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Outline

Intro to multiple scattering in QCD matter
o Dilute v.s. Dense medium
Theoretical frameworks for QCD multiple scattering
o High Twist Expansion v.s. Color Glass Condensate(CGC)

Matching between CGC and High-Twist Expansion
(direct photon production as an example)

Summary and outlook
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|.Multiple scattering in QCD matter
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QCD multiple scattering
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Increasmg energy
Gnlngforward
= Adilutesystem A dense system
= Probesinteract = Probesinteract
independently coherently
Nucleus Backward Forward Proton
e Two important kinematics variables
Q oy

o longitudinal momentum fraction: x ~ e
o momentum transfer: Q

e Forward rapidity: proton-going; y > 0; sensitive to small-x

e Backward rapidity: nucleus-going; y < 0; sensitive to large-
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Anatomy of QCD matter

= Dense region: x < O(1)
Probing length A ~ ﬁ > A3

= Relatively dense region: x < O(1)
Probing length A ~ 1~ < A'/3

nQ?

5/28



Experimental phenomena in dilute and dense medium

. . g
e Nuclear modification factor: R,4 = —pA
Opp
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o Forward region(dense): Suppression
o Backward region([relatively] dilute): Enhancement

How to theoretically explain these phenonmena?
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Anatomy of QCD matter

= Color Glass Condensate
Strong field, Wilson line
BK/JIMWLK evolution

See review: Gelis, lancu, Venugopalan, 2003

= Higher-Twist formalism
Multiparton correlations
DGLAP type evolution

Qiu, Sterman (1991);Kang, Wang, Wang, Xing (2013)

InQ?
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|1. Theoretical frameworks for QCD

multiple scattering
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Theoretical framework for incoherent multiple scattering

High-twist Expansion: for QCD scattering in non-dense medium
e Power suppression

Perturbative expansion

o~ [0 +alclV 402+ @ Ta(x)

st | TQMCE” +alCf 4 20+ @ Ta(x)
expansion +Q_2[a2C£°)+aiC§1)+a§C£2)+---]® Ta(x)

Y /S SR A WL C—" A N . —-—

Ty(x) Ty(x) Ty(x)
e Nuclear enhancement
Twist—4 correlation:

Ta(x) o [ dy~dy; dyy <F+"(0‘)F”(y{)F*g(yf)F*a(y‘)> o Al/3
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Theoretical framework for coherent multiple scattering

Color Glass Condensate: for QCD scattering dense medium

e Separates the partonic content of hadrons according to x

small-x partons woP* large-x partons
| K+
gauge field A sources £
[D,, F#] = J¥ Wao (0]
e Large-x partons are treated as static and localized color sources p;
it generates a current J¥(z) = 0V p(z7, z))
e Sources color charge distribution is dictated by a gauge invariant

weight functional Wiol[p].

Small-x gluon are treated as classical filed; (AgAg) ~ 1/as.

Expectation value of any observable: (O) = [[Dp] W, [p]O[p]
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Theoretical framework for coherent multiple scattering

Color Glass Condensate: for QCD scattering dense medium
e Probe can not resolve different small-x gluons.
e All small-x gluons are treated equivalently, and be resumed.

e Coherent multiple scattering are encoded in the “shock wave”.

j i J i
—_— > >
oo See S
=X SEE B (g4l
=0 ot ot o
e Quark propagation: ’776’ =216(I7 )y~ [dy e Y Vi(y1)

Light-like Wilson line: Vjj(y,) = Pexp (ig [dy=AL(y™,y1) tf)
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HT vs CGC

Rypy (J/9)
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e High Twist Expansion:
Enhancement in backward region;

e Color Class Condensate:

Suppression in forward region;

How to build a unified picture to describe the dilute and dense limits?
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Efforts towards a unified picture of dilute and dense limits
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Efforts towards a unified picture of dilute and dense limits

e Aiming to extend the applicability of CGC from small-x (dense) to
large-x (dilute) region

o Emphasis on the sub-eikonal corrections to the parton propagators
[arXiv:1404.2219;arXiv:1505.01400; arXiv:1512.00279;arXiv:1902.04483;arXiv:1907.03668;arXiv:2012.03886
et.al]

o Rapidity evolution of unintegrated gluon distributions
[arXiv:1505.02151;arXiv:1603.06548;arXiv:1706.01415;arXiv:1712.09389;arXiv:1905.09144;]

o New semi-classical approaches

[arXiv:2006.14569;arXiv:2112.01412;arXiv:2309.16576;arXiv:1708.07533;arXiv:1809.04625;arXiv:2308.15545]

e However, no consensus has yet been reached on the relations between
HT Expansion and CGC.
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[I1.Correspondence between CGC and

High-Twist Expansion
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Relation between CGC and high-twist expansion

Take direct photon production as an example

P (a) P ®) BT o

Parton density increases

e Higher-twist becomes important at moderate psL and small-x:

12 12
do ~ - [A+B< >+C< )’ -]
il ’YL P vl
HigherTwist

Hard scale: p, |
Momentum exchange from medium:(/?) oc Q2 ox AY/3x~03

Saturation scale grows with energy and nuclear size.
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Direct photon production in pA within HT formalism

e Leading twist(LT): single scattering contribution
o Consider quark-gluon initiated channel

—
ﬁw%
T <

o Leading twist coIImear factorization

E, (31‘37 |LT fa/p(Xq) © fg/a(x) ® Hc(er)g—ww
PDF. foa(x) = g | G ™AV (PalFT(0)Ff (v ) IPa)
2 2 -
Hard coefficient: Hg_gg_)7+q x M (€= Z%)

P
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Direct photon production in pA within HT formalism

o Next-to-leading twist(NLT):
Incoherent: Hard scattering + Soft gluon scattering insertion

Category of the diagrams

o Central cut: contribution from double scattering
o Left and Right cuts: single-triple interference
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Direct photon production in pA within HT formalism

e Next-to-leading twist(NLT):
Incoherent: Hard scattering + Soft gluon scattering insertion

Initial state double scattering and single-triple interference

Final state double scattering and initial-final state interference

K k i

- 7

+ other 18 diagrams
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Direct photon production in pA within HT Expansion

e Next-to-leading twist(NLT): Incoherent scattering
contribution Hard scattering + Soft gluon scattering insertion

o NLT contribution to the differential cross-section
dghT oT, 2 07T, (4)
E, d3py |NLT fq/P ® {ng,x ax 0 X 6x2gg} ® Hq+gg%“f+q
Tgg: twist-4 gluon correlation
o Contribution responsible for nuclear enhancement at large-x

doD, 4 d .
E, dgA—wz 2o, / wpf( p)/ —c'HY . (3,8,0)6(3 + £+ 1)

‘/Uz 20T (@) OT'(x) | o (z)]}

dx? b
Only initial state rescattering contributes
positive -> nuclear enhancement
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Direct photon production in pA within CGC formalism

e Coherent multiple scattering from CGC
Amplitudes: Initial radiation + Final radiation

> =
P p P p
p k v p A v
2 p 2y p
=% l §=7% l
I YL I YL
PA PA

Differential cross-section within CGC
2
E doC6C _f X)) @ dzl 15 F(x,11)
Y d3p, q/p( p) f L(&u—pﬂ)%ﬁ
Dipole correlator

Flo 1) = [y a2y ey D g (Tr VI ) V(Y )),
V(y): light-like Wilson line in the fundamental representation
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Naive power expansion of CGC

e Differential cross-section within CGC

2
E dcfgi,cc farp(x0) @ [ dzlLﬁi(étF_(;:i))z
e Twist or power expansion
ARGy PESUTCAIDIN
(é1.—py1) piL
NLT

Leading twist cross section:
5 []—+ ] f dZIJ_

Bo CAGC x a
P — — em
Ey—dpy T 2 [ dxgfe/p(x (2m)?
Twist-2 gluon PDF = second moment dlpole correlator
- ~ Ne (2 pE
limy—0 xfg/a(x) = 555 i (27r)i2l

— & [ % (PAIF () () IPa)

CGC and leading twist expansion matches at small-x!

(X, IJ_) R. Baier, et al; arXiv:hep-ph/0403201
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Naive power expansion of CGC

e Differential cross-section within CGC

do€6C 2 IPF(x,1.)
B, = fan00) © [ g,y
e Twist or power expansion
RFG) 17 F(x,11) N L
(&IJ_fp'yJ_) p’2YJ_

LT
Next-to-Leading twist cross section:

Bogis e ¢ [1+ (1= [ a2
Ey d%?;ﬂ,vx NLT 53 [ dxafqp(xq) J @)

Twist-4 gluon correlation = fourth moment of dipole correlator

I|mX_>0 ng(X 0 0) ~ mf ((1227{_L I4 (X, IJ_)

Tee = 3(Tc + Tcur + Te,p + Tc,r) combination of different cuts.

Twist-4 Contribution at small-x

ocec \/d% % 4)
E‘Yiﬁ |NLT Q/P®{ 8g» } Hq+gg%w+q

Can not recover the derivative terms in HT at twist-4!
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From CGC to twist-2 collinear factorization

e Expand CGC vertex to 1st order and bring back "sub-eikonal phase”

do x /dzpf(zp) HRT

* Expand the Wilson line and include sub-eikonal phase

(@m)s —17) / diy ¢ / dyigAf{ (™ y) (i

« Collinear expansion (in powers llpzl)

)% (yL — v1)
coll iz s Py~ —y LY
? ’ SH 2

HE (0yiwy) = (£pi- dyL - Oy,

2
doPtA—=7+X Qem€Qls

dmdzp-u_ B N, Tp,min

dzpf(zp)H(fyp'yJ_)zAf /A(IA)

2 _ 2 e
H(gypu)zf[“'iilf)] IAC: IP+/ <PA\F+ )P+ ()| Pa)

2

Matches exactly to leading-twist result beyond small-x limit
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From CGC to twist-4 collinear factorization

e Expand CGC vertex to 2nd order and bring back "sub-eikonal phase”

5 > 7
Py Dy
p
P k p k p
p p
Missing diagramn
in CGC vertex
¥ ¥ >
Py Py Py

e Phase in "Missing diagram™:

T e)

2 _ 2 _ 2 i
expli { {spﬁ(l Opy € 5)&} Y+ 5(1;£)Eiyl—}xpﬂ [1 e o
P P
(Inverse)formation time for photon production:
2 2
1 _ [pvai] oy [pra—gtl]
yform = g2 XTA T 2kg(1-g)

Landau Pomeranchuk Migdal (LPM) effect:
O Ty form >y — y'= (coherent) — contribution vanishes
O Tyform <y~ —y ~ (incoherent) — contribution survives
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From CGC to twist-4 collinear factorization

e Consistency between CGC and High-Twist formalism
do /dzpf(xp) HRT
T (21, 22,23, 24) = NL (Tr [A* (27, 211) A (25, 221 ) AT (23—, 231 ) AT (2, 2a1)])

s,y Y1, y2)

2 = (2)
_ 8H(§,p‘yl)etiAPX(y'fy")66( MyL —yu1) 9P (y) —y1) « 6D (yrs — yo)
Oy. oy’
1 325(2)(yu ) - — ;= — e, -
+ Ph [462 + €1 - ©) (4P} Dyry) — 32 (i2aPF Ay”) + €2(i5aP{ Ay7)?] |

d 0_1)+A4)’7+X

CI aeme as/ (gauge link) /
: = dz, f(zp)H (€,
dnyd2py1 pf (@p)H (§, Py L )T Sy (Za)
(21r)2aeme§a§ 1 B
+—N2 5 dzy, f(zp)H (&, PyL)De (€, Za, 71, T2, T3)C1(T1, 22, 33)| 4z,
c -yJ_ i

Zmin xo=x3=0

_ ) ) _ Only showing initial state central cut
Dei(€, 74, 21,22, 73) = [452 +E(1- {)@\g = 3521/\% + §293AW contribution, analogous expansion for the others
2 1 1

Matches exactly to twist-4 result and the gauge link in the twist-2
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Summary and Outlook

Summary:
e Demonstrated that naive power expansion of CGC only recovers part
of the complete HT Expansion result at twist-4.
e |dentified two important missing ingredients in CGC: sub-eikonal
phases and diagrams related to LPM effect.
e Found the fourth moment of the dipole distribution corresponds
to twist-4 gluon-gluon correlation function at small-x.
e Proved the consistency between CGC and HT Expansion to
twist-4 level after bring back sub-eikonal phase.
Outlook:
e Consistency between CGC and HT expansion persist at NLO?
e Matching between CGC and twist-4 TMDs?
e Establish a framework that allows to resum all twists

(modify Wilson lines to keep track of phases?)
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Thank you!



