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Jets as a hard probe of nuclear matter property
---- from quark-gluon plasma (QGP) to cold nuclear matter (CNM).

Extracting jet transport coefficient g in CNM.

---- A global analysis of world data within high-twist factorization.

Results: kinematics dependent g and its uncertainty.
.-
Jet energy dependence of g _
e
jet
Future study at EIC /RHIC/ LHC. E E =
Summary. nucleus




Jets as a hard probe of nuclear matter property
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Replacing hadron with nucleus
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The presence of nuclear-medium environments
in high-energy eA, pA and AA collisions.

Peng Ru, South China Normal University
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Hard scattering processes :
energetic partons in initial and/or final states.

Jet encounters nuclear medium

PED
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Cold nuclear matter Quark gluon plasma
(Confined) (Deconfined)



Jet quenching in heavy-ion collisions

JET, PRC 90, 014909 (2014)
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® g is animportant non-perturbative input in jet-quenching models.
® Transverse momentum broadening per unit length for propagating parton.
@ Characterize interaction strength between hard probe and nuclear medium.

® Medium property is encoded in g.

Peng Ru, South China Normal University
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q for quark-gluon plasma: jet energy dependence
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I. Grishmanovskii et al., 2204.01561

Gluon density in medium is usually used in theoretical descriptions.

An increase with jet energy can be observed in general.
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g for quark-gluon plasma from Bayesian analysis

JETSCAPE, PRC 104, 024905 (2021)
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Why kinematic dependence is important

Kinematic dependence of
partonic structure of nucleon/nucleus:
x 0.8 —_— —_—
’ - CT14nlo
Q%=10 GeV?

Nucleon structure:
global analysis based on factorization

Antiquark

Jet quenching

Jet as a probe of quark-gluon plasma.

Heavy-ion collision system is rather complicated.

Peng Ru, South China Normal University
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q for cold nuclear matter
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[ Transverse momentum broadening: A(p%) — <p%“>€A B <p%">ep ]

eA and pA collisions provide a clean environment for both experimental and theoretical study.
Significant transverse momentum broadening in SIDIS, DY and heavy-quarkonium production
has been observed.

@® Jet-medium interactions for CNM and QGP can be studied with same theoretical framework.
® A comprehensive study of g in cold nuclear matter is needed!

Peng Ru, South China Normal University
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Multiple parton scattering in HT framework

Transverse momentum broadening in semi-inclusive

: . . Qiu & Sterman, NPB 353 (1991), 137 (1991) .
deeply inelastic scattering (SIDIS) Luo, Qiu, Sterman, PLB 279 (1992).

perturbative expansion

Ughys = [a?C’éO) + aiC’él) + afCéQ) - ] ® Ty(z) —— leading twist
n %[afcéo) +alc$) +a2c? + . ] ®T5(x) ——»  twist-3
power expansion [—1—%[@2@0) +a;0£1) +a§0§2) +] ®T4(m} —_— twist-4
+...
Single scattering Double scattering For SIDIS:
Guo, Phys. Rev. D 58, 114033 (1998).
[Twsit—4 quark-gluon correlation function: ] Kang, Wang, Wang, Xing, PRL 112, 102001 (2014).
- dYZ _ _ _ N\ _ _
Tog(x) = f Y quxpty SV1V2 ———=0(=y7)0(y" =y Npa|Fd )P0y e F** (v)|pa)

[ Transverse momentum broadening: ] [ Expressed with g : ]

do?  doS 4Anlay,z? Yge2T,,(x,u?)Dy 0 (zn, 1?) 2 2
Ap?) ~ [ dp?p? 2/d = STh 24 g a9 _ h/q \7h _ qg(x Q )"' fq/A(x Q%) 4(x, Q%)
dpS§ de PS N¢ Zq eqfq/A(x;ﬂ )Dh/q(zhuu )

Approximation of a large and loosely bound nucleus

Peng Ru, South China Normal University
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Multiple parton scattering in HT framework

4 - LSIDIS N 4 2. Drell-Yan (pA) N
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\____ Guo (1998), Kang, etal.(2014). J \__ Kang & Qiu, PRD 77, 114027 (2008). /
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Quark initiated &% Initial-state rescattering
@ Final-state rescattering
®) © @ © F. A X, 2
N | R(x,02) = &
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(b) (©) @ () . .
{ang & Qiu, PRD 77, 114027 (2008), PLB 721, 277 (2013% Qiu & Vitey, PRL 93, 262301 (2004).
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Extract g & study its kinematic dependence

Range of kinematics (x and Q?)

PR, Z.B. Kang, E. Wang, H. Xing and B.W. Zhang, PRD, L031901 (2021).
covered by chosen data: & g g g ( )

o . . ~ 1 =4 2\ — A 2+ 2 /12
o SDS  mm iy EHCE) 4 [ Parametrization of §(x, Q%) : §(x, Q%) = Goas(Q*)x*(1 — x)P[In(Q /Q5)1Y
100 e DY(E772) W J/y (RHIC C.) .
s = DY (NA10) J/‘V (LHC B))
[ Y (E772)  mw Jjy (LHCF)
O K 4 parameters to be Go, @, B, v
5 | © FAANFAD) . 0 ’ ’
2 constrained by data: |
10 M/% o E
E E ) P P
g =@ [Also test constant q=q
S ;:ﬁ . 300 | -
& B e e N L]
(T BN BTN BN n 290 +
0.0001 0.001 0.01 0.1 1 ~ L
x = 280 F -
experiment data type data points  y? (constant §) x? [§ (x5, Q)] 7ol
HERMES  SIDIS (pr broad.) 156 2185 189.7 .
FNAL-E772 DY (pr broad.) 4 2.69 1.65 260 =02 0022
SPS-NA10 DY (pr broad.) 5 6.86 6.47 go (GeV3/fm)
FNAL-E772 Y (pr broad.) 4 2.33 2.67 200
FNAL-E866  J/u (pr broad.) 4 2.03 2.45
RHIC J/¥ (pr broad.) 10 44.4 31.0 .
LHC J/W (pr broad.) 12 87.3 4.8 = 280
FNAL-E665  DIS (shadowing) 20 23.7 21.46
TOTAL: 215 387.9 260.2 NS

260
4

01 02 03 04

Table 1. Data sets used in the global analysis, and the y? values with a constant ¢ and §(xp, Q%), respectively.

Peng Ru, South China Normal University
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Extract g & study its kinematic dependence

Optimal §(x, QZ) Seems consistent with recent study.
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HT results with extracted g(x, Q%)
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Determine uncertainties of g
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S==8 g=const. 0.04 ]
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X X X
Hessian matrix method [PRD,65,014011, widely used in the analysis of PDFs, to determine the uncertainty of

g in cold nuclear matter. Nine sets S,,(k=-4,..0,..4) of §(x, Q?) for future theoretical predictions.

New data reduce

Test with new LHC data on Jpsi ,
uncertainty at small x
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g for cold nuclear matter: jet energy dependence

For quark-gluon plasma

For cold nuclear matter

®) Mt .
25 F [ 0L, rosGo A - A common relation between
gp | TS 8]\ isTooeos 5 jet energy and x & Q2 in various processes
= i L=1 1 T=0.6 GeV 70 £
NE 15 | [ L=1 1 T=04 GeV . 5? e Q2
E 5 5— E jet E- ¢ =
p= g\\“‘“ E EQ%;M : 2myx
i
2 e . .
14 Toj0Mey (jet energy in nucleus rest frame)
%20 40 60" 80 100 120 140 160 180 200 nucleus
E (Gev) p (GeV/c)
J. Casalderrey-Solana and X.-N. Wang JETSCAPE, PRC 104 A~ 2 ~ 2
’ ’ 7 x - E
PRC 77, 024902 (2008) 024905 (2021) q(x, Q%) q( jevr € )
0.03 0.03 0.03
—_ . . . 2
§ | Q2=2GeV? Q2=10GeV? Q2= 100GeV? Increasing with jet energy at low Q“.
()
©) . .y
002 0.02 0.02 Jet energy dependence is sensitive
e, . | to resolution scale Q2.
o}
2 001 £ 2o 0.01F 0.01 How to extend this knowledge to
< jet=Q72mx . . . )
' - : T - 1 1 heavy-ion collisions is of interest.
0 200 400 0 200 400 200 400
Ejet (GeV) Ejet (GeV) Ejet (GeV)

Peng Ru, South China Normal University

2022.05.05




Future study: charge hadron RpA in large-x region
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Roa
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How will EIC deepen our understanding

Transverse momentum broadening

Kinematics coverage of future EIC facilities 0yl -~ B | S5 BN =
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Summary

A universal non-trivial kinematic dependence of § is suggested by the first global analysis of transverse
momentum broadening in cold nuclear matter.

High-twist framework is able to describe the included various types of data.
Uncertainties of of § are determined through Hessian analysis: useful for future theoretical predictions.

May be informative for g in QGP. -- Jet energy dependence?

Peng Ru, South China Normal University

Future measurements are expected to examine the results and provide powerful constraints.

Thank you for your attentions!
Thank the organizers!
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Reliability of the Hessian analysis

Comparison between Hessian approach
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How will EIC deepen our understanding

The pT broadenings in different kinematic regions show different sensitivities to each

parameter. Usually more than 3 sensitive parameters.
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A test with a constant transport coefficient:
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S. Shi, J. Liao, M. Gyulassy, A. Majumder, B. Muller and Xin-Nian Wang,
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Parametrization of kinematic dependence

q(x, QA2)/=%0£S(Q2)16“(1 — x\)f [In(Q?/Q5)]" i'et; ;Izoa:fg I\;al”g by

normalization Small-x saturation  Large-x power Scale dependence
~ Q2% ~ x® correction radiative corrections

_ 107 71 107'F
£ Forzoee  — 5 | 210 Gov? lancu, JHEP 10, 095 (2014)
: L Sip Blaizot, Mehtar-Tani, Nucl. Phys. A929, 202 (2014).
O]
&a Dokshitzer, Marchesini, Webber, Nucl. Phys. B469,
B 93 (1996),
S102F 102 F Brodsky, hep-ph/0006310
P EETTTY BRI BRI TITT R Y EEETITTY BRI BRI R
10*  10% 102 107 104 10°% 102 10" Iancu, Venugopalan, hep-ph/0303204.
Xg Xg Kang, Qiu, Phys. Rev. D77, 114027 (2008)
Compared to the parametrization of PDFs: J. Pumplin, et al, CTEQ6, JHEP07(2002)012

The functional form that we use is

z f(z,Qo) = Ag ™ (1 — z)A2 437 (1 + A4 :1')A5 (2.4)

with independent parameters for parton flavor combinations u, = u—1, d, = d—d, g, and
i+d. We assume s = 5§ = 0.2 (@ +d) at Qo. The form (R.4)) is “derived” by including a 1:1
Padé expansion in the quantity d[log(x f)]/dx. This logarithmic derivative has an especially
simple form for the time-honored canonical parametrization « f(x) = Ag 241 (1—2)%2. For

our parametrization there are poles at # = 0 and 2 = 1 to represent the singularities
associated with Regge behavior at small 2 and quark counting rules at large =, along with
a ratio of (linear) polynomials to describe the intermediate region in a smooth way.



Compared to the g in QGP
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Multiple parton scattering in HT framework

Transverse momentum broadening for
Drell-Yan (DY) dilepton production in pA

Single sc'attering

Transverse momentum broadening:

A(p%) _ 47‘[20(5 Zq f x fq/p(x HZ) g(x #2)

_ 3R, 2q€

(

Kang, Qiu,

PRD 77, 114027 (2008)
Kang, Qiu, Wang, Xing,
PRD 94, 074038 (2016)

Double scatterlng

f — fq/p(x 1) fqra(x, 1?) G(x, u?)

NC Zq c%f I fq/p(x u )fq/A(x 2 )

2

Seedf &

- fq/p(x 12 fq a(x, u?)



Multiple parton scattering in HT framework

Transverse momentum broadening of

heavy quarkonium(J/y,Y) production in pA

Quark initiated Mﬁj:_‘_cé% Initial-state rescattering

Final-state rescattering

P >ﬁ< >ﬁ<

Gluon initiated ””i@: j{a;%
Pl O

(b)

)

Initial-state rescattering

Final-state rescattering

(©)

Twsit-4 gluon-gluon correlation function:

gg(x)_f_ Lxp y f

Kang, Qiu,
PRD 77, 114027 (2008)
PLB 721, 277 (2013)

Transverse momentum broadening:

Color Evaporation model:

CEM
A(PT)
B 3R, Go (1 + CA/CF)O'qq + ZCA/CFO'gg
2 Oqq + 9yg4

NRQCD effective theory:

NRQCD
A(PT)
_ 3R, Go (1 + Ca/CR)aD +2Ca/CraSy + 0'2 /Cr
2 o® + 0

Y2 5 y)8(y- —y1>i<pA|F+(y2 YFT+O)EF (- )F™ () pa)



Multiple parton scattering in HT framework

Dynamical shadowing in DIS nuclear

: Qiu, Vitev, PRL 93, 262301 (2004)
structure function

N oA é*:Z(Al/3 _ 1) n an(LT)(x QZ)
A 2\ ~ - n T ’
P 00 = 3 S [ S
£ )
= AF%—-LT) <x + Q2 ) Q2>)

N A 4 2
P 01 = AR5, 00 + 3 2
n=0"""

52(A1/3 — 1) an(TLT)(x, Qz)
X [ 3 } x" m
0 d"x
4§2

=~ AF (6 Q%) + G Fin 07)
Nuclear modification ratio: LT) N 5 5
Fro(x 0%) =35> 0d,(x, 0°) + Ola,)
7

F£(x, 02) FIO(x, 0%) = O(a),
F?(x,Q?%)

RAD(xJ Qz) =
Fo(x, Q%) = 2x[F,(x, Q%) + Fr(x, Q%)]



What have we done?

Similar as what is usually done for parton distribution Bl seervelslle

functions (PDFs), we do a global extraction of the G in

cold nuclear matter from various types of observables. 1. Transverse momentum (p)
broadening for:
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