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Heavy-ion collisions
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p-p collision VS A-A collision

* Quark Gluon Plasma (QGP) produced in
heavy-ion collisions.

* Jet quenching is an important probe to
investigate QGP.

* Jet transport coefficient g is a parameter
of jet quenching.

~ o5 do
N o 2 ab—cd
Go(®) = po(a) / dtq] —
bed
M. Gyulassy and M. Plumer, Phys. Lett. B 243, 432(1990)

The density is not uniform, so § gradient tells the non-uniform spatial distribution of JQ strength.
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2D jet tomography — A promising tool for jet modification

200GeV AuAu— y+h™ b=5fm ¢=-1/2
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H.-Z. Zhang, J. F. Owens, E.-K. Wang,
and X.-N. Wang, PRL103 (2009) 032302

Longitudinal tomography to localize initial y-jet positions along
the jet propagating directions

* Selections with hadron p;: surface and volume emissions
y
photon | gradAof ¢ path
\(eaction i" T, . \\\ /i-’K - > initial direction
M 2
N
Y. He, L.-G. Pang, and X.-N. Wang, Phys. Rev. Lett. 125 (2020) 12, 122301

 Transverse (gradient) tomography with an asymmetry A} to

localize initial y-jet positions transverse to the jet directions

* The jet deviates from its initial direction due to § gradient

perpendicular to the jet propagation direction
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Motivation - Asymmetric jet shapes: a new observable

Y4mm  wmp jet

» Relative to the propagation direction of the jet,

p2¢" localizes longitudinal positions,
A% localizes transverse positions
* Different selections of p]%et and Aﬁ give 2D localizations,

which help to understand the properties of the surface and
deeper layers of QGP.

» The jet shape 1s expected to be modified due to the non-uniform JQ
strength with different production positions of the jets.

* Motivation - Medium-modified jet shape via longitudinal and
transverse tomography. We find the jet shape is asymmetric.

YX Xiao, YY He, LG Pang, HZ Zhang and XN Wang, PRC109(2024)054906
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Model simulation of heavy ion collisions

t e ~
T PYTHIAS . AMPT
Initial parton shower Initial condition of
/f P A-A collisions
L7 \-
hardons - -~ l\/l
-7 (", ~N
P CLVisc (3+1)D viscous LBT model
Hydrodynamic model Jet transport
Background evolution In medium
thermalization - /
preequilibration
> Z
Fastjet code package
Reconstruction for the final jets

Y. He, T. Luo, X.-N. Wang, and Y. Zhu, Phys. Rev. C 97 (2018) 1, 019902
S. Cao, T. Luo, G.-Y. Qin, and X.-N. Wang, Phys. Rev. C 94 (2016) 1, 014909
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The LBT model

Boltzmann transport equation:
d’p; o
Pa Ofe = / 11 2E.(§w)3 7zb (fefa— fafo)Mapseal® x Sa(8,t,@)27%6* (pa + po — P — pa)

1=b,c,d + inelastic

. - R . 3 Y. He, T. Luo, X.-N. Wang, and Y. Zh
N AN 2 2 2 2 2 2 .He, T. Luo, X.-N. g, . Zhu,
S2(8,t,4) = 0((s) = 2up)0(—=5+pp <t < —pp), pp = 99 = prys. Rev. C 97 (2018) 1. 019902

. - U
Elastlc: le — p— E pb (m) O ab—scd J. Auvinen, K. J. Eskola, and T. Renk,
0 Phys. Rev. C 82 (2010) 024906

bed
. inel 4 . o
Inelastic: dl’y — 6a.la(Z)k1 p uéa(:z:) sin2 '
dzdk? ~ 7(k2 + 2m?) p >,

shower parton radiation
X.-F. Guo, and X.-N. Wang, Phys. Rev. Lett. 85 (2000) 3591-3594 ‘

B.-W, Zhang, E.-K. Wang, and X.-N. Wang, Phys. Rev. Lett. 93 (2004) 072301 ' %
recoiled parton
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Jet shape of gamma-tagged jets

Jet shape definition :
1 ZN pT(r Ar/2, r+Ar/2)

assoc . jet_ assoc
p(r) - 2:N ]et ZassocEAr Pt » P ZassocE[O,R] Pt
for the possibility density of transverse momentum distribution inside a jet cone.
4.5 | | | | _
pY > 60GeV |nY|<1.44 — Ratio
401 et 5 30Gev |et<1.6 @ c¥S- .+ Numerical results fit data well.
anti—krjetR=0.3
3.3 " passoc > 1GeV Ay, > (7/8)m —_— . :
o 30 1 | < Enhancement at the large-r region. Partially
oN due to gluon radiation, but most of the
\ o o
g 2.5 - enhancement is caused by the medium
S 20l _ response.
1.5 ‘ ‘ -
10 F—gur— ey — —p— o= == = e - - — =] YX Xiao, YY He, LG Pang, HZ Zhang and XN Wang,
PbPb@5.02TeV 0-10% PRC109(2024)054906

5 | | | |
0.00 0.05 0.10 0.15 0.20 0.25 0.30
r Hanzhong Zhang, HF-HNC 2024, Guangzhou 8




Spatial gradient of jet transport coefficient

light quark light quark
AE « fl\ Qr:O.z(fm)T 2.5 1=0.5(fm) | 25

E=100GeV| 2.0 E=100GeV| 2.0

The jet transport coefficient g

42 *
= {1 /\) ~C, (3) o*T? In o
a s

3
4p7,
T=T(x,y,2,7),s =5.8FEyT
light quark light quark
Y. He, T. Luo, X.-N. Wang, and Y. Zhu, t=0.2(fm)| 01 t=0.5(fm) | 01
Phys. Rev. C 91, 054908 (2015) * E=100GeV| ©- E=100GeV| ©-

X.-N. Wang, S.-Y. Wei, and H.-Z. Zhang,
Phys. Rev. C 96, 034903 (2017)

n W : .
- —0.1 | —0.1
) ] \/ 10 -10_, s 10
JQ strength is not uniform. 0

"(fm) > 10 10> \“‘“ Xfm) > 10 -10° \J\“‘“
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Y-jet production rate as a function of initial jet locations,
selected with AX,

Asymmetry A% describes the collective
transverse distribution of final particles: ?*

aﬁ
[ &rdkf,(k,7)Sign(k - ii) 4“

P i JET}
[ &rd’kf (k. F) .

—5 5

Y. He, L.-G. Pang, and X.-N. Wang, 0 0
)((f 5 -5 r«(\\

Phys. Rev. Lett. 125 (2020) 12, 122301 m) 10 -10 Y T 0.0000

A 0-10% PbPb 5.02 TeV x(fm)
f \
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The typical initial transverse position (y) shifts from the center to the outer region: transverse tomography

Small AK, , traverse whole volume. Large A% , emerge from surface areas, tangentially to the surface.
Hanzhong Zhang, HF-HNC 2024, Guangzhou 10



Y-jet production rate as a function of y for initial jet locations,
selected with A%

0.200 | | | | | |
— A} in[-0.05, 0.05] * Projections onto y-axis: final y-jet rate as a
0.175 |F—— A} in[0.05, 0.15] p¥ > 60GeV/c |nY|<1.44 - functi Fv for initial et "
_ AL N [0.15,0.25] p > 30Gev/c [/¥<1.6 unction of y o; initial jet positions,
7 01501 AYin[0.25,0.35] anti—krjetR = 0.3 N selected with Ay,
c i AYin [0.35, 0.45] P3¢ > 1GeV/c Ad;, > (7/8)n
e 0.125 AY in [0.45, 0.55] B Ly .
> * With Ay, from 0 to 0.5, the peak of y-jet
5 0.100 |- N
> PbPb@5.02TeV 0-10% production rate moves from the center to
T 0.075 the outer corolla of the medium
=
=~ 0.050 [
0 095 . A% can be used to select events and then
| give the typical initial y-jet positions
0.000

Hanzhong Zhang, HF-HNC 2024, Guangzhou 11



y-jet production rate as a function of A%,
with given initial transverse positions of y-jets

1/N dN/dA

0.175 |-

0.150 |-

0.125 =

0.100 |-

0.075 -

0.050 |-

0.025 |-

PbPb@5.02TeV 0-10%

T T
y in [-0.5, 0.5] (fm)

y in [1.5, 2.5] (fm)
y in[2.5, 3.5] (fm)

—— yin[0.5, 1.5] (fm)

y in [3.5, 4.5] (fm)
y in [4.5, 5.5] (fm)

0.000
—-0.8

| l I I

p¥ > 60GeV |n¥|<1.44

Pt > 30GeV |net<1.6 |
p3sec > 1GeV Adyy > (7/8)n
anti—krjetR =0.3

-0.6 -0.4 -0.2

With given initial transverse positions of y-jets
from y = 0 to 5 fm, the peak of final y-jet
production rate moves with A% from 0 to 0.5

Consistent with A% localizations. Asymmetry
A% localizes initial positions of y-jets which are
sources of final y-jets

Hard parton transport tends to the dilute area due
to JQ gradient, whereas soft transport towards
the opposite, so jet reconstructions will be
affected for the locations of 1nitial jets

Hanzhong Zhang, HF-HNC 2024, Guangzhou 12



Modifications to jet shapes, selected with A% p(r) =

(via transverse tomography)

| | [ | [
" (a) —=-- pp —— A} in [0.35, 0.45] ]
102 |-  —— A} in[-0.05, 0.05]—— A}, in [0.45, 0.55]
i — A} in[0.05, 0.15] Al in [0.55, 0.65] ]
I —— A} in[0.15, 0.25] A}, in [0.65, 0.75] -
= y . =

T ANiIn[0.25,0.35] ppp g5 027ev 0-10%
10! — Re =
Q : ) 0§ .
~a

i ™~ 1
10° |- pf > 60GeV |nY|<1.44 \ 3
- Pt > 30GeV |net<1.6 i :
[ anti—krjetR=0.3 Nt i
| p3ss°c > 1GeV Adj, > (7/8)m s

| | | | |

0.00 005 010 015 020 025  0.30
r

SNpL(r—Ar/2, r+Ar/2)

1
E N jet
2 Pry
5.0 i i T T T
(b) A in [-0.05, 0.05] —— AY in [0.45, 0.55]
4sr A in [0.05, 0.15] A in [0.55, 0.65] |
40  —— AYin[0.15, 0.25] A, in [0.65, 0.75] -
a5 | A in [0.25, 0.35]
a —— A)in [0.35, 0.45]
2 30 =
=
o 25 pY¥ > 60GeV |nY|<1.44 =
Q P > 30GeV |niet|<1.6
2.0 [~ anti— kr jet R = 0.3 i
L& | PP >1GeV Mgy > (7/8)m
1.0 —
' m————— PbPb@5.02TeV 0-10%
0.5 | | | | |
0.00 005 010 0.15 020 0.25  0.30
r

Larger
broadening

* p(r) of AA larger than pp when r >0.1 : energy loss by hard partons at the core is transported to
larger angles by soft particles (radiated gluons and medium response).
* broader with small Alj\l, than large A% : small A% tells a center location, a long path and the strong

JQ, then a large-broadening jet shape.

Hanzhong Zhang, HF-HNC 2024, Guangzhou
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Modifications to jet shapes, with given initial transverse positions

(via transverse tomography)

" (a)==" PP

| |
ey in [3.5, 4.5] (fm) 1

m——y in [-0.5, 0.5] {fm) ===y in [4,5, 5,5] (fm) _

107 |

F = yin[0.5, 1.5] (fm)
— yin[1,5, 2,5] (fm)
—— yin[2.5, 3.5] (fm)

10! | R
a \

10° E pY > 60GeV/c |nY|<1.44 =~

F prt > 30GeV/c [N <1.6
[ anti—krjetR =03

y in [5,5, 6,5] (fm) é
y in [6.5, 7.5] (fm) ]

PbPb at 5,02TeV 0-10% 1

1 1 lllllll

1 1 lIIllll

[ passec >l 1GeV/c Al¢iv > (7/8|)n | | So
0,00 0,05 0,10 0.15 0,20 0.25
r

0.30

5.0 T T T T T
(by=y in [-0.5, 0.5] (fm) yin [5.5, 6.5] (fm)
457 == yin[0.5, 1.5] (fm) yin [6.5, 7.5] (fm) ]
aok — yinl[l5, 2,5](fm) i
—y in [2,5, 3.5] (fm) A broader
35 = yin[3.5,4.5] (fm) . -
a et shape
o =y in [4.5, 5.5] (fm) J P
Q 30 -
&
8 25 p} > 60GeV/c |n¥|<1.44 -
Q pit > 30GeV/c |n*|<1.6
2.0 " anti—kr jet R = 0.3 N
L& | PFC > 1GeVIc Ady, > (7/8)m
1.0 -——_—_-_:_—_:-l-"—-;—; ——————————————————— -
PbPb at 5,02TeV 0-10%
| | | | |
0.5
0.00 0.05 0,10 0,15 0,20 0.25 0.30
r

* Jets with initial central positions are more “broader" than with the outer corolla, consistent with A%.
* The broadening is caused by the jet-medium interaction. A slight suppression of the jet shape at the core r

< 0.05 due to JQ.

e This lost energy is carried by radiated gluons and the medium-response to large angles.
Hanzhong Zhang, HF-HNC 2024, Guangzhou
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y-jet production rate as a function of initial jet locations

JET}

~10
-5 4 5 " 5\
Mmy 2 10 —107° &

final 30 <p!'<60GeV

final 15 <p!'<30GeV

jet

Z?pﬁ

6
0.1 4 102
" Larger
O'Oqu — o
Eo broadening
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10 4 0.0010 Q
0.0005
6| "
6 4 2 0 2 4 6 0.'000? 109
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Hanzhong Zhang, HF-
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Medium-modified jet shapes

via transverse and longitudinal (2D) tomography

A% in [-0.05, 0.05

] t o L L4

* small Ajl(, + small p%e : volume emissions, “Fat” jet
] t o o L L4

* large A% + large p%e : surface emissions, “Thin” jet

* Others: large Alj\’, + small p%et, small Alj\’, + large p{«et

1 0.008

0.006

0.004

0.002

0.000

104

103

T T

1 lIIIlIII 1 IIIIIIII

1 ||IIII||

- pp p%‘?t>606eV

I I | I I 1 I I 1 I I I I | I 1 I I I 1 1 1

15<p/®'<30GeV with A} in [-0.05, 0.05]
15<p/®'<30GeV with AY, in [0.55, 0.65]
p'>60GeV with AY, in [-0.05, 0.05]
p'>60GeV with AY, in [0.55, 0.65]

pp 15<p*'<30GeV

Lol L LIl

Ll lllllll

Ll lllllll

PbPb@5.02TeV 0-10%

Ll llllll]

Lol lllllll

[ p¥ > 60GeV |nY|<1.44

L n*<1.6
[ anti — kg j

lllllllllll

L | | | | Il Il L Il I L | | | I L L L | | L ! L Il

0.05
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Asymmetric jet shape - Jet shapes divided by jet-axis and beam plane

1 YNph(r—Ar/2, v+ Ar/2)0(+/—p%s° - 1)

p(r)upper/lower = Ar N _jet
r Z L
L Tq
' ' ! | ! ' center jets
10! | PbPb@5.02TeV 0-10% — + —_— ot J
x 1 N\ === Plower . corolla jets
i i J
o : =" Pupper |
100 — -1 —_— \ \ 44 | P —— | ' ' ‘ ‘/‘/I | . i ‘ ‘
E - g - + ~.,.,.._.~\ E 1.6 -0.5, 0. yin [2.5, 3.5] (f
£ ~. F . ~. ¥ . =y . #7r10.5, 1.5] (fm) —— yin ST (fm)
-y in [-0.5, 0.5](fm) + yin[0.5, 1.5](fm) * 1 yin[1.5, 2.5](fm) 'S L5 Z7"— yin[15,25] v in [4.5, 5.5] (fm) |
8 | | 1 | | 1 | | 1
1 1 | 1 | | _ 14l ' !
101 3 ES p¥>60GeV, [nY|<1.44, = 3 anti — kyr jet R=0.3, = § 13 z;t>>6:oGGe:V|r|]njlefll<.j46 |
; pe'>30GeV, [ne<1.6 | p3*%c>1GeV, 1 & 7| anti—krjetR=03
3 I Adjy > (7/8)n X 12| P> 1GeV Ady > (7/8)n -
Q I =~ Ry z
10° L 4 4 ~ 4 & 11| s
2 = 1 -~ 1 -~ E
: s T & e 1 -2 10—
- yin[2.5, 3.5](fm) ‘S 1 yin[3.5,4.51(fm) \7\“ 1 yin [4.5, 5.5](fm) \7\~
§ | | 1 | | 1 | I 1 0.9 .
0.1 0.2 0.1 0.2 0.1 0.2 T s
r r r °800 005 o010 o015 020 025

YX Xiao, YY He, LG Pang, HZ Zhang and XN Wang, PRC109(2024)054906 r

The transverse momentum inside a jet cone 1s transported from small to large angles away from jet axis.

It is stronger in the lower cone than in the upper cone, especially for a corolla jet than a center jet
Hanzhong Zhang, HF-HNC 2024, Guangzhou 17



Asymmetric jet shape — energy distributions of hard and soft

An+3AN,AG+SA et
B 1 2 jet ZEAZ,A@” prese) Tassoc(PT "7/

p2D = €
(ANIAD) 3 S < Tassoc(PF /)

large A%: outer jet
P2D

Q)

jet axis

 Hard and soft centers are divorced.

* Hard partons are deflected away from dense regions due
to transverse g gradient.

* Soft partons from the medium response are more likely to

-0.3 . .
be created in dense regions.

-0.3 -0.2 -0.1 0
An
* Such an asymmetric jet shape is more pronounced for the final y-jets with a large AY.

Hanzhong Zhang, HF-HNC 2024, Guangzhou 18



Asymmetric jet shape — angular energy distribution

% >PP

e
% 7 \\i\

I I I I I I I I I 1 I I T
~ r+d¢r assoc v = rin [0, 0.1] | — p3sec > 3 GeV/c A}, in[-0.05, 0.05] |
T, A{ in [-0.05, 0.05] —-= rin[0.1,0.2] O30T —m 2 < ppoe < 3 Gevie
de — 1 Z¢T‘ ClSSOCpT % 015 - pY>60GeV(nY| <1.44 rin(0.2,0.3] % 025 [ Pt 2 GeVic 7
- Q- iTel jet . | 9, - 2 1
d¢, N do, S | PResevinti<is s -Center jets
S E 0.15 |- 1
different locations inside QGP & °p———————————————1 Fowfp
( ) An different regions inside a jet @ 0.05 vt —
¢, = arcsin ) (Ag >0) different pTass inside a jet 005 H—+——+—+—+—+—+— Tttt
AY in [0.25, 0.35] . . p!>60GeV |nY| < 1.44 A}, in[0.25, 0.35]
_ nin (0.23, 0. Different regions . DI > 30GeV || < 1.6 Diff tbT:
. AT] %J 0.15 |- anti—ky jetR=0.3 Ina jet - % a?sEL: lejgt5A=93 (7/8) ! e'ren pass
9 qbr =T —aresin{ — |, (A¢ < O, An P O) - pI=ec > 1GeV Ady, > (7/8)n S P> 1GeVagy > 78 In a jet
r g :)/\ g 015 )
AT] 55 odem \_\_‘__”‘ .‘g ot e T
¢r — —7 — arcsin | — |, (A¢ < 0’ An < 0) e ©) 0.05 |57 " e e ()7
\ r 008 H——+—+—+—F+—+—+— —
A% in 055, 065] Outer jets pp An Ain [0.55, 0.65] oo .70 2SOV 07O Ain(0:2. 06
03 : - 1 %‘ PbPb at 5.02TeV 0—10% % 025 | Outer jets
O O | i
0.2 .g g 0.15 - .
Z '§ Lol e T
0.1 3 =7 © © N T
""""""" ¢ ! B '-.""“-...,.......,,,._,,.....--""' 7
jet cone 0.05 L ! ! I ! L I ! I | | | | I ! | | (c|)
3 0 -3.0 -2.25 -1.5 -0.75 4(; 075 15 225 3.0 3.0 -2.25 -1.5 -0.75 0 0.75 15 225 3.0
, : o
o * In the direction at ¢»,=0, hard partons contribute to the peak while the soft
. has a valley distribution.
—02 . . . L L
e In the direction at ¢,=m, it’s the soft that contributes to the peak while the
03] 0 hard has a valley. Consistent with the 2D shape.

YX Xiao, YY He, LG Pang, HZ Zhang * The case with different pTass is similar to different region.
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Summary

* We study medium-modified jet shape via transverse and longitudinal tomography of y-jets
in heavy 1on collisions.

* A broader jet shape 1s gotten with small A% or p%et from volume emissions, while a less
broader jet shape with large A% or p%et from surface emissions.

* The spatial gradient of g leads to an asymmetric jet shape of y-jets. Inside a jet cone,
medium “kick” or g gradient pushes the hard transversely, while the soft is reversely
redistributed.

* We have proposed a new physical observable: asymmetric jet shape, and are awaiting
experimentalists to measure it to testing QCD and parton transport.

Thank for your attentions !

Hanzhong Zhang, HF-HNC 2024, Guangzhou 20



