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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)

e Structures formed; Mach cone, sonic boom, shock wave, diffusion wake, ...
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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. 17/, sound velocity R. B. Neufeld, PRC 79 (2009) 054909
nls = 1/4n nls = 3/4n nls = 6/4rn

Jet

|
[a—
(e
-4

-10 -5 0 5 10 -10 -5 0 5 10
x [fm] x [fm] x [fm]

— 71 r r 1 1 1Tt 1
1~ Vs=5.02TeV 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 ;

0.5
= can be related to local gluon density distribution of the medium :

¥ . ATLAS data w/o0 medium
- LBT o,=0.15shower+me.re., response

- v LBT o=0.15 showers only
ATLAS, PLB 790 (2019) 108 | * LBT @=0.13 showers only

| | I | | | I | | | I | | | I |

Yayun He et al, PRC 106 (2022) 044904 ° 54

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

D

Hard parton
e Models with recoil
= | BT (T. Luo, S. Cao, Y. He, X.-N. Wang, S.-L. Zhang, G.-Y. Qin, Y. Zhu, ...)
- low virtuality
= VIARTINI (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_ )
' ' ' : f. ur  __ JU
= medium fluid with a source term from a jet; 8ﬂTﬂuid = Jjet

e Models with hydrodynamics

- (Y. Tachibana, N.-B. Chang, G.-Y. Qin, ...)
- ldeal hydro

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

- source term thermalizes after 7y,

Yeonju Go Hard Probes 2023 March 26-31



Medium Response in Various Models: (3) Hybrid

e Hybrid (Recoil+Hydrodynamics)

- (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
_—— T —> rodiation
N (JETSCAPE) Eoan (GV) 2 Mo
- e.g. MATTER + LBT/MARTINI + viscous hydro (MUSIC _‘Lﬂg\- .
g viscous hydro ( ) MARTINI = %S, R
CUJET e
o e = e ——5 ’
® Other mOdeIS | I | | | | | | | | | >

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)
=L
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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)

............................... 7 = 12 fm/ 3
7 | v-jet + Medium Excitation {7 15 1t de ((()}eflV/fm )
: | | I JAT | :
5 0.6F 15 Enhancement
0.5f 10 - e —{f 0.08
3 0.4f 13 5 _|Fy 0.06
1 Depletion g:g: 11 :g 0.04
> 0.1 | e 0 |
1 0.0ll 1-1 . 0.02
3 ,» 3 o5l 3 o Depletion |10
= Enhancementl —0.3. 5 -10 — —i-o.og
_ | 15— 1 -0.04
Tl Jet T=4-8fm/ciT 15-10-5 0 5 10 15
-7 -5 -3 -1 1 3 5 7/ % (fm)
X
CoLBT-hydro (Recoil+Hydro) Coupled Jet-Fluid (Hydro)
W. Chen et al. PLB 777 (2018) 86 Y. Tachibana et al. PRC 95, 044909 (2017)

* Enhancement in jet direction; Mach-cone like structure

e Depletion in the opposite direction of jet; diffusion wake

Yeonju Go Hard Probes 2023 March 26-31

(b) t=8 fm/c

=125

415

LBT (Recoil)
Y. He et al. PRC 91, 054908 (2015)



What Jet Observables to investigate Medium Response?

e Jet fragmentation function

Yeonju Go Hard Probes 2023 March 26-31



Fragmentation Function in y-triggered events at RHIC

25l Semime |SENX T Tmemme
2.0} ) <pp<7Gev Enhancement
Yt =-jet-only .
55 1.5} & PHENIX w/ wmedium response
1.0} - '
o sDeplelige A —
Bl il e (-a_)i
0§
250 _jet+j.i.m.e [PHENIX Ag—ml<m/2
20 --jetonly |7 <pl <9GeV “;
= 151 & PHENIX E
1.0} ;
OZ [ A (b) PHENIX PRC 102, 054910 (2020)
250 _jet+j.im.e A¢p—n<1.4 | STAR PLB 760 (2016) 689
2.0F : .
<o jetonly 1STAR 12 < p? < 20 GeV
< -7t “=STAR
7 = p%/p}/ ™~ 1.0} ] COLBT‘hydrO
T | L
o5 by S e e (| W. Chen et al, PLB 777 (2018) 86
B N 05 10 15 20 25
¢ = In(p{/pr) = In(1/z) o )
high pr 5 low pr
hadron Y . :
7o = Ypo+pb/Np-+pi e Enhancement of low-pr hadrons, depletion of high-p+ hadrons
T

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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What Jet Observables to investigate Medium Response?

®
e Jet- or Boson-hadron correlation
®
®

Yeonju Go Hard Probes 2023 March 26-31
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Z-hadron Correlation at LHC: prdependence

CMS PRL 128 (2022) 122301 ATLAS PRL 126 (2021) 072301
A(ch.Z) > 3x/4 or T8 | pEEE I Gas | e
> \ 1 :6 | brld SCET, E 3 op. 13- \/53'705:%22?2 (AP
74 W/o wake ColLBT ] - 15-30 30-60 >60 p? [GeV]
1.4 w/wake  pz 30 Gevic ' - e = 333. ) weke

“
“
.

| Hybrid w/out wake

0-10%

N
PbPb / pp

IIII|IIIIIIII|IIII|IIII|IIII|IIII|

AYAN
Y A¢(ch,Z) > 3n/4
1:’"" ! e U N R [ T
1 \N .
Hybrid y’ ; Hv/bt'id k0'5 e = ;_{ﬁ
AE 100 1000,1 Wowake R SR,
W/o wake 0 ™~5 10 15 20 25 30 o R2 3 4567 10 20 30
pi™ (GeVic) Py [GeV]
o At low pr,
= Significant difference between w/ and w/o medium response at low hadron pr
= models with medium response ( and ) describe the data better
e At high pT, all models including (no medium response) describe the data well
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Z-hadron Correlation at LHC: A¢ dependence

2<p$h<4GeV

CMS PRL 128 (2022) 122301 ATLAS § 10- a1ias | -
e PR 126 (2021) 2 . pZ>60GeV | ]
Ag(ch,Z) " Hybrid CoLBT : 072301 -5 °L = 0.30% PbsPb : %
6 - ) wio wake - = or E=pp ! .
o 4[| w/ wake Zz 4 : f :
° ==
0 05 1 15 2 25 3
. A¢
_2F p?>30Gevrc _ R -
. trk 1 \V/ - . Q = =
-4, -p-T- |> - G? C W P {Hybrid o ;i Enhancemest
05 1 15 2 25 3 Wowake g :
- e
- | —0—_._:
Aq)trk,Z (rad) gé o S S O E
e . : = | — |
e Enhancement of hadrons in jet direction; medium response! -1E - A | E
_ -2 Depletion E
e Differences between ATLAS and CMS measurements B
, _ 0 05 1 15 2 25 3
(1) different background subtraction method A
hZ

(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 § 10- a1ias | -
Wei Chen, PRL 127 (2021) 082301 ey PRL 126 (2021) 2 F 60 Gev : _
: Hybrid -COLBT : 072301 Z 2 —1— 0-30% Pb+Pb | %
CoLBT—hydro 6 W/O wake j :Ci 6_ —-| pp | f‘
| X ColLBT-hydro 4 CMS MPI i"cluded % % 4_ : ]
o 67 mmm ColLBT-hydro (MPI sub) | L — 2r % il
>I-Q 4- B b hydro (MPI off) ﬁ2 O— ;__;_?:% _________ i
g _f o) W) S 0 05 1 15 2 25 3
o! 2 \
- | , - Z A(bhz
1} S R ) \ 80 GeV/c . I _—
N - A P> 1 GeVic N > 4 :
0.0 ™= 1 O 1 5 2.0 2.5 3.0 i 8 1 = - .
1 AP T T P T A o aF Enhancement
MPI subfraun“edmb“ZI—I<I>h | 0.5 1 5555 3 o ‘Z_ |
D s (rad) 13 - 4k
| o
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)
Yeonju Go Hard Probes 2023 March 26-31 13



What Jet Observables to investigate Medium Response?

° Jet axis

‘ Qi
e Jet shape o) i
®

Yeonju Go Hard Probes 2023 March 26-31
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Jet Shape

CMS JHEP 11 (2016) 055

| Y. Tachibana et al, PRC 95, 044909 (2017) I. Luo et al, PLB 782 (2018) 707
Jet axXlIS 102_ I l l I - ]
-(A) Leading Jet 276 Tev | Coupled Jet Fluid - LBT (Recoil)
B ® PbPb(CMS, 0-30 %) (Hydro) p¥ >80 GeV — pip: PYTHIA
107 — PbPb (w/ Hydro) - e 076 Tev
! --- PbPb (w/o Hydro) i 102 - S = <. C — Pb+Pb: LBT 0-30%
I PbPb (Hydro) | - R=0.3 — Pb+Pb: Medium response
ol = pp (PYTHIA) . 1ol
ol 3 S
< | | w/ wmedium SO
10°1E response
. | =—m N ' 107 Mediuw response
102k pift>120GeVie h..mTTT w/o wedium | @
a Jet E ............. ol -2 T R S SRR SR RS
P T’2> e response 10 0 0.05 0.1 0.15 0.2 0.25 0.3
A§01’2> 57/6 g A /|

10-3 l I \/ \/
oy - LT e : r g
o () = 1 Z 1 trke—or/2,r+6172) PT :- 4

el Njet : p%et or \/ \/

o At /large angle, enhancement by

At small angle, negligible effect from medium response
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What Jet Observables to investigate Medium Response?

o small R large R

e R-dependent nuclear modification factor (Raa)

Yeonju Go Hard Probes 2023 March 26-31
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Radius-dependent Jet Raa

Hybrid Strong/Weak Coupling Daniel Pablos, PRL 124 (2020) 052301
with increasing R ...

: R =0.2 non-eq. contrib. 1 non-eq. + QGP ridge contrib. 1 non-eq. + QGP ridge & trough contrib. -
- R =04 we= —+ —+ -
' R=0.6 1 [ o { .
- R=1.0 wee= F- STl T 7
- R=20 0-10% [ 1 ]

Vs = 5.02 ATeV

anti-kp, |n| < 2

“foo 100 i 100 d00 1000
Jet pr |GeV] Jet pr [GeV] Jet pr [GeV]

w/0 medium response — w/ medium response

o Significantly different picture between w/o and w/ medium response in model

Yeonju Go Hard Probes 2023 March 26-31
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=0.2

/ Ron

R
RAA

0.5

CMS JHEP 05 (2021) 284

0 10%

PbPb 404 ub™, pp 27.4 pb

CMS

400 < p ' < 500 GeV

4. | medivm

anti-k-, h]jet\ <2
®- CMS 0-10%

- _ybrld w/ wake =

1 Hybrid
w/

ybnd w/o wakes

|FeSPONSE — MARTINI

02 04 06 08
Jet R

.1.

ybrid w/ pos wake

Radius-dependent Jet Raa

LBT w/ showers only.

LBT w/ med. response

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

e Medium response

Yeonju Go

increases R

/RR =02 for most models (Hybrid,

Hard Probes 2023 March 26-31

Daniel Pablos, PRL 124 (2020) 052301

1.4

1.2

. non-eq. + QGP ridge & trough contrib. -

R=0.2 oom
R=04 wom |
R=0.6 |
R=1.0 wem _
R =20

0-10%

Vs =5.02 ATeV 7

100 71000

Jet pr |GeV]|
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Radius-dependent Jet Raa

CMS 0-10% PbPb 404 ub™, pp 27.4 pb™
r— 1 1 1T T
| 400 <P <500 GeV anti-ky, | <2
X I
S 1.5 _
r |
o | :
~ 1L o CMS 0-10%
r< ] 1 = PYQUEN
o i ] PYQUEN w/ wide angle rad
0.5 - JEWEL w/o recoil 1 — JEWEL
o | 1 | o — JEWEL w/o recoil
CMS JHEP 05 (2021) 284 02040608 '1'

Jet R

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

R /RR=O.2

« Medium response increases R, , /R .~ for most models (Hybrid,

Yeonju Go Hard Probes 2023 March 26-31

Daniel Pablos, PRL 124 (2020) 052301

1.4 +

1.2 +

. non-eq. + QGP ridge & trough contrib. -

R=0.2 oom
R=04 womem |
R=0.6 |
R=1.0 wem _
R =20

- 0-10%

Vs =5.02 ATeV 7

100 1000

Jet pr |GeV]|

19



ALICE
arXiv:2303.00592

Yeonju Go

0.2

Radius-dependent Jet Raa

- @ LIDO
- LBT

— i1 JEWEL w/o Recoils
~ mm Factorization
~ mm MARTINI

@ ALICE Data

| | L | ol | L | [

- ALICE, 0-10% Pb-Pb |5 =5102 T¢

| L ol

S S ESEES S S S SN EEEEEEEEEEEEEENEER

. non-eq. + QGP ridge & trough contrib. -

L 0-10%

Daniel Pablos, PRL 124 (2020) 052301

'

1= 0.4 mem
R =20.6
H = 1.0 s
R =20

VS5 =5.02 ATeV 1

..1.00 , , .....1.000

- Mehtar-Tani et. al, g _
~1Menhtar-Tani et. al, g -
1 Mehtar-Tani at. al, 3l -

Hybrid Model w/ Wake = —
m1JeETSCAPE v3.5 AAZ2 -

20

40

60

80 100

'DT, ch jet (GeV/C

e Atlow jet pr (40-140 GeV), ALICE data shows Raa (R=0.6) < Raa (R=0.2)

e Various model (with and without medium response) do or do not describe data

Hard Probes 2023 March 26-31

120 140
)

Jet pr |GeV]|
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Radius-dependent Jet Raa

Daniel Pablos, PRL 124 (2020) 052301

2 | | | I | I | ]..4 = =
gn:% g ob1Ph m _ 576 TaV I 0-10 % g s _ non-eq. + QGP ridge & trough contrib. _
o 18 JL dt =7 ub” ATLAS - [ 0-10%

r f R e R=0.3 ° :
16 e "R=04 — 50.8-_
_ (o v e *R=05 0.6
Sy - x o e _ 04} | e
- - 0.2 /5 = 5.02 ATeV 1
O R . . e
100 1000
Jet pr |GeV]|

ATLAS PLB 719 (2013) 220 0 8: |

e At low jet pt (40-200 GeV), ATLAS data shows Rcp (R=0.5) > Rcp (R=0.2)
= tension between ALICE and ATLAS
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Coupled jet-fluid

N.-B. Chang et al.

PLB 801 (2020) 135181 g

| | | | |
| (5=2.76TeV, ATLAS (0-10%)

Data, without/ with Hydro

RAA

— §,=1.7 GeV*/fm o ---- —— R=0.3 _
i -- m —— ——R=04
B *  mmeeaas — R=0.5 ]
i I -
n I l l 1C
- “ | e
| | | | | | I | | | | | I | | | I | | |
20 40 o0 80 100 120 140 160 180 200
Py (GeV) without medium response

— negligible R dependence

Radius-dependent Jet Raa

1—

0.8

LBT

Y. He et al, PRC 99, 054911 (2019)

0.6

0.2

anti-k,

B - ! -
7 5 : :
-
it &
L - 1T
» —
[ ] ™ o\
- | &
B Y .I n
L
1 : s
! P \ b
- » I

_ ly| <2.1 _
—— LBT Pb+Pb 0-10 % Vs=5.02 TeV 1
" CMSPb+Pb0-5% Vs=2.76 TeV

— — ) i

-~ W. recoils -

- w/o recoils |
=0.3
4 —R=0.2
200 400 600 800
p. (GeV)

e At low jet pt (40-200 GeV), ATLAS data shows Rcp (R=0.5) > Rcp (R=0.2)
= tension between ALICE and ATLAS

e Some models (e.g. Coupled jet-fluid, LBT) with medium response describe ATLAS data

Yeonju Go

Hard Probes 2023 March 26-31

with increasing R ...



Radius-dependent Jet Raa

e Tension between ALICE and ATLAS measurements; N °

but, there are differences: <18
o

= ALICE charged-particle jets vs. ATLAS all jets =

= ALICE Raa(0.6)/Raa(0.2) vs. ATLAS Rcp(0.5)/Rep(0.2)

<12

= ALICE uses new machine learning technique vs. * 1

ATLAS fake-jet rejection via fragmentation requirement .

= different 7 ranges 06

- ALICE: Raa(R=0.6); |77<0.3, Raa(R=0.2); |7 |<0.7 04

- ATLAS: |n|<2.1

Yeonju Go Hard Probes 2023 March 26-31

—+4— CMS R

A
h g
A
h g
A
h g
A
h g
_(:)7
_(:37
—<:>7
A
h
A
h g
A
h d

| | | | | | _I | | | |
PoiPb 4 ALICE R =0.6,5.02 TeV
' —— ATLAS R =0.5,2.76 TeV, Rgp

jet

= 0.6, 5.02 TeV

o il -

_.|._++ 4+ ALICE arXivi2303.00592 -

ATLAS PLB 719 (2013) 220 ]

CMS JHEP 05 (2021) 284 _—

| | | | | | | | | | ]
40 50 60 107 25102 10°

et
pL [GeV]



Radius-dependent Jet Raa: Discussion

* Quark/gluon fraction difference in different R

= |_arger R — less quark (more gluon) fraction — more E-loss (Lower Raa)
ATLAS arXiv:2303.10090

[S—
-

% 5.02 TeV, |n| < 2.8 Z-jet R=0.2 . - |20|18|PF>+||3b|1.7| n?'1,|2c?17|p;|> 2I60|pbl",|\/sTNl=5I.02| T?vl
@ | aeemmmmmmeeeell o 12 ATLAS —
:q_-') 0.8 Impact of - fy;']g]szRsz 0.4 jets -
o’ — <Z. B -
[P color-charge ] - S
~ difference on Rax _ y-tagged jets R=0.4 (larger quark jets) B
- __ _
S 0.6 0.8 N 7 + \ _
- il _
Di-jet R=0.2 06 [ THIELE — =
0 B T -
’ —_— B ; Inclusive jets| R=0.4
Small R <AE8> & A L;C_E.qL C For y-tagged jets T [PLB 790 (2019) 10g] (l@rger gluorijets)
Di-jet R=1.0 T = 0.2 _— p. >50GeV, In'l <2.37 Inclusive jet -jet _
Large R 02 J . Casimir color factor - A;(Y,jet)m,g o o :
Figure adapted from 4/3 for quarks ' O B ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | I—
Adam et al, JHEP 10 (2021) 038 | | Sforglions | ‘s 100 150 200 o
. et p_[Ge
U0 107 10° AEgluon > AEquark !

pPr [GCV]
e Forward rapidity — more quark (less gluon) fraction — less E-loss (Higher Raa) 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 pr slope results in different Raa
= steeper pr distribution — Lower Raa

/

For the same energy loss,

flatter

pt distribution in pp

\ — higher Raa

PP

steeper
pt distribution in pp

— lower Raa /

\

Yeonju Go

Hard Probes 2023 March 26-31

25



Radius-dependent Jet Raa: Discussion

J. Brewer et al, PRL122 (2019) 222301

0.61
S . . . R _— o0—0
* In pp collisions, different pt slope results in different Raa " 0s //' o
.. . A 0.4
= steeper pr distribution — Lower Raa A
pT - : . : .
100 b R'{,’lti(,) <R Ll) %]1(\3{[121\/260}6? i 100
CMS JHEP 12 (2020) 082 <35.91b" (13 TeV) Lol
T ] ' ' T T T T T _ _
8 | Iyl < 05 —— E:?I% §I$;)5) ] dedn 10 | [ 150 ~quant
7 Symbol : Data o Ezé% 51%;5) i [ﬁ] [ZZ}TV]
- — PH+P8(C I R=07(+0 - GeV 1072 ¢
ﬂ-. . . PH+P8(CUETP8M1) Ezgé §I§§g ] SIOS.S. Or QAA € 10 900
Cﬁ . _|Exp. sys. ——R=oa i o mltlgate the | e e - P
bQ: Nl ~RIoFOZ T effect from DT —e— Pb-Pb (0-5% cent.) |
~ DTSR, : 100 150 200 250 0.5 0.9
A _ slope difference o [GeV] Y
Q Qaa=—5
2 Pr
_{
N MR EEEEEEso0ssossetstssestere: Q” 018" "pupb Centrality 0-10%  [nglusive jets A=0.4 -
=5 e e S V\?VVW¥¥\7VVV‘7‘7V_T_VV%L‘7E”_ ( pp Pbe) s l I . t _E
. . T —— _pr—pr ) S oM S (larger gluon jets) E
100 Jetp_ (GeV) 1000 Sloss =—————— w02 SSl E
Pr “
e Different R have different pt slope in pp collisions QO4E e =
0.02 E Y-tagged jets R=0.4 (larger quark jets) =
e Instead of Raa, other observables (e.g. Siess, Qaa) can be 100 120 140 160 180 200 220 240 260 280 300

Jet P, [GeV]
ATLAS arXiv:2303.10090
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Summary

e Jets are modified by medium and simultaneously modify the medium

e Understanding medium response is important
= precise jet measurements, QGP bulk properties, in-medium thermalization information, ...

* Medium response sensitive observables

= e.g. Jet-hadron correlation, fragmentation functions, shape, R-dependent Raa,
jet mass, axis difference, angularity, baryon/meson ratio, ...

e Models predict significant differences in these observables w/ and medium response
= Some data and models are consistent with medium response

e More systematic studies between different models is crucial

* Precise experimental measurements for various observables can help constraining models

Yeonju Go Hard Probes 2023 March 26-31 27



List of talks related

Experiment

ALICE R-dependent Raa by C. Pliatskas on Tue. 9:00 AM
STAR Jet Shape by T. Pain on Tue. 11:10 AM

ALICE Acoplanarity broadening by Y. HOU on Tue. 12:10 PM
STAR Baryon-to-Meson Ratio in Jet by G. D-GAU on Tue. 3:40 PM

ALICE Jet mass and angularity by E. Lesser on Tue. 5:10 PM

ATLAS Color-charge dependent jet quenching using photon+jets
by C. McGinn on Wed. 9:00 AM

PHENIX Jet measurements on Wed. 2:20 PM
ALICE Angle between jet axis by R. C-Torres on Wed. 5:50 PM

STAR Photon-jet and hadron-jet correlations
by Y. He on Thu. 9:40 AM
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Theory

JEWEL+v-USPhydro by L. Barreto on Tue. 9:00 AM

3D structure of jet-induced diffusion wake by Z. Yang on Tue 9:40 AM
Minijet quenching in jet+hydro evolution by C. Gale on Tue. 11:10 AM

Comparative multi-probe study of jet energy-loss
by R. M.-Yazdi on Tue. 2:20 PM

Efficient description of medium response
by J. C-Solana on Tue. 3:20 PM

Enhancement of baryon-to-meson ratios by G.-Y. Qin on Wed. 9:20 AM
Forward jet measurements by D. Pablos on Wed. 11:10 AM

Probing short-length structure of QGP
by K. Rajagopal on Wed. 11:50 AM

Unbiased quantification of jet energy loss
by J. M. Silva on Wed. 2:00 PM

Thermalization of a jet wake by F. Zhou on Thu. 3:20 PM

Multi-scale jet-medium interactions by Y. Tachibana on Thu. 3:40 PM
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Takeaway (1)

v

e Enhancement of soft particles at large angles in jets
= Significant medium response effect found

* |n opposite-jet direction, tension in hadron yield between data (ATLAS and CMS)

= different background subtraction method introduce different physics interpretation
(1) diffusion wake vs. (2) MPI
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v

Yeonju Go

Takeaway (2) : Radius-dependent Jet Raa

e At high pt, mild R-dependence found in CMS
e At low prT, tension between data (ATLAS vs. ALICE)

—~ 2

N

* Interpretation of R-dependence Raa (complicated!) %18
= medium response E§ 16f
= color-charge difference "3:21-4;
= pT shape difference in pp collisions 2]

- ..

* Tensions between various models
= further systematic studies will be needed

e Future beneficial measurements

= |jets with high quark fraction
e.g. Jets at forward rapidity,
boson-tagged jets,
inclusive jets at RHIC, ...
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Structure formed from Medium Response in Models

CoLBT+Hydro (Recoil + Hydro)

(v-jet + Medium)

(y-jet + Medium + Medium Excitation)
— (y-jet + Medium)

7} v-jet + Medium

W. Chen et al. PLB 777 (2018) 86

e Enhancement in jet direction;
Mach-cone like structure

e Depletion in the opposite direction of jet;

diffusion wake

Yeonju Go
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Whole medium energy density

T = 12 fm/e

15
10

Y (fm)
h o o

-10
-15

e (GeV/fmd)

0.45

0
-15-10-5 0 5 10 15
X (fm)

Y. Tachibana et al. PRC 95, 044909 (2017)

Coupled Jet-Fluid (Hydro)

(Whole medium energy density)
— (medium w/o jet)

T = 12 fm/e Ae (GeV/fm?)
15 | |dﬂt | 0.1
Enhagcement ~ 0.06
&% i |8 0.04
— 0.02
>\ _5 L __ O
~ Depletion |
10 -0.02

-15-10-5 0 5 10 15
x (fm)
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JEt Shape CMS, PLB 730 (2014) 243

Jot axis 1.61| === w/ medium response | €MS (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
A
N
<~ 1.0- JEWEL
| —
O
=5
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 r 5
trke(r—or/2,r+6r/2) K
Piet(1) = N, Z it Sr \/ \/
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

e e e e e o e e

Wei Chen et al., PLB 810 (2020) 135783 [Jjet+j.i.m.e C - Zjet-only . :OrgnReco @® CMS 0-10% |
8 Hdjet+j.i.m.e C - Jjet-only:.  :0OrgnReco A CMS 10-30%(+2) |

CMS PRL 121 (2018) 242301 [Jjet+j.i.m.ec - Jjet-only:.. .. :OrgnReco M CMS 30-50%(+4)

Tt

<& 6 ATLAS PRL 123, 042001 (2019)

S - E

% | 16 E -tag (p _80126 GeV, p _63 144 GeV) =

T 4t 15 E '] Data, 5.02 TeV, 0-30% Pb+Pb/ pp =

E s SCET, =

— 3} 1.4 — SR : =

. - i Hybrid =

N 13 — ColLBT-hydro Y

D12k * =

S L -

o 11 —

. L SR SO . . i B

| I:I jet+j.ime C-. jet-only @ @ CMSO0-10% | g i

il [ jet+j.im.e C-. jet-only A A CMS 10-30%(+1)|] 0.9 EATLAS | —

i 1 jet+j.im.e C-. jet-only M B CMS 30-50%(+2) |] 0.8 £PP25 pb”’ | | =

| 0 = Pb+Pb 0.49 nb”’ 1 =

| ‘2 1072 10 1
Y h jet - h
éT = — low p7 7= pT/pJ high pf

Pt PT
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R-dependent Jet Raa

0-10% ALICE arXiv:2303.00592v 1
Raa (R=0.2) Raa (R=0.6) Raa (R=0.6) / Raa (R=0.2)
:(( _I | ILICIElDItI I | T 1 ||_; l:I)Id}\/lldl II |/\Ilvlkl— :E _I I ILICIElDItI | | L Il-; Ibldivlldl |l |/\l/vlkl_ &\ _| | 1T 1 | | | I 1 I | T T |_
dala Il odel w aKe ala [l odael w aKe :
= :'E'IEEDTO mm JETSCAPE v3.5 AA22” < jEHBDTO m JETSCAPE V3.5 AA22” © 147~ ALICE, 0-10% Pb-Pb sy, _
entar-1ani et. al, entar-1ani et. al, - i ' -
1.2-"" JEWEL w/ Recoils = Mehtar-Taniet. al . —| 1.2 JEWEL w/ Recoils = Mehtar-Taniet al § — o [ Ch-particlejets, antiky -
- mm JEWEL w/o Recoils =1 Mehtar-Tani et. al, all - mm JEWEL w/o Recoils == Mehtar-Tani et. al, all 7 <10 |
i mm MARTINI i i mm MARTINI i 0:< ol _
| it — 1| e = = [ i
_ ALICE \/sNN =5.02 TeV, 0-10% Pb-Pb j ~ ALICE \/sNN =5.02 TeV, 0-10% Pb-Pb : é’- || S pRERERE] EEEEEEE EEEEE
L~ oAl . B _ L~ . . _ 4 i
0.8—Ch particle jets, anti-k-, R =0.2, I"jetl <0.7 - 0.8—Ch particle jets, anti-k;, R = 0.6, Ir/jetl <03 7 o L
- | - 7 T<0.8—
n - = - < =
i - i 1 oo [
0.6 0.6 — - -
- - - 0.6/~ ¢ o
041 1 o4r 0.4 -
i . i ] " L @ ALICE Data 1 Mehtar-Tani et. al, g -
i _ i o o ) - mm LIDO = Mehtar-Tani et. al, g -
o | - @ LBT = Mehtar-Tani et. al, all -
0.2~ -1 0.2 e —| 0.2~ JEWEL w/o Recoils = Hybrid Model w/ Wake —
i o _ i i o . i ~ @ Factorization m JETSCAPE v3.5 AA22 -
- |- TAAI normalllzatlon |uncertalmty _ - |- TAAI normalllzatlon |uncertalmty _ i -| MARTII|\|I | | | | i
9720 40 60 80 100 120 140 O 20 40 60 80 100 120 140 ° 20 20 60 80 100 120 140
p T, ch jet (GeV/C) P T, ch jet (GGV/C) p T, ch jet (GeV/C)

e Data compared with many models, and some models include medium response
e Some models describe double Raa ratio but not individual Raa, or vice versa

Yeonju Go Hard Probes 2023 March 26-31 35



R-dependent Jet Raa
ALICE arXiv:2303.00592

Raa (R=0.2) Raa (R=0.6) Raa (R=0.6) / Raa (R=0.2)
< COALICEData = Hybrid Model w/ Wake n::E - ALICE Data = Hybrid Model w/Wake | & f f T T T T Tl T T T T
| W ) o —
T12-@ming. = Meftar-Tani et al,g - 1-2 mm LIDO  mmMehtar-Taniet.al,g | < 14~ ALICE, 30-50% Pb-Pb {sy, = 5.02 TeV -
- JEWEL w/ Recoils mmMehtar-Taniet. al,q - -~ JEWEL w/ Recoils mmMehtar-Taniet. al,q - _ Ch-particle jets, anti-k, In | <0.9-R _
- JEWEL w/o Recoils g Mehtar-Tani et. al, all - mm JEWEL w/o Recoils mm Mehtar-Taniet. al, all 1 £ [ jet ]
[ == MARTINI mm JETSCAPE v3.5 AA22-— [ == MARTINI mm JETSCAPE v3.5 AA22- 12— —
e - 1T L -
- n _ 6 - i
i : o T 1 Salrr Nl - ==
0.8 | 0.8 T
i , B - x |
i 2 : - =< 0.8
- 4 - u:<E - .
0.6~ o 0.6 i i
I - I 0.6/ -
0.4 | ¢ - 045 =4 . JEWEL w/o recoil -
i - I - '@ ALICE Data Mehtar-Tani et. al, all -
0.0l ALICE \|'s,, = 5.02 TeV, 30-50% Pb-Pb 0.0 ALICE \s,, =5.02 TeV, 30-50% Pb-Pb ] 0 2:E£H[?ao'd Model w/ Wak % Mema@ani ei- a{, g
- Ch-particle jets, anti-ky, R=0.2,In_|<0.7- - Ch-particle jets, anti-ky, R =0.6, In_|<0.3- . TSCAPE v3.5 Agzg ~ JEWEL w/ Recoils - i
i | B 7 normalizaticl)n uncer#ainty _ - " normalizati?n uncer#ainty | O_I:IJIEWEL w/? Recoils | - MAIIRTINI | i
1 N N N AN NN S M N S B L1 L1 | N I N T N I Y S B I I : L L L L L
0—25 20 80 30 100 120 05 40 60 30 100 120 20 40 60 80 100G V/120
P on e (GEVIC) P e (GEV/C) Pr oh it (GEVIC)

e Data compared with many models, and some models include medium response
e Some models describe double Raa ratio but not individual Raa, or vice versa
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R-dependent Jet Raa
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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)

1.4

arXiv:2210.07901
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