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QCD “phase diagram” for nuclei from dilute to dense region

Y =1n—

» Dense region: x << O(1)
Probing length A ~ 1/xp > L ~ A7

Relatively dense region: x S O(1)
Probing length A ~ 1/xp S L~ A3

-

Dilute region: x ~ O(1)
Probing length A ~ 1/xp < L ~ Al/3

In Q?



QCD theoretical frameworks from dilute to dense region

Y =In— i

Color Glass Condensate (CGC)
Wilson lines, nonlinear BK/JIMWLK evolution

See review: Gelis, lancu, Venugopalan, 2003

High-twist formalism

Multi-parton correlation, DGLAP-type evolution
Qiu, Stermann, 1991

Kang, Wang, Wang, Xing, 2014

-

Leading twist collinear factorization
PDF, DGLAP evolution
Collins, Soper, 1981

-

In Q?




Scan the phase diagram in proton-nucleus collisions

1
e Multiple scattering in dilute and dense medium  Probing length: 4 ~ —
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Scan the phase diagram in proton-nucleus collisions

® Experimental phenomena in dilute and dense medium
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Evidence of CGC?

Pigiae S A IRRIEIEEINEITNNER S Qiu, Vitev, PRL, 2004
Highlights Recent Accepted Collections Authors Referees Search Press Kang, Vitev, HX, PRD, 201 2
Evidence for Nonlinear Gluon Effects in QCD and Their Mass = 003 F
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Theoretical framework for multiple scattering expansion

1

e Generalized factorization theorem ogf NNPPF23 (NNLO

xf(x,u2=10 GeV?) 3

0.8F

Hadronic scale: :
Global PDF fit results

perturbative expansion
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Multiple scattering QL i
1

expansion _aSCio) 4 Oécil) 4 Oé(jf) + .. ._

0.2k

QQ
+ .. \
® Nuclear enhanced power correction g
1 A1/3
Q2 QR

CGC: sum of all multiple scatterings
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Incoherent multiple scattering - from dilute to relative dense

® QCD factorization at twist-4 Qiu, Sterman, 1991; Luo, Qiu, Sterman, 1993
Kang, Wang, Wang, HX, PRL 2014

d<€%TJ> D 2 HLO T 0.0 2
th X q/h(zvlu )® (,CE,Z) 5 qg(xa , U, W )
g
| 27_‘_Dq/h(z7:u2) 5y HNLO(xv 2 :LLQ) Y qu(gg) (ZE, 0, Ov:LLZ)

Multiple scattering hard probe and medium properties can be factorized!!!



Incoherent multiple scattering - from dilute to relative dense
® Enhancement from twist-4 contribution

do (D) 8m2a, \ a? dz dz’ N [dx .
Eh dSPh :<N02_1> F;/Z_QDC_)}L(Z)/?JC@/F(:E)/?5(S+t+u)

2r(2) (2) |
< 3 |a? 29714 (®) oal) 7D ()| CHE, (5,1, )
Or2 or b/A ab—cd\°» ">
1=1,F i i
3S5pr——mmm™m——— 717 T — T " T T T T T T T T T
< - p+Au—h*+X |s,,=200 GeV @ T p+Au—h“+X |s,,=200 GeV (b) T p+Au—h*+X |s,,=200 GeV (c) :
2 3 0%-5% centrality —+ 5%-10% centrality + 10%-20% centrality -
oc - o -2.2<n<-1.2 (Au-going) T o -2.2<n<-1.2 (Au-going) T o -2.2<n<-1.2 (Au-going) - B ="
5L QCD calculation (Au-going)- = = =« pQCD calculation (Au-going)-1- QCD calculation (A g.): : " " ]
25t ﬁ[ﬁ %" RGP calcuation (urgoing) ** POCD cajeuaton (\-going)- """ YOCD, clculaton (Au-gong} ‘Prediction of nuclear
o H ! E : f
Hﬂﬁ g3 HH@ I Emﬂﬂﬂﬂ e lenhancement from
S Akl AL H--'.Jg::::::-.-..35.----:-H-ﬁ-.girr-::::--::_z incoherent multiple]
. PREEE 5 P ggPEB g B B I eHEED g B : - ;?;
0.5 3 T - iscatteri Nng 'f
- | : | : | : | : LT : I : I : I : | - .' : I : I : I : | - oo i o e i vos SR s e o et A A0S A
L prAu—h"+X |5,0=200 GeV  (d) T p+Au—h"+X {5,=200GeV = (e) T p+Au—h“+X {5..=200GeV ()
3 3 20%-40% centrality —+ 40%-60% centrality + 60%-84% centrality -
= - -2.2<n<-1.2 (Au-going) T e -2.2<n<-1.2 (Au-going) 1 e -2.2<n<-1.2 (Au-going) ]
2-5:_ - pQCD calculation (Au- gomg')'.:' === pQCD calculatio_n (Au-going)} » pQCD calculation (Au- gomgI
25_ o 1.2<n<2.4 (p-going) _:_ o 1.2<n<2.4 (p-going) __ PHENIXo 1.2<n<2.4 (p-going) : Kang, VlteV, HX, PRD 20-1 4
- . I T ]
ﬁﬂ]ﬁﬁﬂ'@" : 1 T ; Li, Kang, HX, 2023
o Y _ _H-_ [ I ™ el - il | L I gl s+ Y C .
L L B8 FgEREEETb]  PHENIX, PRC, 2020
0.5__ -1 I ]
OE | | | L. | | | | LT . 1 | | L1
2 4 6 8 10 2 4 6 8 10 2 4 6 8 10
p. (GeV/c) p. (GeV/c) p. (GeV/c)



Coherent multiple scattering - CGC

e Hybrid (dilute-dense) factorization  Dumitru, Jalilian-Marian (2002)

O'Na?pfq/p(mp)@H@.F(Q?g,k]_)@)l)h/q(?;) @

Pl
Lp = ﬁey —> TpPq > kTq — Probing valance quark — DGLAP evolution
_pL | .
Lg = Z\@e 7 XgPy ™ kTy —— Probing dense gluon — BK evolution

NSNS N,

A Nt ]

Parton density increases 4

* All multiple scatterings become equally important, need to be resumed.

» Coherent multiple scattering are encoded in the so-called unintegrated
gluon distribution 3‘7()68, ki)

—_
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Coherent multiple scattering - dilute region

e Hybrid (dilute-dense) factorization
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Suppression from CGC calculation
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A unified picture of dilute and dense limits

e cfforts along this direction

T. Altinoluk, N. Armesto, G. Beuf, M. Martinez, and
. . . . C. A. Salgado, JHEP 07, 068 (2014), arXiv:1404.2219
Quark jets scattering from a gluon field: From saturation to high p, Gluon TMD in particle production from low to [hep-ph].

Tainal JaliliaindMartia moderate x T. Altinoluk, N. Armesto, G. Beuf, and A. Moscoso,

Department of Natural Sciences, Baruch College, CUNY, 17 Lexington Avenue, JHEP 01, 114 (2016)’ arXiv:1505.01400 [hep—ph].
New York, New York 10010, USA T. Altinoluk and A. Dumitru, Phys. Rev. D 94, 074032
and CUNY Graduate Center, 365 Fifth Avenue, New York, New York 10016, USA (2016), arXiv:1512.00279 [hep—ph].

® (Received 18 September 2018; published 30 January 2019) I. Balitsky® and A. Tarasov" P. Agostini, T. Altinoluk, and N. Armesto, Eur. Phys.

We continue our studies of possible generalization of the color glass condensate effective theory of high : :)6';:;';’;;2:7:4 Al:-:fys):'{:r'/:ﬁ-d 3:";':5"::; ll';":':;wy ' J. C 79, .6(.)0 (2019).’ arXiv:1902.04483 [hep—ph] ’
energy QCD 10 include the high p, (or equivalently large x) QCD dynamics as proposed in [Phys. Rev. D “Thmn; i J(bmo" Gag e - SR P. Agostini, T. Altinoluk, and N. Armesto, Eur. Phys.

96, 074020 (2017)]). Here, we consider scattering of a quark from both the small and large x gluon degrees 12000 J,.H,.m,'" it M.u,,mr', News, VA 29606, U.S.A. J. C 79, 790 (2019), arXiv:1907.03668 [hep—ph].
of freedom in a proton or nucleus target and derive the full scattering amplitude by including the P. Agostini, T. Altinoluk, N. Armesto, F. Dominguez,

interactions between the small and large x gluons of the target. We thus generalize the standard eikonal E-mail: balitsky@jleb.org, starasovéjlab.org

approximation for parton scattering, which can now be deflected by a large angle (and therefore have large

and J. G. Milhano, Eur. Phys. J. C 82, 1001 (2022),

p,) and also lose a significant fraction of its longitudinal momentum (unlike the eikonal approximation). ABSTRACT: We study the rapidity evolution of gluon transverse momentum dependent arXiv:2207.10472 [hep-ph]

2 AOITES : ian ornse san LA e e tarts : ¥ o et ; listributions appearing in processes of particle production and show how this evolution
The corresponding production cross section can thus serve as the starting point toward the derivation of a : P ; . .
general evolution equation that would contain the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi evolution changes from small to moderate Bjorken z. T. Altinoluk, G. Beuf, A. Czajka, and A. Tymowska,
equation at large Q° and the Jalilian-Marian-lancu-McLerran-Weigert-Leonidov-Kovner evolution : : : Phys. Rev. D 104, 014019 (2021), arXiv:2012.03886 [hep-
equation at small x. This amplitude can also be used to construct the quark Feynman propagator, which KEYWORDS: Deep Inelastic Scattering (Phenomenology), QCD Phenomenology ph]
s t'hclﬁ:’sl i;:gr:fli:nl n(;:cdcd .lo gc\;cralivl..c lh: col.or gla::: con:llcnsalc cﬂ"ccliv: lhcotr))lr of' hiih ::ncrgy gClz PR SR T. Altinoluk and G. Beuf, Phys. Rev. D 105’ 074026
to include the high p, dynamics. We outline how it can be used to compute observables in the large x (hi el e i .

gh p, dy P ge x (hig (2022), arXiv:2109.01620 [hep-ph].

p,) kinematic region where the standard color glass condensate formalism breaks down.

G. A. Chirilli, JHEP 01, 118 (2019), arXiv:1807.11435
DOI: 10.1103/PhysRevD.99.014043 [hep-ph].

Gluon-mediated inclusive Deep Inelastic Scattering G. A. Chirilli, JHEP 06, 096 (2021), arXiv:2101.12744

from Regge to Bjorken kinematics [hep-ph].

Next-to-eikonal corvections in the CGC: giuon I. Balitsky and A. Tarasov, JHEP 10, 017 (2015),

production and spin asymmetries in pA collisions arXiv:1505.02151 [hep-ph].
I. Balitsky and A. Tarasov, JHEP 06, 164 (2016),
2.0 ! b ‘
A arXiv:1603.06548 [hep-ph].
:':,';:,:’,:l:“” = Z,::’""‘" Kool palpteshaigns, GRS, LP. Parks, I. Balitsky and A. Tarasov, JHEP 07, 095 (2017),
a a . e s 2 b 9112 seau, e ]
T::’.. Auiﬂ:u; N‘z? Armesto,® Guilisume Beul,® Mauriclo Martinez * Physics Department and RIKEN BNL Research Center, Brookhaven National Laboratory, aerV:1706.01415 [hep—ph] 5
and Carlos A. Salg Upton, NY 11973, U.S.A. I. Balitsky and A. Tarasov, JHEP 05, 150 (2018),
* Departamento de Fisica de Particulas and IGFAE, Universidade de Santiago de Compostela, k. : .
E-15706 Santiago de Compostela, Galicia-Spain E-mail: renaud.boussarie@polytechnique.edu, mehtartanibnl.gov arXiv:1712.09389 [hep_ph]
* Department of Physics, The Ohio State University, A w e b ; N e b I Balltsky and G. A. Chlrllll, Phys Rev. D 100, 051504
Columbus, OH 43210, U.S.A. ABSTRACT: We revisit high energy factorization for gluon mediated inclusive Deep Inelastic ..
E-mail: tolga.altinoluk@usc.es, nestor.armestousc.es, Scattering (DIS) for which we propose a new semi-classical approach that accounts system- (2019)7 aI'X.IV. 1905.09144 [hep_ph] N
guillause.beuf@usc.es, martinezguerrerc. 160su. edu atically for the longitudinal extent of the target in contrast with the shockwave limit. In R. Boussarie and Y. Mehtar—Tanl, PhyS Lett. B 831:
carlos.salgadoQusc. es fhis framework, ba.m? on a partin.l twist cxp:umkm.-wv.:lvri.w a fn'rturiution fonn.ul.a that 137125 (2022), arxiv:2006.14569 [hep_ph] a
involves a new gauge invariant unintegrated gluon distribution which depends explicitly on R Boussarie and Y. Mehta,r—Tani, JHEP 07, 080 (2022),

ABSTRACT: We present a new method to systematically include corrections to the eikonal the Feynman x variable. It is shown that both the Regge and Bjorken limits are recovered

arXiv:2112.01412 [hep-ph].

in this approach. We reproduce in particular the full one loop inclusive DIS cross-section in

approximation in the background field formalism. Specifically, we calculate the subleading, 2 qis :
. ) . ¥ . e the leading twist approximation and the all-twist dipole factorization formula in the strict Jx J ahhan—Marlan, Phys Rev. D 96, 074020 (2017),
power-suppressed corrections due to the finite width of the target or the finite energy of the Nea ava o =S . ) ekt & a0 .
projectile. Such power-suppressed corrections involve Wilson lines decorated by gradients r}= v """L S, quant;ux; o t;uon ';‘ s :‘;‘R“; c-xp‘?cu ; m.t SO W, arg;w arXiv:1708.07533 [hep'ph] $
of the background field — thus related to the density - of the target. The method is of L T TE) s J. J alilian—Marian, B hyS. Rev. D 99, 014043 (2019),

. STl 3 . 5 Ul kinematic constraint that must be imposed on the phase-space of gluon fluctuations in the
generic applicability. As a first example, we study single inclusive gluon production in pA

target to ensure stability of small-z evolution. a’rXIV180904625 [hep—ph] .
collisions, and various related spin asymmetries, beyond the eikonal accuracy. . J. Jalilian—Marian, PhyS Rev. D 1 02, 014008 (2020),

KEYWORDS: Deep Inelastic Scatteri Small-X Physics, Parton Distributi -
KeEyworDps: QCD Phenomenology, Hadronic Colliders bl L e arXiv:1912.08878 [hep_ph]

ARX1IV EPRINT: 2112.01412
ARXIV EPRINT: 1404.2219



The relation between CGC and high-twist expansion

® [ake direct photon production as an example

NS N

/o

L.

N,

Parton density increases-

o Higher twist become important at moderate pyzl

1

do ~ —— A—I—BU~62L> | C<ki>2

4
Py i T
leading twist

(twist-2)

2 4
Py1 Py

N’

Higher twist
(twist-4 and twist-6)

(k1) ~ Qf x APy
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Direct photon production in p+A collisions

® Single scattering (g+g channel)

\M/ N WV L W

[
e

Fan N Pl

® |eading twist collinear factorization

dUSA_w 1 [ dz, dz U oA A
Efy d3p~y —0em Qs g Ef(xp) ?fg/A(x) Hqg—)qu(sa ¢, U) 5(3 G u)

1 dy~

—ixPTy~ wWin— == 5. t. 1
fora(@) = —5 [ 5 — eV (PA|FT(07) F, (y7)|Pa) Hygsqv(8,1,8) =

2T
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Looking backward - incoherent multiple scattering from high-twist

® |nitial state double scattering and single-triple interference

15



Looking backward - incoherent multiple scattering from high-twist

e Complete twist-4 contribution

D result from initial state rescattering
E 194A— — /d:cpfq(a:p):cb “oae £ — 62§+2 []

" d3p’7 N c2 p‘YL T1=2p,22=23=0 A Central Asymmetric
_ dy~ dyl dy2 i1 Py~ Jizo P (y; — ) i Pt Derivatives 2701
T($1,$2,CB3) _/ o 9m 9O g Y e Y1 —Y2 387Yy 2nd 54[3%88:1; ] 0
1 Ist -3¢ 0]+ (1- 98 "] | 1- 98]
e (PAlFH(07)F %y )P (47 ) F ()| Pa) otk oo -
® Positive contribution from incoherent multiple scattering
dol A A7r? a o de dx . .
S R TR X T Jo 11
5 | d3p7 Nc 3 CUp f( P) T qg—)q'y( 9 9 ) ( _. S t

[:c Ox? ““x = (z)]

Only initial state rescattering contributes
positive -> nuclear enhancement 16



Looking forward - coherent multiple scattering from CGC

® Direct photon production with the CGC/saturation framework

S
<

e CGC differential cross section

doPHA=7+X aemed

ST [ e i 0-07) e

dn,d2p, | 2n2 f, (€l —pyr)’ P2,

* Dipole correlator

Flea,by) / / Lt e WLV S0P (g 459, 9))

S( )(a:A,yL,yL) Nc <Tr [VT( )V(yl)] >xA V;j(yL) = Pexp (ig /Oo dz—AJﬁc(y—ayJ.)tgj)
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From CGC to leading twist collinear factorization

® (Consistency between CGC and single scattering

« considering large p,) togo beyond small-x

1 1 &l

(Sl — pyJ_)z P% Pf
. .

twist-2 twist-4 P

e [wist-2 cross section

2
doPTA=7+X aemefos

dn7d2p7J- NC Lp,min
. N
al:li% zfo/4(T) 2m2 0

eijAPXAy ~ 1 EAAI/?’ <1

Ny —— —l— + T :;:j_'_f:/x; ;knz’:’"}
[ e o o I""'*»»;,,i . e 2g Dy Pp == e
? \
k

& 14 (1-¢)?

dzy f(zp) A iAfg/A(fA)

T A—0

d?l 1% F(z,1;) Baier, Mueller, Schiff, 2004

Dropping out the phase in small-x limit
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From CGC to twist-4 collinear factorization

® (Consistency between CGC and double scattering

« considering large p,) togo beyond small-x

1 1 &l

) ~ _2 + A + c oo =1-;:"l_:_— L

(glJ_ o p 14 J_) p 14 p 4
‘ ‘

twist-2 twist-4 P

e [wist-4 cross section

do? A7t (2m)* aemeers [ 1+ (1-¢) ]
dn., d2 - N2 : L; dzy f(zp) [ : ]Tg/A(:cA,O,O)
NyA"P~ L NIT C % p'y_L .10
ON?

:}:1_1;% Tg/A(ma 07 O) — (271_)4(13

/ 19d%l, F(z,1))

Some terms are missing comparing to twist-4 result with finite x !



A unified picture of dilute and dense limits

® Bringing back the longitudinal “sub-eikonal” phase for single scattering

do /d:cpf(xp) HT
Expand the Wilson line;
(2m)5(1~ =17 )y~ / d?y) e -t / dy (l+—l'+)z’gAf{ (™) ()

Collinear expansion:

Ha(py;y,y') = e
! pil oy, - ayl

| \ | 2
doPTA=7+X  aemeros [l

— 0) ,—
dn,d?p,. N, dzy f (zp) H(E PyL)Ea S 4 (E4)

Lp min

Matching exactly to leading-twist result beyond small-x limit |

852 [1 IF (]' o é.)2] i:EAPX(y_—y’_) 82 / dzlJ_ _z'l_]_-(y_J__yi]_) -+ ....
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A unified picture of dilute and dense limits
® Missing diagram in CGC

Pan
i

=

iy N (7

=~
<

7
33p3

phases = e

1 1 [py1 —ElLL)°

* formation time for photon production: 7. iom = s E(1—6) P

» LPMeftect: 7, ¢y >y — y’_, coherent double scattering cancels,
while this diagrams remains a net incoherent double scattering.
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A unified picture of dilute and dense limits

® (Consistency between CGC and double scattering E =, EE = EEE =
daoc/da:pf(:vp)?{@)'r fE * E% + EEE
T (21, 22, 23, 24) = ~— <Tr (At (27,211 ) AT (25, 221 ) At (23—, 231 ) A (27, 241)]) " % E " E EE
HEL (Pr; v, Y, y1, 12) + EEE

_8H(g, py 1Yo PA6 -y 00w —y) OOWL —10) | o,y ) 05 diagrams at twist-4

1 8% (y11L — yo2u)
P>,  OyiL-0y21

[452 + &(1 — 6)(iiAPXAy12) 352(za:AP+Ay )+ 52(i£Y}APZAy_)2] ]

pHA—Y+X 2
Qlem€FOls

dnyd*pyr No
(27) aeme%ag : .
| N?Z / dz, f(zp) H(E, PyL)Dc1(§, T4, T1, T2, v3)TC 1(Z1, T2, T3) T1=T A
p"Y_L L'min :1:2=a:3=0

Recover the Complete result from tW|st 4 formallsm and the gauge I|nk |n PDF'




Summary Yu Fu, Zhong-Bo Kang, Farid Salazar, Xin-Nian Wang, and Hongxi Xing

-

2023, to appear soon!

Y =1n—

Color Glass Condensate (CGC)
Wilson lines, nonlinear BK/

High-twist formalism

Multi-parton correlation, DGLAP-
type evolution

Leading twist collinear
factorization

In Q2
Taking direct photon production in pA collision as an example, we show the

consistency between the collinear factorization (dilute) and the extended CGC
(dense), and establish a unified picture for dilute-dense dynamics in QCD medium.
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Outlook

In Q2

| Momenturh Transfer Q? (GeV?)

-
o
w

e
ol 10° 102 10°" 1

THANKS!

D EIC 10 x 100 GeV?

EicC 3.5 x 20 GeV?

JLab 12 GeV : eteates
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Fraction of Momentum X

Mapping out the QCD phase diagram for nuclei with worldwide efforts

using a unified theoretical framework!
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