models: (3) Hybrid

e Hybrid (Recoil+Hydrodynamics)
= (Co)LBT-hydro (W. Chen, T. Luo, S. Cao, L.-G. Pang, X.-N, Wang, ...) Shuzhe Shi et al., arXiv:2212.05944

- LBT + viscous hydro (CLVisc) 20 18 12 1GeV
—— | — radiation
= JETSCAPE (JETSCAPE) Equark (GeV) :t'r'sgg:lum

- e.g. MATTER + LBT/MARTINI + viscous hydro (MUSIC W T
€.g viscous hydro ( ) MARTINI = %, s
CUJET e A
M

e Other models | | | . | | | . | | L

o 1 2 3 4 5 6 7 8 9 10
x (fm)

= Hybrid Strong/Weak Coupling (+ Linearized Hydro)
(D. Pablos, Z. Hulcher, J. Casalderrey-Solana, K. Rajagopal, J. G. Milhano D. C. Gulhan, ...)

= AMPT (G.-L. Ma, X.-N. Wang, Z. Gao, A. Luo, H.-Z. Zhang, G.-Y. Qin, ...)
- Boltzmann equation based approach

= BAMPS (l. Bouras, Z. Xu, C. Greiner, B. Betz, ...)
- Boltzmann equation based approach

= MARTINI + Causal diffusion (S. Ryu, S. McDonald, C. Shen S. Jeon, C. Gale)
- ..
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Structure formed from Medium Response in Models

(v-jet + Medium + Medium Excitation) — (y-jet + Medium) (Whole medium energy density) — (medium w/o jet)

r = 12 fm/c 3 8 fm
7 | 7jet + Medium Excitation {7 15 o (g}e;V/fm ) (b) 1=8 fmic
- o | :
5 0.6f 15 Enhancement
0.5 - 10 ™\ —f 0.08
3 oE - | 0.06
K O] — 5 BB | .
1 Depletio g.g_ 11 é 0.04
> 0.1} =0 |
-1 00kl 11 . 0.02
3 ’ :g:; 1-3 . Depletion | O
= Enhancementl <kl BE -10 [~ —1H-0.02
_ | 45— 11 -0.04
Tl Jet 74 8/m/c)7 -15-10 -5 0 5 10 15
-7 -5 -3 -1 1 3 5 7/ X (fm)
X
CoLBT-hydro (Recoil+Hydro) Coupled Jet-Fluid (Hydro) LBT (Recoil)
W. Chen et al. PLB 777 (2018) 86 Y. Tachibana et al. PRC 95, 044909 (2017) Y. He et al. PRC 91, 054908 (2015)

* Enhancement in jet direction; Mach-cone like structure

e Depletion in the opposite direction of jet; diffusion wake
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