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Gluon Saturation

Rapid growth of gluon distributions at small x —— Violate unitarity

HERA
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Non-linear effects in QCD at

sufficiently small x (e.g. gluon
recombination) tame the growth
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non-perturbative region
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In x

Gluon saturation

Characterized by a scale QS2
(saturation scale)

Q2 ~ (A/x)'/?



G lUOﬂ Satu ratiOn McLerran, Venugopalan.

hep-ph/9309289, hep-ph/9311205
The Color Glass Condensate =B =b-b

Large gluon densities at Characterize small x gluon as a classical
small x | Yang-Mills field sourced by valence quarks

Computations in QCD +QED in the presence of color back-ground field Aﬁfl

| 2, 4 £ LA Light-like Wilson line
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Viij(x) = Pexp {ig/da:_A:l’a(az,a:_)ta}
Acl Acl Acl Acl

Effective eikonal quark vertex
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Observables depend on <Tr(kuv£u)>y -~ <TI‘(unV£LuViuVsﬁTu)>Y

1
correlators of Wilson Lines FC N,

They obey RG equations (Balitsky-Kovchegov, JIMWLK)
and depend implicitly on saturation scale QS2
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—Measurements at tﬁe
future E a Collider
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Structure functions at small-x

F; in the saturation framework vs leading twist
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Bartels, Golec-Biernat, Motyka. 0911.1935
F; is affected by multiple gluon scatterings at all orders in twists (1 /Q2)
Enhanced for nuclear collisions and at smaller values of x

Will these differences manifest at colliders?
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Structure functions at small-x
Reduced cross-section and F; at HERA
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Ur(xayaQ):F2(m7Q )_1_|_(1_ )2FL($7Q ) . . . .
Y Dipole size contributions to [}
IPsat & IPnonsat (lineralized IPsat)
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U0 02 10T 100 102 107 107 107 At HERA saturation searches are hindered

x T x by non-perturbative contributions
Independent fits using IPSAT and
IPnonsat describe data equally well. . . .
Mantysaari, Zurita. 1804.05311
No clear evidence of gluon saturation at HERA See also Mantysaari, Schenke. 1806.06783
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Structure functions at small-x

Nuclear PDFs vs saturation framework

Saturation effects Q2 ~ Al /3
enhanced in nuclei S
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Less sensitivity to
non-perturbative effects

- EPS09 (Q* =10 GeV?) L

. 1.251-

Sea quark and gluon distribution before
and after Bayesian re-weighting

At the EIC it might be possible to find tension between nuclear PDFs and

saturation predictions

Marquet, Moldes, Zurita. 1702.00839




Diffractive processes

Diffractive events are

Neutral color exchange
requires at least two-gluons
(enhanced sensitivity to
gluon sat)

Ratio of diffractive and total cross-

section in ep and eAu collisions

0.5

0.4

0.3

O4iff/ Otot

0.2

0.1

black disk limit

cAu Q2 =10 GeV?

ep Q2=10GeV?

oO

I201 L 40I 1 I60I | I80 | 1 I100I ! I120I | I140

W (GeV)

Diffractive events enhanced at lower Q2
and have weak dependence on energy

characterized by rapidity gap
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Clear difference between saturation
models and leading twist shadowing (LTS)

10 EIC White paper. 1212.1701




Diffractive processes

Exclusive nuclear electro-production of VM
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e Sartre event generator (bSat & bNonSat = linearized bSat)
e Large difference for ¢ less so for J/y
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Toll, Ullrich. 1211.3048




Semi-inclusive measurements

Back-to-back di-hadron suppression

Dominguez, Marquet, Xiao, Yuan. 1101.0715

P11 k|
P> |

e 4
‘ TMD factorization at \ —»
X q small-x Weizsacker-Williams

A¢@ angle between P11 and P2 |
xGyw(x, k) gluon TMD ?

Typical momentum transfer
from hadron/nucleus to

kJ_NQS

WW at small-x depends on
sat scale Q.
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Gluon saturation —» ) Zheng, Aschenauer, Lee, Xiao. 1403.2413
suppression

. Sudakov factor included!



Semi-inclusive measurements

Azimuthal anisotropies of dijet momentum imbalance

Ratio linearly polarized to unpolarized
WW gluon TMD in the CGC

0 | 2 | 4 | 6 | 8 | 10
kJ_/Qs(Y)
Dumitru, Lappi, Skokov. 1508.04438

Accessed in azimuthal asymmetry of
momentum imbalance in dijet pairs

Dominguez, Qiu, Xiao, Yuan. 1109.6293

For effect of soft gluon final state radiation see
Hatta, Xiao, Yuan, Zhou. 2010. 10774

WW gluon TMD > Dijet azimuthal
)

(linearly polarized
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dN/d¢ (arb. units)

Input transverse do/d¢: v,y =-0.0404

------- Combined fit result (transverse): v,y = -0.0414
B Input longitudinal do/d¢: v,, = 0.1438
0.06=  =eeeeen Combined fit result (longitudinal) y2, = 0.1388
i «=++=  Background (Pythia)

Sum of all sources

125 <q, <1.75 GeVic
3.00 <P, <3.50 GeVic
1<n<25

¢ anglebetweenPyand k| vy = <COS(2¢)>
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Dumitru, Skokov, Ullrich. 1809.02615




Recent theoretical
developments




Matching TMD and CGC frameworks at small-x

From Wilson Lines to TMDs and beyond
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_ TL=%TL —Y, TMD

T 5
Small dipole size expansion amplitude: 1 — V(wL)VT(yL> = ZgrfLAij +0O(r7)
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ﬂltinoluk, Boussarie. 1902.07930 Boussarie, Mehtar-Tani. 2001.06449

T . .
1 V(e )Viyy) = ig / dz Al (z.)
Yy

N >y

A gauge invariant expansion: ITMD

1 YL

T _ Z11 . y
e / dzi | / dz | A (21 )V (21 )V (200) A (20.)
Yy

\ genuine higher twists (g.h.t.)

~
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Matching TMD and CGC frameworks at small-x
CGC, improved TMD and TMD frameworks e

e .
2 L g ? \LLH , oL
L u. — b
& : q j)
pA}X A}X

Mantysaari, Mueller, FS, Schenke. 1912.05586

yJ_g

Boussarie, Mantysaari, FS, Schenke. kinirgatic geriliine
2106.XXXXX - N 7 N
kJ_ Qs
docgc =dorvp +O | — | + O
. QL) Q1
dorrMmD

4 TMD valid k,Q0, < O, N ( Improved TMD valid Q, < O, )

transverse momenta larger

back-to-back hadrons/jets than sat scale

and transverse momenta larger than
sat scale No need for back-to-back!

J
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Matching TMD and CGC frameworks at small-x

Kinematic and genuine higher saturation effects at the EIC

Momentum imbalance azimuthal

Boussarie, Mantysaari, FS, Schenke. 2106 .XXXXX : )
anisotropies

Yo+Au—q+q

Differential yield

1088 1M tAu—g+q+X + CGC

0.6 | | | | | | |
0 0.5 1 1.5 2 2.5 3 3.5
k_]_ (GGV)
. o PJ_:4GGV
CGC shows further suppression relative 61 . o - oacl
to TMD at back-to-back limit Q? = 10 GeV? —— TMD
0 o5 1 15 2 25 3 35

kl (G6V>

Anisotropies modified in ITMD and CGC

17




Next-to-leading order computations

Recent advances of NLO computations

. . J/W electron production
Reduced DIS cross-section fits with (only L polarization) at NLO
NLO BK + NLO impact factor*®

] HERA data o =,
= a2l
KCBK fit C 10
1.4' ----------- ResumBK fit B
..................... % — NLO KCBK Y gk = 0.00
1.2+ < OB Yo 000
% = == NLO TBK YOIBK:4.61
—+— NLO ResumBK Y, gk = 0.00
b& 10— — SgoLg{g;mBK Yo.BK = 4.61
0.8F
0.6r
0.4r
107
Beuf, Lappi, Hanninen, Mantysaari. 2007.01645 0.6 ———— —
W [GeV]
Should be extended to nuclear DIS Mantysaari, Penttala. 2104.02349

for EIC predictions!
Comparison with HERA data

once T pol is theoretically available
* only light-quark contribution 18



Next-to-leading order computations

See also Roy, Venugopalan.

Dijet production at NLO
1911.04530 for photon+dijet

Caucal, FS, Venugopalan. 2107 . XXXXX
Computation of real and virtual contributions to dijet production

Real emission

Self-energy contributions Vertex contributions
o < @ q<q . W.@: . < ?MQEQT:M G
< q q W@ ﬁ/* q H q

7~ q<q WNC:E

N4

Small-cone condition:

N | N

Cancellation of divergences: UV, soft and collinear
. (2 — 24)”
Factorization of small-x: Leading Log JIMWLK evolution Cag 1t S Cag,1 | o = Bpjmin (_927 : 22 ) )

for proper jet definition

e Numerically tractable expressions for impact factor

Numerical results will be available
in the near future!
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Summary/Outlook

Discovery of gluon saturation is one of the major goals of
the future EIC

The Color Glass Condensate is an EFT for this saturated
regime that has been applied to calculate a variety of
processes

A wide variety of observables are available to search for
gluon saturation:

structure functions, diffractive processes and semi-inclusive
measurements

Recent advances in higher order computations and
connections to TMD framework will allow to extend the
robustness of theoretical predictions for the EIC
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Other measurements at the EIC

e Exclusive dijet measurements and Wigner distribution

Hatta, Xiao, Yuan. 1601.01585
Mantysaari, Mueller, Schenke. 1902.05087

e Incoherent diffraction and fluctuations

Mantysaari, Schenke. 1603.04349
Mantysaari, Roy, FS, Schenke. 2011.02464

o Single hadron/jet semi-inclusive production R, ratios

lancu, Mueller, Triantofyllopoulos, Wei. 2012.08562

e Inclusive quarkonia and WW gluon TMD

Bacchetta, Boer, Pisano, Taels. 1809.02056

e Hadron+photon correlations
Kolbé, Roy, FS, Schenke, Venugopalan. 2008.04372
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