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Medium Response to Jet Quenching in QGP

e Jet quenching

J. D. Bjorken (1983), M. Gyulassy, M. Plumer (1990),
M. Gyulassy, X.-N.Wang (1994), ...
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- Collisions with medium
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- Induced parton
radiation

* Medium response to jet

H. Stécker ('05),
J. Casalderrey-Solana, E. V. Shuryak, D. Teaney ('05),...

- Induced by energy-
momentum deposition

- Enhance the particle

emission from medium
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Modelings for Medium Response in Recent Studies

e Jet evolution model with recoil partons

- Sampling of partons from thermalized medium for the collisions
- Add the recolled partons to the jet Partons in Jet

Linearized Boltzmann Transport (LBT) Model
T. Luo, S. Cao, X.-N, Wang, G.-Y. Qin,...

JEWEL

K. C. Zapp, R. Kunnawalkam Elayavalli, J. G. Milhano, U. A. Wiedemann,...

Parton in Jet »

e Jet evolution (AdS/CFT + PYTHIA) with backreaction

- Store the lost energy into thermalized medium as a perturbation
- Use linear expansion of Cooper-Frye for hadrons from medium response

Hybrid Strong/Weak Coupling Model

D. Pablos, J. Casalderrey-Solana, K. Rajagopal, J. G. Milhano D. C. Gulhan,...
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Modelings of Medium Response in Recent Studies

e Jet evolution + full-hydro model with source term

- Solve hyaro egs. with source term for medium evolution

8MTC’3€}P($) = J"(z)

Energy-momentum tensor Energy and momentum
of the QGP fluid deposited from the jet

- Source term J"(z) constructed by jet evolution calculation

Use Cooper-Frye for hadrons from medium response

Jet Shower Transport + Hydro model
YT, N.-B. Chang, G.-Y. Qin,...

Coupled LBT HydrO Model (recoiled partons are also included)

W. Chen, T. Luo, S. Cao, L. Pang, X.-N, Wang,...
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Motivation

e Full picture of jet quenching in heavy ion collisions
- Redistribution of the jet energy and momentum

Leading jet % Subleading jet
\ qN‘ ' 'v"”‘ﬁa;apted from C. Roland (CMS)

- Precise interpretation of the experimental data
- Hints for medium response-free observables

e Another possible manifestation of QGP’s fluidity

- New approach for QGP properties (viscosity, sound velocity,...) in jet events
R. B. Neufeld ('09), R. B. Neufeld, I. Vitev (’12), Alejandro Ayala et al. ("16), L. Yan, S. Jeon, C. Gale ('17)

Structure of Mach cone
(jet-induced shockwave)

Adapted from R. B. Neufeld (’09)

e QGP transport properties from in-medium thermalization

- Mechanism of energy-momentum deposition into QGP flui
R. B. Neufeld ('09), E. lancu, B. Wu (’15),...

Parton in Jet

Yasuki Tachibana, September 15th 2017



Full Jet Study with

Jet shower Transport + Hydro Model
YT, N.-B. Chang, and G.-Y. Qin, [ " PRC 95, 044909 (2017)]
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Jet shower Transport + Hydro Model

YT, N.-B. Chang, G.-Y. Qin (‘17)

e Transport equations for all partons in jet shower

N.-B. Chang, G.-Y. Qin ('16)

- Evolution of energy and transverse momentum distributions, f;(w;. k7.t

(7: parton species)
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- Initial (averaged) jet profiles are generated by PYTHIA
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- Initial (averaged) jet profiles are generated by PyTHIA
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Jet shower Transport + Hydro Model

YT, N.-B. Chang, G.-Y. Qin (‘17)

e Transport equations for all partons in jet shower
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- Initial (averaged) jet profiles are generated by PYTHIA
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Jet shower Transport + Hydro Model

YT, N.-B. Chang, G.-Y. Qin (‘17)

e Hydrodynamic equations with source term

Describe hydrodynamic response to jet and background expansion
%Téép(l’) = J"(z)

- Source term constructed from the solution of jet-shower transport egs.

dw;dk?, do; 0 1. .
JY (x) = —Z/ ’ 2; Jk;-’ (eja—%%—zq-ViL) fj(wj,k?bt)c?@)(w—wJet(kj,t))
j
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Assumption
Instantaneous local thermalization of deposited energy and momentum
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Jet-induced Flow in Expanding QGP

e (3+1)-D ideal hydro
Optical Glauber model in central Pb-Pb collisions at /syn = 2.76 TeV
EoS from lattice QCD

e Evolution of medium and jet shower

Medium energy density in transverse plane at 175 = 0

r = 0.9 fm/c e (GeV/fm?)

gluon jet, initial transverse momentum: 150 GeV/c
10
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Optical Glauber model in central Pb-Pb collisions at /syn = 2.76 TeV
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e Evolution of medium and jet shower
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gluon jet, initial transverse momentum: 150 GeV/c
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Jet-induced Flow in Expanding QGP
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Jet-induced Flow in Expanding QGP

e (3+1)-D ideal hydro
Optical Glauber model in central Pb-Pb collisions at /syn = 2.76 TeV
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Jet-induced Flow in Expanding QGP
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Medium Response Contribution to Full Jet

R jet-cone r = \/(¢ — 6i0)? + (6 — biet)? < R

size
jet I

direction Counted as part of jet

e Full jet energy loss and suppression (Jet Quenching)

SMD2017 Yasuki Tachibana, September 15th 2017
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Medium Response Contribution to Full Jet

R jet-cone v = /(60— )2+ (6 — djer)? < R

size

direction Counted as part of jet

e Full jet energy loss and suppression (Jet Quenching)
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Medium Response Contribution to Full Jet

R jet-cone r=1/(®— $je)? + (6 — djer)? < R

size
jet I

direction Counted as part of jet

e Full jet energy loss and suppression (Jet Quenching)

1) Collisional energy loss (and absorption)
2) Kick outside the jet cone (by momentum broadening)
3) Medium-induced radiation outside the jet cone

e Particles from excited medium (Jet-correlated, cannot be subtracted )
- Partially compensate the lost energy via 1) and 2)

Cooper-Frye formula

E,.dNi_ 9i / p;do, ()
o jet Bpi ~ @2n) S @)/ T@IF 1

_ AN
d3p

N  dN

d3p  d3p

w/ jet
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Full Jet Energy Loss and Suppression

(jets are gene

rated by PyTHiA & MC Glauber)

e Contribution of particles emitted from excited medium

V ---------
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Full Jet Energy Loss and Suppression

(jets are generated by PytHiA & MC Glauber)

e Contribution of particles emitted from excited medium

r= /(6 — $jet)? + (9 — djer)? < R
— Counted as part of jet

R: jet-cone size

jet direction

Nuclear modification factor
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Full Jet Energy Loss and Suppression

(jets are generated by PytHiA & MC Glauber)

e Contribution of particles emitted from excited medium

RAA - Jet
N 2 \TPP jet ?
<Ncoll> d ]Vjet /dnpde
S e A 177
| Inclusive, PbPb (2.76 TeV) _eeremn ] Inclusive, PbPb (2.76 TeV)
- éq,(): 17 GCV /fm Z . 2
- a)cut: 10 GCV/C | qq,ﬂ_ 1.7 GCV /fm i
20 | PEIS 1.0 GeVie . 0.8 Weyt = 1.0 GeV/e -
P I T pevd> 1.0 GeVie T
Q
>
O 15 . 0.6 _
O <
~ <
~ | S <IN
‘5& 10 - - 0.4 .
3 I = R=0.2 (Shower+Hydro) ] = R=0.2 (Shower+Hydro) ]
I === R=0.2 (Shower) l I === R=0.2 (Shower) i
Sr —— R=0.3 (Shower+Hydro) | 0.2 I — R=0.3 (Shower+Hydro) |
I === R=0.3 (Shower) ] % R=02 (CMS, 0-5%) ~~~ R=0.3 (Shower) ]
— R=0.4 (Shower+Hydro) ® R=03(@MsS,05%) — R=0.4 (Shower+Hydro) |
- === R=0.4 (Shower) R=0.4 (CMS,0-5%) ~~~ R=0.4 (Shower)
0 1 | ! ! ! ) | ) ) ) ) | ) L L | | | \ \ 0 P R T T SO T [ O T S WO N S N SO SO EN W S S
50 100 150 200 250 50 100 . 150 200 250
et - et
Prinie (GeV/e) = (GeVie)

M Yasuki Tachibana, September 15th 2017

jet direction

R: jet-cone size

r= /(6 — $jet)? + (9 — djer)? < R
— Counted as part of jet

Nuclear modification factor

1 dNR dnydpr!
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Full Jet Energy Loss and Suppression

. . ] ] (jets_ are generated by PyTHIA & MC Glauber)
e Contribution of particles emitted from excited medium

R jet-conesize = \/((b — Gjet)? + (¢ — djer)? < R
jet direction —— Counted as part of jet

Nuclear modification factor

1 d°N LA / dnp dpjj?t

jet

RAA = -
PP et ’
<Ncoll> dz]\]jet /dnpdp’}“
25 —7r1 r - ' - 1 T T T 1 T T T 1T T T 1 — T T~ - T - T T T T T " T T
[ Inclusive, PbPD (2.76 TeV) oo ] | Inclusive, PbPb (2.76 TeV)
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- Increase of jet-cone size dependence, | z-o3smowen |
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Modification of Full Jet Shape

(jets are generated by PytHiA & MC Glauber)

e Jet shape function

trk

1 Z 1 Ztrke(r—5r/2,r+5r/2)pT
]Vjet . p‘]ﬁt or

jet
direction

- Inclusive, pr > 100 GeV/e (R=0.3)

| | | I 1.6 I I I
101 L ¢ Inclusive, PbPb (2.76 TeV) i Inclusive, PbPb (2.76 TeV)
: p>100 GeV/e, R=0.3 | 1.5 et 100 GeVie, R= 0.3 il
8- PbPb (CMS, 0-10 %) | 14 L — 1.7 GeV¥/fm, ., = 1.0 GeV/e |
—— -t pp (CMS) 7] — 4q,0 cut
b A gk hvd> 1.0 GeVie
—— PbPb (Shower+Hydro) . <. 13| PT - |
=== PbPb (Shower) QQ '
Y pp (PYTHIA) = 8+ CMS (0-10 %)
7\ ——
X S 1.2 - —— Shower+Hydro e ]
e -== Shower I
100 | 1 Bt —mmeed -
&WH‘“’BJ i Q—( L -
4. = 1.7 GeV¥/fm ] = 1 e W W— oo -
fao === ' . = =
o= 110GV = oo | Y e 4
i ptfk’hyd> 1.0 GeV/c !-T.!: 09 T —— |
| | | | R . | | | | |
0 0.05 0.1 0.15 0.2 0.25 0.3 0] 0.05 0.1 0.15 0.2 0.25 0.3
V r
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Modification of Full Jet Shape

(jets are generated by PytHiA & MC Glauber)

e Jet shape function

rk
p(?“) _ 1 Z 1 ZtrkE(r—ér/Q,r—I—ér/Q)p;cT
Niet jet pJZ?t or jet

direction

102 I | | : 102 | I | |
- (a) Leading Jet 2.76 TeV, R=0.3 - (b) Subleading Jet 2.76 TeV, R=0.3
> 120 GeV/e ® PbPb(CMS, 0-30 %) > 120 GeV/e ® PbPb(CMS, 0-30 %)
101 > 50 GeV/e — PbPb (Shower+Hydro) > 50 GeV/e — PbPb (Shower+Hydro)-
Ay 2> 5/6 === PbPb (Shower) Apy > 576 === PbPb (Shower)
PbPb (Hydro) PbPb (Hydro)
i *°r e pp (PYTHIA) — - BRe . TTTT pp (PYTHIA) =
~ S
~ N~ )
QU S s = e
1071 - P 100 - e e, g
.....————|___’ """ -—_-i__—-.
.......... |___1 ccccccces S ——
102 £ ye A - e -
- 4g0=17GeV/fm e Gg0=17GeV¥fm e
I wew=1.0GeVe T h W= 1.0GeVie —  Reeeeeeceeniennd]
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¢ Jet shape function

Modification of Full Jet Shape

(jets are generated by PytHiA & MC Glauber)

trk
1 Ztrke(r—5r/2,r—|—5r/2) Pt
p‘iﬁt or

jet

102 ¢ | | | 102 ¢ | | | |
- (a) Leading Jet 2.76 TeV, R=0.3 - (b) Subleading Jet 2.76 TeV, R=0.3
I > 120 GeV/e ® PbPb(CMS, 0-30 %) I > 120 GeV/c ® PbPb(CMS, 0-30 %)
101 F > 50 GeV/e = PDbPb (Shower+Hydro)- 101 > 50 GeV/e — PbPb (Shower+Hydro) -
Ay > 576 —== PbPb (Shower) Ay 5> 576 —== PDbPb (Shower)
PbPb (Hydro) PbPb (Hydro)
10F ¢ pp (PYTHIA) . 100 - O (PY THIA
~ . ~
No N
U < o fnd
107 L( N e
b ===
......... | S pp—
10'2 I N _ 2 T n . = R —
fya 17 Gev I Medium response to jet ﬂ
WOeut — L. cv/e 0 fecccccccccccccsey
g 0.5 GeVie -—=p Enhancement at large-7r|
10-3 | | | I I 10 ! I | | |
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8
r r

M Yasuki Tachibana, September 15th 2017

direction

13



Summary, Comments, and Outlook

e Medium response to jet quenching in QGP
Excitation in QGP fluid by the deposited momentum from jet
- Jet-correlated hadron emission from the excited medium
Further modification of jet structure in Heavy ion collisions

e Full jet study with jet shower transport + hydro model

YT, N.-B. Chang, G.-Y. Qin (‘17)

- Jet transport equations + hydrodynamic equation with source term

- Jet-induced shockwave (Mach cone) carrying energy to large angles
Increase of jet-cone size dependence
Medium response contribution dominates large-r region

SMD2017 Yasuki Tachibana, September 15th 2017
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Summary, Comments, and Outlook

e Medium response in other observables T T

- y-hadron correlation

W. Chen, et al. (17)

2.5

AUAU0-40%@200GeV 5 < P} < 7GeV/c — CoLBT- HydrolAG

20} | {

15 U

= CoLBT - Hydro|Ad —
= CoLBT - Hydro|A¢ —
& @ PHENIX|Ad — 71| <7/
& PHENIX|Ad 7| <7/

2
3
6

w|<w/2
7| <
m|<®

7/3
e"‘ G

10 ' Quenching + Medium Response

- Missing- Pr i .
D. Pablos, et al. (16) Or o
—10 | R —

=/'g .

RS : —_—
—20 - . ( e ]
30| Hybrid Strong/Weak |

Coupling Model

E" & & PHENIX|Aé— 7| <7/
10
LI
05/ ]
ﬁﬁ - Coupled LBT Hydro Model
%0 05 1.0 15 2.0 25
§

- Zg-distribution
J. G. Milhano, U. A. Wiedemann, K. C. Zapp (17)

JEWEL+PYTHIA Pb+Pb (0 — 10 %) /syN = 5.02 TeV

o 2r —e— CMS Data
E with medium response
B L without medium response
15 ! anti-k | R=o.4&jets
L 140GeV < p']" < 160GeV
e SoftDrop zey = 0.1; B = 0; ARy > 0.1
T = 4
i l
0.5 ] JEWEL : 1\—%—¢
L o e b Lo b s b g Laaaa

0.15 02 025 0.3 0.35 0.4 045 05

e Qutlook

01030507091.113151.719
A

- Jet-hadron angular correlation

L. Yan, S. Jeon, C. Gale (17)

n/s=1/4nx —
eventII + n/s=2/4x ---

@

event III -

- Full (3+1)-D event by event jet + viscous fluid calculation

- More sophisticated source term

SSMD2017 Yasuki Tachibana, September 15th 2017
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0.2
CP

RE.IR

Cone-size dependence from experiments

o ATLAS |Phys.Lett. B719 (2013) 220-241
27 T T 1 T E— i
- Pb+Pb \'s,, =2.76 TeV 0-10% -
1.aLfL dt =7 ub” ATLAS =
FJ e *R=0.3 -
LS B "R=04 -
. -J- R *R=0.5 °
14— 1 am e | -

0.81

40 50 60 70

Stronger suppression with smaller cone-size

CMS-HIN-13-005

*a Rt S
3_‘{4._#_7:' e anti k, jets, hjl <2 —

- *k R=0.2

- ¢ R=03

*+ R=04
1 [ | I | | | | I | | | | I | | | | I | 1 1 1
100 150 200 250 300
Jet P, [GeV/c]

Stronger suppression with larger cone-size
(only at small pr)

Opposite pattern

17



Some details of model

e Jet quenching parameter ¢

>
w
~
=
—
)
=+
~—
B
©)
=+
S
~—~
=
—
)
=+
~—

dq (xjet) = {4q,0

Q%O — 1.7 GeV2 / fm (chosen to fit the experimental data of Rpppb)

To=T(x=0,7=1)=0.514 GeV

. Ca
dg,0 = C—F dq,0

AN

e Initial profile of medium
- Initial proper time 70 = 0.6fm/c
- Optical Glauber model with =0

s(70, 1, ms) = st(x1) H(ns)

Cli=—a) b b ] (175~ 1a1./2)”
sp(xy) = i (1) + angy (x _ _ \Ws|— Tiftat _ Nfat
T (L) To 9 part (TL) n (L) . H(ng) =exp 202 9(|778‘ 5 )

e Generation of inclusive jet events

- Pyraia + MC Glauber Model — b=3.5fm
- Created and traveling in transverse plane 75 = 0

Jet Shape, hydro, and Jet energy deposition profile are 3D

C =198, a = 0.14,
MNat — 38, Op = 3.2.
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Source term

* Energy momentum conservation for QGP + jet system

O | Thtsplw) + T ()| = 0

¥

0, Thep(x) = J!(x), J¥(x) = —9,TH(x)

jet

&k;
:—Z/ w, jkjké%ﬁﬂfj(kj,w,t)

=—Z/ Jk'/k“ ufj(kjvmvt)‘é,ﬁ]

Only col. & broad. contribution

Energy-momentum conservation during rad. processes;

&k,
Z/ _jk kﬂ ij(kj?w?t”rad.} =0

Approximation: « (k;,t) = x}* + W—Jt
j

u dwjdkidqﬁj y dfj(wj,k:i,t)
— ] (5’3):—2/ T i

J

03 (x — 21 (K5, 1))

col.
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Jet reconstruction

e Jet-Pr

jet jet jet
Pr = PTshower T PT medium

ot ,
pjﬁ,shower — Zp%,shower Q(AR _ T’i)

J

ot : :
pgﬁ,medium — Z p%,medium H(AR o 7“7;) ’W/ jet Z pzlf,medium Q(AR o T@)’
)

1

J: partons with p‘zp’shower > 2 GeV/c, i: hadrons with p%,mediUm > 1 GeV/c

e Pprof hadrons emitted from medium (p%”,medium)

- Cooper-Frye formula

dN; g; pHdo |
ES ’ — ’ / H pl medium — /dgpi p )L
Tpi ~ @n? ) coprun @) T@) Farl P 2w =2 [ drorr

u*(z): flow velocity, T'(x): temperature, 9i: degeneracy

(No hadronic interaction after the hydrodynamic evolution)

d
d3

N;

Pi
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Generation of QGP hydro via source terms

* New approach to initialize hydrodynamic fields

M. Okai, K. Kawaguchi, YT and T. Hirano (’17)

Creation of the QGP fluid - Hydro eq. w/ source term
The QGP fluid created by deposition of Propagation of mini-jets
energy and momentum from partons in the QGP fluid 5’ TQGP( ) - JV(CIZ’)

'}:'%&/’ > ‘F@' > 'ﬁ‘;\ﬁv > /7‘6\51 a) Creation of the QGP fluid

i : /1'\/ Yv\/ :S ’si/ | ﬁl b) Additional induced flow
a b

- — from energy-momentum
ome 5 9y deposition by partons
* Deposition of energy and momentum ( ~
* Induced flow in QGP fluid -
Generated QGP fluid Study harmonics
Energy density . Transverse flow velocity 04
. i: . 03+ -
SRV + further parton propagation | assmseee. o
P = | o2 -
2 B =~ 2} >
e 4 — AE#0, v;20
p SR 0.1 == AE=0, v;20 ]
864202 46 8 e 6 42024068 . / == 4E#0, v7=0
x (fm) x (fm) , 4 | | AE‘=0, v7=0‘
— 0 1 2 3 4 5
Similar approach: LEXUS model (Chun Shen et al.) pr(GeV) o1



