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EIC Science: from quark/gluon to cosmo

m How do the nucleonic properties such as mass and spin emerge from
partons and their underlying interactions?

m How are partons inside the nucleon distributed in both momentum and
position space?
What happens to the gluon density in nucleons and nuclei at small x? Does it
saturate at high energy, giving rise to gluonic matter with universal properties
in all nuclei (and perhaps even in nucleons)?

m How do color-charged quarks and gluons, and jets, interact with a nuclear
medium? How do confined hadronic states emerge from these quarks and
gluons? How do the quark-gluon interactions generate nuclear binding?

m Do signals from beyond-the-standard-model physics manifest in electron-
proton/ion collisions? If so, what can we learn about the nature of these new

. Particles and forces? EIC Whitepaper for LRP
| 120124 QCD Whitepaper, 2303.02579
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https://forms.gle/zVGsNmeyGYnRGWtp6
https://forms.gle/zVGsNmeyGYnRGWtp6
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Transverse Momentum Distributions at small-x

m Consistency between the collinear TMD definitions and
the small-x dipole calculations have been established

Dominguez-Marquet-Xiao-Yuan 2011

m They are the most studied subjects in small-x
phenomenology: inclusive, semi-inclusive processes
m Unique predictions of the TMDs from small-x formalism
Significant linear polarization for the gluon (Metz-Zhou 2011)

Spin (of hadron) dependence offers nontrivial QCD dynamics
(Zhou et al, 2015; Kovchegov et al, 2016-2021)

o \ 5/20/24 3



Beyond leading order picture: additional
dynamics comes in

Soft gluon
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m BFKL vs Sudakov resummations (LL)
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QCD evolution at high energy

m BFKL/BK-JIMWLK (small-x)
m Sudakov (TMD)

Mueller-Xiao-Yuan 2013
Balistky-Tarasov 2014
Xiao-Yuan-Zhou 2016
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Sudakov resummation at small-x
m [ake massive scalar particle production

p+A—H+X as an example to demonstrate the
double logarithms, and resummation

P —ifm . H,My

> WW-gluon distribution

AI{\"]
do(LO) d?x  d%x’ ,
2 = oo [ k0, (20) S (2 ) ;
dyd?k (27)2

S (e1,0) = (T [P0 )0 0 )],
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Explicit one-loop calculations

""""""""""""""

d 1 o
Togp(To) / gKDMMX R S"W(zi,y)+ (_E) SYW(z 1, y1)Pyse ® Tog(zo) ,

m Collinear divergence = DGLAP evolution

m Small-x divergence = BK-type evolution

”"DI A Dominguiz-Mueller-Munier-Xiao, 2011
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Soft vs Collinear gluons

m Radiated gluon momentum

kg = agp1 + Bgp2 + kg1
m Soft gluon, a~B<<1
m Collinear gluon, a~1, <<1

m Small-x collinear gluon, 1-f<<1, a->0
Rapidity divergence
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Final result with resummation

m Double logs at one-loop order

do(LO+NLO) B2z, P, . ,
dydPk, QT ""/ (éLyr)z S S CIRE D E N C T %
2.2 2 92 2 2
: (1o omet -3 () 5]}
L nC 0 0
dor(resum) dQI_LdQ:U'l ikt S 2 2\ CWW
ddek_L IkL<<Q = 00/—(27.‘.)2 e 1 .Le sud(Q*, l)SY=lnl/:ca(IJ.a:E’_L)
2
Qg T
Xz gy(z, p? = c§/r1) [1 * __NC:| ;
T 2
’\% 9 Mueller-Xiao-Yuan 2012
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Sudakov leading double logs+small-x

logs in hard processes, e.g., dijet

m Each incoming parton contributes to a half of the
associated color factor in Sudakov

Initial gluon radiation, aka, TMDs

do
dy1dy2dP?d?k

x H(P?) / d*z, d?y, e+ CLVOW, (21, 1)

Sudakov ,
) H(Pf)/d2$Ld2y¢62kLRL%_SS“d(PL’Rl) ea(T1, Y1)

r’m A Mueller-Xiao-Yuan 2013
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TMD at small-x: Sudakov and BFKL (BK)

m Start with the factorized TMDs, with full operator
definitions

m Calculate the high order corrections in dipole formalism
With proper subtraction

m Solve the TMD evolution with BK-evolved dipole
(quadrupole) amplitude

See also Skokov’s talk Friday

a 11



* o

Subtracted TMD at small-x

fg(SUb.) ($, ri, UF, Cc) — f;nsub. ($, T_L)\/

Sn,v ('r_l_)

Sr(r)Sno (r )

CGC: WW-gluon Subtract the endpoint
Dipole gluon Singularity (Collins 2011)
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m TMD evolution follows Collins 2011
with resummation, doesn’t depend on scheme

m Small-x evolution follows the relevant BK-evolution,
respectively

Dipole: BK
WW: DMMX

a 13
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Small-x gluon distribution with TMD
- Mueller-Xiao-Yuan, 2012;Xiao-Yuan-Zhou 2016
resumimm atl on Caucal-Salazar-Schenke-Venugopalan 2022-23
Taels-Altinoluk-Beuf-Marquet 2022
Mukherjee-Skokov-Tarasov-Tiwari, 2023

xG(l)(x, ki, (o= pr=Q) s Hard scale entering TMD

Factorization, e.g., Higgs
2 / d2£B_Ld2y_L

=) s (2m)*
XF)‘/}Vzvl‘;ll/x(quyJ_) ) j

Pert. corrections

ek Ty HWW( o, (Q)) o~ Ssud(Q%rd

Small-x evolution Sudakov resum.

T Prediction Power!!

reecces m|| 14
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Comments/open questions

m Compare (in some kinematics, match) to TMD gluon
distribution in the collinear framework?

m Unambiguously determine gluon saturation
Both predict x-dependence, hard to distinguish them

Need a big nucleus to enhance the saturation effects,
l.e., EIC!

5/20/24
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Dijet-correlation in pp iIs much more
complicated

m Initial state and/or final state interactions N

kJ_

09

Boer-Vogelsang 03
P.S, At

Standard (naive) Factorization breaks!

Becchetta-Bomhof-Mulders-
Pijlman, 04-06
\ Collins-Qiu 08; Vogelsang-Yuan 08
Rogers-Mulders 10; Xiao-Yuan, 10
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Modified factorization

m Dilute system on a dense target, in the large Nc

limit,
([O.(pA—)Dijet-i—X)
dP.S.
a2
_ Ys 1) (1) (2) 17(2)
Z r1q(x1) 82 .7: Hqg_)qg—l-]: Hqg%qg]
a; (1) (1 (1)
+ ~l‘1(1(‘l'1):_2 []: (Hgg—>qq + Hgg—>gg>
(2) ( (2) (3) ;7 (3)
+]: ( 99—+93 T Hgg—>gg> +‘7: gg—>gg} '
Dominguez-Marquet-Xiao-Yuan 2011
5/20/24 17
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m Kt-dependent gluon distributions
F¥ =26 (z,q1). F2 = / G (q1) ® Flqa)
Fb :/IG@)(ql)@F(qg). F@ :/—q”;q”rcﬂ (1) ® F(g2)

q11
‘Fég) = /J'G(l)((]l) ® F(q2) ® Flqs3) ,

Dominguez-Marquet-Xiao-Yuan 2011

'l‘:_"}l\'?" 5/20/24 18
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Extend to dijet in hadronic processes:
count the leading double logs

m Each incoming parton contributes to a half of
the associated color factor

Initial gluon radiation, aka, TMDs
m Soft gluon radiation in collinear calculation also
demonstrates this rule
Sterman, et al

Sub-leading logs will be much complicated, usually
a matrix form

ceceee A 5 120/24 Mueller, Xiao, Yuan 2013
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Photon-Jet correlation

m Leading order

S

] %

Dipole gluon distribution

o ':;l 5/20/24

20



=
BK-evolution

ol

g
o
P

L

9 (2) dgb_l_ (z1 — yJ_)
WSY (l'_L y_L)— — 272 /(

f— ] 5/20/24

21 —bi)2(yL —b1)?

5 |59 (@1,u1) — S (@1, be,vs)]
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Soft gluon radiation

S=al T2l

g cees T %

) o (:;PW |:><_;4_;CF;‘CA>1HQ <Q2(

m A? from (a,b) contribute to Cr/2 (jet)
m A? from (c,d) contribute to C¢
m [nterference contribute to 1/2Nc

o | 5/20/24
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T T
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= |A1|29CA, |A2|29CF/2, |A3|290F/2
O 2A1*(A2+A3)9'NC/2
m 2A,*A;, 1/Nc suppressed

rceeccd) \ 5/20/24
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q9—>q9

e

= |A1|290F’ |A2|29CF/2’ |A3|29CA/2
O 2A3*(A1 +A2)9'NC/2
m 2A*A,, large Nc suppressed

rceeccd) \ 5/20/24
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% “%‘gﬁ Q%ﬂ .

B |A[2Cp, |As|?2CA/2 |As|?>CA/2
O 2A1*(A2+A3)+2A2*A39'NC

creee) ';;l 5/20/24
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PA collisions at the LHC

0'07 L I L] I I i I 0'14 8: 1 L) I L) I * I ) 1 L 0'07 ) I ¥ 1 Y I L] I
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Include Sudakov effects in the CGC for

di-hadron correlations
m Unintegrated gluon distributions w/ Sudakov, e.g.,

(a) _NCS_]_ ° bJ_dbL SQ+9—>Q+Q(bJ_) 2
Fag' (Tg,q1) = - Jo(g1by)e 7sud Vi Sz, (b1)
L L L L2_U'HIHHI”‘W‘”W'”'U'”U'” T
Ll —20,25), 20,25 | sold: pp i - | — 25,300, 25,30 | Solid: pp
L[ 25,30, [20.25] | pogoaoae | - [ B0.100], 25,300 | b goa Ay
L |—[3.0,10.0], [2.0,2.5] 1 1} |—3.0,10.0], [3.0,10.0] ]
R | o
3| I 08¢
= Iz i
0.6 1 0.6}
04-', lllllllllll Lot laa g laaaa i \\- 0.4—_;"I,;II|\I|\||\||\|I\||\I|\||\||\||\||\\\\\r—
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Stasto, Wei, Xiao, Yuan, 2018, 1805.05712

Ag

28


https://arxiv.org/abs/1805.05712

Real data teach us more on the physics

m Compare pp to pA

0.002} Area
pp: 0.00103 = 0.00003

0.001

rceeccd) ';;l 5/20/24

0.002

0.001

- Area
pAu: 0.00076 + 0.00003

STAR Coll., PRL 2022, arXiv:2111.10396
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Simple extraction of nuclear suppression
indicates a Pt-broadening effects

m Suppression factor depends on RoA
the background subtraction 1;‘
11STAR fit: constant 1
background+simple Gaussian 1.1
shewsSInoIP-LigadenigSss -==X™aso=-=E==---—sEi - =0~
m Pt-broadening is not as profound -
as our previous predictions 07t
11t may change if different -~ . I A¢m
-1.5 -1.0 -0.5 0.0

background subtraction used

5/20/24 30



Looking forward

m \We need more data
Cross check the background! E.g., through charged particle
pairs, mixed pairs etc., and photon+hadron correlations

m \We need theory developments

Complete NLL resummation for dijet in hadronic collisions in
CGC (collinear framework done)

Need BK-JIMWLK evolution for all different UGDs, at least
qualitatively

"'\l | 5/20/24 31
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Beyond the leading double logs: collinear

m Jet size-dependence is computed by averaging the
azimuthal angle between the soft gluon and leading jet

m Matrix form due to colored final state Kidonakis-Sterman 1997

Z1 fa(CUl, U = bo/b_L).CUQ fb(asz, = bO/bL)e_SSUd(QZ b1)
Q d Q d

Tr |:Hab—>cdexp[_/ “’YST]Sab_)cdeXp[—/ 'UIfy ]:|
bo/by M bo /b, M

(Sun, C.-P. Yuan, F. Yuan, PRL 2014)

Q? du2 2 2 2
2 . H Q Q Q
Ssua (@ ,bL) _/bg/bﬁ_ —#2 [ln(ﬂ )A+B+Dlln P2R2 +D21nP%R2]

D: color-factor for the jet

’\| |R jet size
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Compare to the full calculations

:HH‘\H\‘H\\‘HH‘HH‘HH‘HH‘\&

180 < P™™ < 400 (GeV) (X1000)
130 < PT™ < 180 (GeV) (X100)
100 < PI™* < 130 (GeV) (X10)

1/ado/dd
QA
\

[y
<
TTTT T T TTTTIT

—_
o
bS]

T T 117

—
TTTTTYS
.

107k
- DO kinematics | singular
102 ol b b L= 1llLO
23 24 25 26 27 28 29 3
i A ¢ (rad)
(Z’}l n
\| 5/20/24

as 1 dzx dz:
s 3 o0 [ ST (el ) ol )

ab,a’b’ 1 2

X {00} d (6P a(£0)8(1 — £2) + &Py (€)5(1 — &)

2 1 1
+5(1 — 51)5(1 — 52)6@/5})5/ (Ca + Cb) In Q—2 + Cc In Y] + Cd In o
q R; R;

1

+5(1 — 61)5(1 — 52)600155;,;I‘“”"Cd s (10
Leading P+

Total quPTSIH(A(I))

full LO: Nagy 2002, NLOJET++
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Compare to the data

gO“;— 180 < P™* < 400 (GeV) (X1000) | |,
o [ 130< PT'"“<180 (GeV) (X100)
70°E 100 < P™ < 130 (GeV) (X10) 2
- 75 <PT*™ <100 (GeV)
10%E , E
E ."".{.' 7‘._:—#—< '.:E
T = SR ]
3 S 3
E e DO data
"—1— —t— i
10-2 E_ - _.-"..' = NLL Resummation
:] || .I L | 1 | | 11 | I Ful NLO
16 18 2 22 24 26 28 3
¢ (rad)

] V] &7 T

NLL Resummation:
Sun,C.P.Yuan, F.Yuan, PRL2014

21 fal@1, b = bo/bL)Ta fo(wa, p = by /by JeSs:a(@00)
du Q d,u

—’Y
bo/by M

Q
Tr [Habﬁcdexp[— / ST]SabacdeXp[_
bo/br M

Full NLO: Nagy 2002, NLOJET++
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