Nuclear effects in eA and pA collisions
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1 How quarks and gluons distribute their momentum

and spin inside the nucleon? ,
See Feng Yuan’s talk

J Nuclear structure —

low

1 Quarks and gluons inside nuclei
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QCD factorization theorem

J Factorization in deep inelastic scattering
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= Question: cross section involving identified hadron(s) is not infrared safe
Hadronic scale ~ 1/fm is non-perturbative, the cross section is not
perturbative calculable.

= Solution from theory advances: QCD factorization theorem

Cross Section — Infrared-Safe @ Nonperturbative-distribution
Measured Hard-probe Universal-hadron structure

QCD factorization theorem is the corner stone of high energy physics!



The predictive power of pQCD

dPredict the proton inner structure with higher resolution scale

Uproton(Q) — fparton (.CIZ‘) 2y 5-parton(Q)

Universal (measured) calculable
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Proton structure is encoded in the Parton Distribution Functions (PDFs)

PDFs: probability density for finding a parton in a proton with momentum fraction x.
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] Generalized factorization theorem

perturbative expansion
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* High twist effects = power corrections = multiple scattering contributions

* What’s the size of the next power corrections?

in general small compare to leading power term

 Observables

leading power vanishes - SSAs , /3
nuclear enhanced power correction —~ —
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J Multiple scattering in dilute and dense region

e

= Adilute system = A dense system
= Probes interact = Probes interact
independently coherently




Looking forward and backward
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Looking forward

[ Coherent multiple scattering in small-x . Vitev, J. Qiu, PLB, 2006
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In forward rapidity region, x, is small, the ©
probe interacts with the whole nucleus
coherently.



Looking backward

[ Incoherent multiple scattering in p+A collisions

Single scattering B Double scattering

1 1 m
Probing length: — ~ < 2R (—)

Q b p

In backward rapidity region, x, is large. The probe interacts with the nucleus
incoherently, we need to calculate multiple scattering contributions order by
order, the leading contribution comes from double scattering.

= multiple scattering expansion

S
dopa—snx = da](oA)—>hX + d‘fﬁ)—mx +--
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T [ Gpeat) [
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= Double scattering Feynman diagrams ( g9 — g4’ as an example)

Initial state double scattering
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= Double scattering cross section (twist-4 contribution)
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" Final result (incoherent multiple scattering)

Kang, Vitev, HX, PRD 2013
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double scattering —  Hipsea =
hard factor
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a=quark

(a: incoming)
a=gluon
c=quark

(c: outgoing)
c=gluon



1 Looking backward in PHENIX

Roa

Kang, Vitev, HX 2019

PHENIX, arXiv: 1906.09928
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J Nuclear PDFs vs. incoherent multiple scattering
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Looking backward — heavy flavor

" |ncoherence multiple scattering in heavy meson production

dopasix = doly gy +doth) o+ Kang, Vitey, HX, PLB 2015

Single scattering HQ Double scattering HQ

o ALICE -4.0 <y < -2.96 (preliminary)
2 Theory
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Parton energy loss in eA
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Cold nuclear matter



Parton energy loss in cold nuclear matter

d Medium induced gluon radiation — twist 4 contribution
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= Phenomenological extension to study jet quenching in heavy ion collisions.
See talk by Guang-You Qin. 17



J Nuclear modification factor

e | e,

" ep baseline at NLO Chang, Deng, Wang, HX, et al. 2019, 1908.xxxxx
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" Medium effect in HERMES
Chang, Deng, Wang, HX, et al. 2019, 1908.xxxxx
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Predictions for EicC

1 Searching for Eloss and flavor conversion
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Transverse momentum
broadening in eA and pA




A good observable to probe nuclear medium

d Transverse momentum broadening

\J22QQQ
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—
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= Sensitive to nuclear quark-gluon quantum correlation

47'('204 €2qu($B,O,0)]Dh/ (Zh)
A 62 — £2 oA — £2 oy = < 522> q g q
< hT> < hT> A < hT> P N, h Zq egfq/A(xB)Dh/q(zh)

+* A direct probe of the nuclear quark-gluon quantum correlation
¢ Characterize the fundamental nuclear QCD structure
** Phenomenological applications to investigate properties of quark-gluon plasma
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week ending

PRL 112, 102001 (2014) PHYSICAL REVIEW LETTERS 14 MARCH 2014

Next-to-Leading Order QCD Factorization for Semi-Inclusive Deep Inelastic

Scattering at Twist 4

Zhong-Bo Kang,1 Enke Wang,2 Xin-Nian Wang,2’3 and Hongxi Xingl’z’4

p

A2, .o
<d,;:2 / X Dq/h(z>ﬂ2)®HLO(97az)®qu(97>
s
4 22D, (o) S[HY O (a2 )

& qu(gg) (557 0,0, NQ)

Multiple scattering hard probe and medium properties can be factorized!!!
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Transverse momentum broadening in CNM

1 Transverse momentum broadening in eA and pA collisions
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= Dynamical shadowing — small x
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1 Parametrization of jet transport coefficient

A<p2T> ~ qg/gg(za 0, O)

= Considering a !arge and loosely bound nucleus

qu(ﬂ?, 07 07 ,u2) ~ ﬁfq/zﬁl(xv :u2)qA(x7 :u)

= Kinematic and scale dependence of ghat
G(z, 1%) = o as (1) 2 (1 — )7 In" (1 / 1)

normalization  Small-x saturation \

Scale dependence

Large-x power correction
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Global analysis of the world data

1 Non-universality of medium property (jet transport parameter) ?

0.05 - ?’5»’ 2 Peng Ru, HX, BW Zhang,
0.04 F ;M I ZB Kang, E Wang
£ " h & Iy { 2019, 1907 .XXXXX
(\I\ Cold nuclear matter (LHC F)
3 0.03
) Jv Y Jhp Fa(A)/F2(B)
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0.01F Iy @
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Q(z, 1) = Go s (1) 2% (1 — )" I (1 /1)
Testasusual: a=8=v=0

Inconsistent ghat from different process.
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1 Global analysis of world data
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1 Kinematic coverage and fitted ghat
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d Jet transport in hot dense medium
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Summary Thanks for your attention!

1 Incoherent multiple scattering

*¢* Nuclear enhancement in backward rapidity in pA at RHIC and LHC

1 Parton energy loss in cold nuclear matter

** Medium induced gluon radiation leads to parton eloss in eA
** Medium induced flavor conversion leads to k- enhancement in
large xb and z region

d Transverse momentum broadening

+»* Global analysis on ghat from world data (SIDIS, DIS, DY, heavy
guarkonium)

¢ First time quantitative evidence of the universality of cold nuclear
medium property
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