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Anatomy of QCD matter
The Physics of dilute and dense regimes of QCD

Color Glass Condensate
— (CGC)
Strong fields, Wilson lines, non-
linear evolution (BK/JIMWLK)

Review:
Gelis, lancu, Venugopalan (2003)

High-twist
e formalism

Multiparton correlations,
DGLAP type equations

Qiu, Sterman (1991)
Guo, Wang (2000)

Qiu, Vitev (2003)
Kang, Wang, Wang, Xing (2013)

Leading twist
4— (Collinear factorization
PDFs, DGLAP evolution

Collins, Soper (1981)




Nuclear modification ratio
Enhancement (backward region) vs suppression (forward region)

PHENIX (2004) LHCb (2022)
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Theoretical framework for multlple scattering
(Generalized) High-Twist
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Hadronic scale: H
Global PDF fit results

perturbative expansion

hoo= a2 +alc + 20 + .. | ® Ta(z) /

Ophys =

1r _

+ —12C? + ool + a2 + .. .| ® T3(z)
Multiple scattering QL -
expansion

1 N : \]
Q2 |: C(O) ;Cil) 0(2) ) :| ® T4(x) 102 102 10" :

v 4o twist-

e Nuclear enhanced power correction

1 AV
Q@@

_ . _ < F oA (e R00GeV | @ § prAt ek (5 20 GV | (5 ] prAneX foued00GeV | (@ ]
® Enhancement from twist-4 contribution I TR STV R ST S
25 « == pQCD caleulation (Au-goi = = =+ pACD caloulation (Au-going PO caualon (Ao e

1.2<n<2.4 (p-going) 1.2<n<2.4 (p-going) 1.2<n<2.4 (p-going)
do® [ 8n%ay \ o2 dz da’ de . . . H%HHH : ]
Ey o =< - )gtgc/Z_ch—m(z)/?fa/p(x/)/?‘s(s'Ft‘f'u) ﬂ -------- IEHHH‘H.H HE' B ﬁﬂ.ﬁﬂ.ﬁ HH_

d3P;, N2 -1 ; I B st Nt GeCCt LI T T B M CertT T
3]
os- #8988 5 B8 gofEE g B : gHE58 B g B
2 (i) (l) Il Il Il Il 1 ! Il Il Il [l Il | 11
2 9 Tb/ A(x) 6Tb/ A( ) (4) i TTi A D oA p+Au—h"+X {5,,=200 GeV @ F  prAu—h'sX \5,=200GeV = () | p+'Au—'»h*+'x V5200 GeV ' ()
X Z T D) — X Tb / A( ) c'H ab—)cd(s 3 t, U) S 3F 20%-40% centrality 40%-60% centrality 60%-84% centrality 3
. ax ax o e -2.2<n<-1.2 (Au-going) e -2.2<n<-1.2 (Au-going) e -2.2<n<-1.2 (Au-going)
=1 7F 2.5 = = = pQCD calculation (Au-going = = =+ pQCD calculation (Au-going) = = =+ pQCD calculation (Au-goingH
2 o 1.2<n<2.4 (p-going) o 1.2<n<2.4 (p-going) o 1.2<n<2.4 (p-going)
. PHENIX
p+A -> h + X o Hifee E o, .. ]
1B- _ﬁaﬁ_g _g_ _ - _._ﬁ_._._-_-_ﬁ'_'_' - _ﬁgga_ E _.E_-_._.E_._'_'_'E:_'_' - _ﬁa%H_H_‘_g_‘_-_%_—_—_-_-ﬁ-_-J -
. . 0.5 e
Kang, Vitev, Xing (2014) TR B T TGN LIS T

10
P, (GeV/c) P, (GeV/c) P, (GeV/c)
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Theoretical framework for multiple scattering

Color Glass Condensate Dumitru, Jalilian-Marian (2002)
o Hybrid (dilute-dense factorization) /"
0 X Tpfg/p(Tp) @H Q@ F(xa,k1)® Dpyy(2) @ w—_@
Tp ~ 1 Ta <1
P, —p— )
I - ? S ?3 £ \fégf

e Multiple (eikonal) scatterings are resummed and are encoded in the unintegrated
gluon distribution F(x,, k, )

p+A -> h + X

o pPh. 25 < y < 3.0 e pPh. 30 <y <35 |epPh.3s<y<d0
o [ () - ],0)

Chirilli, Xiao, Yuan (2012)

Stasto, Xiao, Zaslavsky (2014)

lancu, Mueller, Triantafyllopoulos (2016)
Liu, Kang, Li (2020)

Shi, Wang, Wei, Xiao (2022)

—p Suppression in RpA!




A unified picture of dilute and dense limits

Several efforts in this direction:

Gluon TMD in particle production from low to
moderate

I. Balitsky®? and A. Tarasov’

% Department of Physics, Old Dominion University,
4600 Elkhorn Ave, Norfolk, VA 23529, U.S.A.

b Theory Group, Jefferson Lab,
12000 Jefferson Ave, Newport News, VA 23606, U.S.A.

E-mail: balitsky@jlab.org, atarasov@jlab.org
ABSTRACT: We study the rapidity evolution of gluon transverse momentum dependent
distributions appearing in processes of particle production and show how this evolution
changes from small to moderate Bjorken z.

KEYWORDS: Deep Inelastic Scattering (Phenomenology), QCD Phenomenology

ARX1v EPRINT: 1603.06548

Next-to-eikonal corrections in the CGC: gluon
production and spin asymmetries in pA collisions

Tolga Altinoluk,® Néstor Armesto,® Guillaume Beuf,® Mauricio Martinez’

and Carlos A. Salgado*

@ Departamento de Fisica de Particulas and IGFAE, Universidade de Santiago de Compostela,
E-15706 Santiago de Compostela, Galicia-Spain

b Department of Physics, The Ohio State University,
Columbus, OH 43210, U.S.A.
E-mail: tolga.altinolukQusc.es, nestor.armestoQusc.es,
guillaume.beufQusc.es, martinezguerrero.1Qosu.edu,
carlos.salgadoQusc.es

ABSTRACT: We present a new method to systematically include corrections to the eikonal
approximation in the background field formalism. Specifically, we calculate the subleading,
power-suppressed corrections due to the finite width of the target or the finite energy of the
projectile. Such power-suppressed corrections involve Wilson lines decorated by gradients
of the background field — thus related to the density - of the target. The method is of
generic applicability. As a first example, we study single inclusive gluon production in pA
collisions, and various related spin asymmetries, beyond the eikonal accuracy.

KEYWORDS: QCD Phenomenology, Hadronic Colliders

ARXI1v EPRINT: 1404.2219

Gluon-mediated inclusive Deep Inelastic Scattering
from Regge to Bjorken kinematics

Renaud Boussarie® and Yacine Mehtar-Tani®
aCentre de Physique Théorique, Ecole polytechnique, CNRS, I.P. Paris,
F-91128 Palaiseau, France

b Physics Department and RIKEN BNL Research Center, Brookhaven National Laboratory,
Upton, NY 11973, U.S.A.

E-mail: renaud.boussarie@polytechnique.edu, mehtartani@bnl.gov

ABSTRACT: We revisit high energy factorization for gluon mediated inclusive Deep Inelastic
Scattering (DIS) for which we propose a new semi-classical approach that accounts system-
atically for the longitudinal extent of the target in contrast with the shockwave limit. In
this framework, based on a partial twist expansion, we derive a factorization formula that
involves a new gauge invariant unintegrated gluon distribution which depends explicitly on
the Feynman z variable. It is shown that both the Regge and Bjorken limits are recovered
in this approach. We reproduce in particular the full one loop inclusive DIS cross-section in
the leading twist approximation and the all-twist dipole factorization formula in the strict
z = 0 limit. Although quantum evolution is not discussed explicitly in this work, we argue
that the proper treatment of the x dependence of the gluon distribution encompasses the
kinematic constraint that must be imposed on the phase-space of gluon fluctuations in the
target to ensure stability of small-z evolution.

KEYWORDS: Deep Inelastic Scattering or Small-X Physics, Parton Distributions

ARX1v EPRINT: 2112.01412

Quark jets scattering from a gluon field: From saturation to high p,

Jamal Jalilian-Marian
Department of Natural Sciences, Baruch College, CUNY, 17 Lexington Avenue,
New York, New York 10010, USA
and CUNY Graduate Center, 365 Fifth Avenue, New York, New York 10016, USA

® (Received 18 September 2018; published 30 January 2019)

We continue our studies of possible generalization of the color glass condensate effective theory of high
energy QCD to include the high p, (or equivalently large x) QCD dynamics as proposed in [Phys. Rev. D
96, 074020 (2017)]. Here, we consider scattering of a quark from both the small and large x gluon degrees
of freedom in a proton or nucleus target and derive the full scattering amplitude by including the
interactions between the small and large x gluons of the target. We thus generalize the standard eikonal
approximation for parton scattering, which can now be deflected by a large angle (and therefore have large
p,) and also lose a significant fraction of its longitudinal momentum (unlike the eikonal approximation).
The corresponding production cross section can thus serve as the starting point toward the derivation of a
general evolution equation that would contain the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi evolution
equation at large Q? and the Jalilian-Marian-Iancu-McLerran-Weigert-Leonidov-Kovner evolution
equation at small x. This amplitude can also be used to construct the quark Feynman propagator, which
is the first ingredient needed to generalize the color glass condensate effective theory of high energy QCD
to include the high p, dynamics. We outline how it can be used to compute observables in the large x (high
p.) kinematic region where the standard color glass condensate formalism breaks down.

DOI: 10.1103/PhysRevD.99.014043

Helicity evolution at small =

Yuri V. Kovchegov,® Daniel Pitonyak? and Matthew D. Sievert®
@ Department of Physics, The Ohio State University,
Columbus, OH 43210, U.S.A.
YRIKEN BNL Research Center, Brookhaven National Laboratory,
Upton, New York 11973, U.S.A.
¢ Physics Department, Brookhaven National Laboratory,
Upton, NY 11973, U.S.A.
E-mail: kovchegov.1@osu.edu, dpitonyak@quark.phy.bnl.gov,
msievert@bnl.gov

ABSTRACT: We construct small-z evolution equations which can be used to calculate quark
and anti-quark helicity TMDs and PDFs, along with the g; structure function. These
evolution equations resum powers of o In?(1/z) in the polarization-dependent evolution
along with the powers of a; In(1/z) in the unpolarized evolution which includes saturation
effects. The equations are written in an operator form in terms of polarization-dependent
Wilson line-like operators. While the equations do not close in general, they become closed
and self-contained systems of non-linear equations in the large- N, and large- N, & Ny limits.
As a cross-check, in the ladder approximation, our equations map onto the same ladder
limit of the infrared evolution equations for the g; structure function derived previously by
Bartels, Ermolaev and Ryskin [1].

KEYWORDS: Resummation, Perturbative QCD

ARX1v EPRINT: 1511.06737

Quark branching in QCD matter to any order in opacity beyond
the soft gluon emission limit

Matthew D. Sievert and Ivan Vitev'
"heoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA

® (Received 18 July 2018; published 12 November 2018)

)ld nuclear matter effects in reactions with nuclei at a future electron-ion collider (EIC) lead to a
fication of semi-inclusive hadron production, jet cross sections, and jet substructure when compared to
acuum. At leading order in the strong coupling, a jet produced at an EIC is initiated as an energetic
;, and the process of this quark splitting into a quark-gluon system underlies experimental observables.
spectrum of gluons associated with the branching of this quark jet is heavily modified by multiple
ring in a medium, allowing jet cross sections and jet substructure to be used as a probe of the
um’s properties. We present a formalism that allows us to compute the gluon spectrum of a quark jet to
bitrary order in opacity, the average number of scatterings in the medium. This calculation goes
ad the simplifying limit in which the gluon radiation is soft and can be interpreted as energy loss of the
;, and it significantly extends previous work which computes the full gluon spectrum only to first order
acity. The theoretical framework demonstrated here applies equally well to light parton and heavy
: branching, and is easily generalizable to all in-medium splitting processes.

DOI: 10.1103/PhysRevD.98.094010

+ many more!



Consistency between CGC and High-Twist formalism

Scanning different regions of hadronic matter

NN

, , N
A N i £ ]
Parton density incr~

dilute region

In Q?

Twist expansion:

1 k] k7 )?
D5 DL Do CGC: Saturation scale
T L g i i grows with energy and
\ / nuclear number
leading twist Higher twist <ki> X Qi x A3z

(twist-2) (twist-4 and twist-6)
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Direct photon production in pA collisions

Single scattering contribution

e Consider quark-gluon initiated channel

\M/ N

8
X

P N P

e Leading twist collinear factorization

doPtA—=7+X Cor (U
= dzp f(2p) 1 rag(za)

dnyd?py | Ne P~




Direct photon production in pA collisions
Incoherent multiple scattering from high-twist

Soft gluon scattering insertion

e Initial state: double scattering and single-triple scattering

y . T I : L o 3 ‘ Q . e 3\
§ JT% 3 Jy T3 J  TTH 9
- | o \ A
§ f% “7 | (i 37 9
!
|

+ other 18 diagrams



Direct photon production in pA collisions

Incoherent multiple scattering from high-twist
e Twist-4 contribution to the differential cross-section

result from initial state rescattering

doy) dr202a, €2 — 26 + 2
QA—)’Y o T asaeé- €+
By g = [ dspfalap)an | e
‘ L \\\ Central Asymmetric
du~ dur dus - o L B Derivativeé\__\
T(ml,.’IJz,CBg) :/ 2y7r Zy’; 2y; ezm1P+y ezx2P+(y1 ~Ya )ezz3P+y2 ond a fj[xg%] - 0 -
1 Lst =3¢ e T + (1 — &= T | (1 — )& [ ]
m<PA|F+w(0_)F+n(yQ_)F+n(y1_)F+w(y_)|PA> Oth ) 4¢TC i 08
e Contribution responsible for nuclear enhancement at large-x
do? A%, 1 [ dx dx
E,—2520 - “—/—p /—IHU 5,8,4) 0(8 + 1+ I—_1_1
B d3p7 Nc S Ty f(xp) T c qg—)q'y(‘S, 7u) (S +1+ u) C B i
0°T! (x) oT! (z)
2 /§
/ ([x 02 " da i (CU)]

Only initial state rescattering contributes
positive -> nuclear enhancement
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Direct photon production in pA collisions
Coherent multiple scattering from CGC

e Amplitudes

P, —— P, —»—

xps\\@—» :ﬂ/_;? xpp\\\ ﬂfi/gw’:m

e Differential cross-section CGC Gelis, Jalilian-Marian (2002)

_ Gem 2 A2
e = o [ An e 00

[ [ S [E g B, )

(flL p'u)z 20

dO.p—I—A—>'y—|—X

e Dipole correlator
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From CGC to leading twist collinear factorization

Correspondence between CGC and single scattering

D(za;y, —y))  D(zy, —vy)) a0 0 | Dwasy, —y')
s = . —l L 5 o : +..
(fll — p'u) P~ P~ oy (fll - p'u) 1, =0,
Twist-2 Twist-4
o Twist-2
dO'p+A_>7+X Oem g 52 [1 T <1 o 5)2}
dn’yd2p’7L NC p ( P) p’yjl_ ( ) 250

Twist-2 gluon PDF = second moment dipole correlator Baier, Mueller, Schiff (2004)

:13—)0
2 12 Dipole correlator in
379(37) — 27T2& lhd lL‘ momentum space
S

Phase e™F™)" dropped out (“sub-eikonal”)

1 dy

O, 0T PT ) o

(Pal T [F3H (y )FH(07)] |[Pa) 6 1ag
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From CGC to twist-4 collinear factorization

Correspondence between CGC and double scattering
e TWwist-4

dopPtA—=7+X (277)2aem042 / [1 + (1 B 5)2}
— | dz, f(x EThr(wa
dn,d®p~ | N¢g 22 20 e (2a)

\

Missing terms with derivatives of
twist-4 distribution

Twist-4 gluon distribution = fourth moment dipole correlator

2N?

Tur(z) = aria? /l‘idQZLF(x,li)

1 dy~ _ _ _ _
THT(ZE17$27ZB3) :P_|_ / 2yﬂ_ <PA|FCCLX+(y )Fé)+(2 )Fl;s+(z/ )Fa6+(0 )‘PA>5J—0¢55J—I)5
A

x [B(y™ —27)0(=27) +0(:~ —y )O(=2") +O(y” —27)0(z"") +O(z —y )0 ()]

Contains all orderings (central cut)

At small-x all twist-4 distributions collapse into a single distribution - no distinction
between soft and hard gluons!

lim Tci(x,22,23) = lim  Top(x,22,23) = lm T pr (21,22, 73)
x1,r2,x3—0 x1,r2,x3—0 x1,r2,x3—0

Initial state final state Interference
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From CGC to twist-4 collinear factorization

Bringing back the longitudinal “sub-eikonal” phases

do /d:z:pf(xp) HRT

e Expand the Wilson line and include sub-eikonal phase

en)sa- — 1)y [dyre @t [ay e igat v,y e,

o Collinear expansion (in powers l/p},zl)

————— 926 (y, —
/Hgoll(p’y; Y, y/) _ 8H(§,p7L€”“’APZ(y Y ) (y_l_ y_L)

Oy, - 0y’
do?tH A1 Gemejas (! _2(0) (-
? — ) 1 dy=[ .. p+,—
(e ) = = —:921 . fé%(m) ~ zPf / 2yvr <PA|FJ(0_)F+a(y_)|PA>
v

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

LPM effect: incoherent vs coherent regimes

= (y1e,97) (YL, y7) > (y1,y7) (yae,91)

2 P .
phases = e
\ /
e (Inverse) formation time for photon -1 _ 1 [PyL - L) o [Py — €L
production: vlorm s £(1-€) A 2k7E(1-¢€)

e Landau Pomeranc/huk Migdal (LPM) effect
>y —Yy (coherent) -> contribution vanishes

Ty,form /
<K<y —Vy (incoherent) -> contribution survives

Ty,form
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From CGC to twist-4 collinear factorization

Consistency between CGC and High-Twist formalism ég * Eﬁg EE%;
. %E . EEE .
daoc/dxpf(xp) HQT CEE
T (21, 22, 23, 24) = Ni (Tr [AT (27, 210) AT (25, 221 ) AT (23—, 231 ) AT (27, 241 )])

HEY (Dy; 9, Y, 1, 2)

._ .06 _ 35(2)( r_ )
Z-'L'AP+ (y —y ) 85 (y_L yl_L) . y_L y2_|_ [@) .
H(§,py1)e 474 Sy, oy % (Y11 yu)’

@6(2)(yu—yzﬁ 2 o b A — o i p e
P2 \_Oy1. - 0uns [48° + €(1 — &) (izaPf Ayp,) — 36° (i aP Ay~ ) + E°(iTa P Ay )]]

p+A—-v+X 2
do ey Olem €0t 1

auge link) , _
— Nc dd?pf(xp)H(fap‘yl£ é%A © )(QZ'AD

Tmin

dﬂv dzp'y_L

(27r)2aeme§a§ 1 B
/ dzp f(zp)H(§, Py1)Dc1(§: Ta, T1, 22, T3 )0 1(21, T2, T3)| 4,—z,
Tmin

ro=x3=0

_|_

0 0 9?2 Only showing initial state central cut
+ § TA— contribution, analogous expansion for the others

B TA D1, 1?2

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

Y=1n— }

Color Glass Condensate
G (CGC)
Strong fields, Wilson lines, non-
linear evolution (BK/JIMWLK)

High-twist formalism

 ——— Multiparton correlations,
DGLAP type equations

Leading twist

Collinear factorization
PDFs, DGLAP evolution

 dilute region

In Q?

Taking direct photon production in pA collisions as an example we show the consistency
between CGC and High-Twist formalism in their common domain of validity
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Outlook

e Does the consistency between CGC and generalized high-twist
formalism 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?)

e Can this correspondence help us implement small-x physics into current
event generators such eHIJING?
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