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“Old” and long standing problems for cold nuclear matter effect

® Nuclear partonic structure
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e Quark gluon propagation in nuclear medium
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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

-
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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
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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
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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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The significance of high-twist effect in hadron fragmentation
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The significance of high-twist effect in low O~

» » . 2 2 C
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NNLO

Fitting precision
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The significance of high-twist effect in low O~
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The relation between CGC and high-twist expansion

® [ake direct photon production as an example

NS N

-

L.

N,

Parton density increase-

e Higher twist becomes important at moderate p},zl

1

do ~ —— A—I—B<k3‘> | 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

18



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 19



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 in small-x limit

« considering large p,) togo beyond small-x
1 1 &l

(6l — pyl)z P;g p;l 1
Lo

twist-2 twist-4 P

e [wist-4 cross section

=

doPtA—7+X It 204em620£g 1 411 4 (1 — £)2
dn., d? :( ) N?2 f /p§ dwpf(wp)g | é ) ]Tg/A(i’A,O, 0)
77’7 p’YJ_ NLT C P—_ p‘y_l_ EA—)O
lim T 0,0) = 2N 14 d%l, F(z,1
a:li)I%) g/A(w7 9 )_ (271')4(13/ 1l (117, J_)
L Lo . _ 0Ty a(z1, 2, Z3) | .
matching in the small-x limit if ;%4 9z, o=z, < Mim Ty/a(Z4,0,0)

x2=0,r3=0

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

r - — + + P — - ‘:-T_A,-j:_-__ﬁ_ : _i_-—::::_‘:
N e o o = ST e 4 D~ Pp
P, .
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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 us / dy (l+—l'+)z’gAf{ (v y) ()

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

dn,d*pyr No
(27) aeme%ag : .
| N?2 / dz, f(zp) H(E, PyL)Dc1(§, T4, T1, T2, 3)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?)
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o
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e
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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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