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Gluon saturation at small x

Anatomy of nuclear matter in the high energy limit

Artwork: T. Ullrich

momentum
Emergence of an energy and nuclear specie dependent momentum Q2 X A1/331/3
scale (saturation scale) parametrizes importance of: 5
x <0.01
Multiple scattering (higher twist effects) I 5. - 40 Gev (o
| EIC VS0, = 90 GeV (eAu)
Non-linear evolution equations (BK/JIMWLK) HERA (o) g
b perturbative regime ————
Review of gluon sat. A. Morreale, FS (2021) 3 XT Ces 1 a2 o2

2 2
2 o Qs (GeV)



Gluon saturation at small x

Color Glass Condensate: sources, fields, multiple scattering

Large-x partons are effectively treated as a
collection of recoilless localized and static

random color sources Source the back-ground field

Ang(wlvx_) ~ 1/9

L. McLerran, R. Venugopalan (1993)

) T (1,%) (', J) w > (7,7)

Exponentiation
(within eikonal approximation)

Ayala, Jalilian-Marian,

McLerran, Venugopalan (1995) _ N — _ il =1 )z,
Balistky (1996) Tii(1,1) = (2m)o(l™ — 1" )y~ sgn(l )/ e b2y, ()

L

Light-like Wilson line  Vj;(x) = Pexp {ig/dx_Ang’a(m, CC_)ta}
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Gluon saturation at small x

Color Glass Condensate: non-linear evolution

Tr [V(z ) VT(y )] Tr [V(wL)t“VT (y )" Uap(21)
Dipole: 58) (1 —y,)= Ni <Tr [V(mL)VT(yL)DY

.. . |. Balistky (1995), Y. Kovchegov (1999)
Gluon emissions lead to evolution: BK and JIMWLK ;. Jjalilian-Marian, E. lancu, L. McLerran,

, H. Weigert, A. Leonidov, A. Kovner (1996-2002)
BK equation:

dS)(E) (1) _ as N, a42¢ rzL
dY 272 lfr’f(rL — 7' )?
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Precision computations with saturation

Pipeline of NLO observables

Universal non-linear Very few observables: structure
. . functions, and single hadron-production
evolution equations
BK/JIMWLK A
1
1
LL, NLL + resummation : \ f ' \
’ Numerical Phenomenology

implementation

» Event generators

Fits (many points,
interpolation, etc)

J \_ J

A few dozen points

Process dependent
impact factors

do =dog + a,doy + - - -

—

LO, NLO + '
" other l;er;lénl‘cr)g,it]on do = (1+ ln(5)7LL) dog + O‘SdTUI-F- T

Leading log evolution NLO impact factor
Hamiltonian



Precision computations with saturation

Evolution equations at NLL accuracy

The evolution of the BK equation through the years

BK with running coupling
BK at NLL
BK at NLL is unstable

BK at NLL
with resummation

BK at NLL with
resummation is stable

and the JIMWLK equation

JIMWLK running coupling
JIMWLK at NLL

JIMWLK at NLL
with resummation

Y. Kovchegov, H. Weigert (2007)
|. Balistky (2007)

|. Balistky, G. Chirilli (2008)

T. Lappi, H. Mantysaari (2015)

B. Ducloue, E. lancu, A. Mueller,
G. Soyez, D. Triantafyllopoulos
(2015)

T. Lappi, H. Mantysaari (2016)

T. Lappi, H. Mantysaari
(2013)

|. Balistky, G. Chirilli (2013)
A. Kovner, M. Lublinky, Y. Mulian (2014)

Y. Hatta, E. lancu (2016)

Numerical results for JIMWLK at NLL still missing!

Instead use Gaussian approximation for
evolution of higher-point correlators?
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Precision computations with saturation
Impact factors at NLO

Structure functions
|. Balitsky, G. Chirilli (2011)

light quarks G. Beuf (2017)
H. Hanninen, T. Lappi, R. Paatelainen (2017)

massive quarks  G. Beuf, T. Lappi, R. Paatelainen (2021)

Diffractive processes in DIS

dijets and light vector R. Boussarie. A. Grabovsky, D. lvanoy,
meson L. Szymanowski, S. Wallon (2016)
heavy vector meson H. Mantysaari, J. Penttala (2021)

Semi-inclusive processes

Single hadron in pA G. Chirilli, B. Xiao, F. Yuan (2012)
Dijet in DIS P. Caucal, FS, R. Venugopalan (2021)
Dijet+photon in DIS K. Roy, R. Venugopalan (2019)
Dijet+photon in pA E. lancu, Y. Mulian (2021)

(real emission)



State-of-art phenomenology

Deep inelastic scattering structure functions
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G. Beuf, T. Lappi, H. Hanninen, H.

Mantysaari (2020)

05 L 1% L LLL LLLL LLL L
0.4r S 918 = 25 4 43 =28 &332 35
0.2 T [ ............... —

0'1_ [ ]
0.0_ ® H1 data
— KCBK fit

-- ResumBK fit
_0-1_ ..... TBKﬁt

[ I i | 1 —

- 10.0 100.0
Q’ (Ge\/z)

Theory curves based on CGC with NLO impact factor and (most of) NLL BK equation

Implementation of different schemes for the resummation of collinear double logs and DGLAP-like single logs

Comparison to HERA data and light-quark pseudo-data

Light quarks are sensitive to large non-perturbative contributions



State-of-art phenomenology

Deep inelastic scattering structure functions

G. Beuf, T. Lappi, H. Hanninen, H. Mantysaari (2020)
Predictions for [, and F; at the LHeC

—— KCBK fit -1 ' — KOBK fit
35 - ResumBK fit O 6 ----- ResumBK fit

——- TBK fit .0 [ ——- TBKfit
30 [ s LOBK fit S [ [P LOBK fit

HERA data fit, Bal + SD o 0.5 "HERA data fit, Bal + SD

2.5 Yok = Mo.pk = In 557 Yo.Bk = 7o,k = In 547

g = 5.6-107 g

LT:\] 50 |75 =5.6-10°° —
1.5 0.3
1.0 0.2
0.5F 01f
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Outlook

Study charm structure functions (less non-perturbative contribution)

F; can be much more precise at the EIC

Predictions for nuclear structure functions at the EIC. Tension with DGLAP/BFKL based fits?

Structure functions as part of global analysis to other small-x observables
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State-of-art phenomenology

Semi-inclusive single hadron production |
A. Stasto, B. Xiao, D. Zaslavsky (2013)

BRAHMS 7 = 2.2,3.2 STAR n =4

10t

107!

[GeV—2]

a3 N
dnd2p

First comparison of saturation framework at NLO to RHIC data showed NLO contribution can be large and negative!

Triggered lots of studies
Matching to collinear and small-x factorization A. Stasto, B. Xiao, F. Yuan, D. Zaslavsky (2014)

T. Altinoluk, N. Armesto, G. Beuf, A.
Importance of kinematic constraints Kovner, M. Lublinsky (2014)

K. Watanabe, B. Xiao, F. Yuan, D. Zaslavsky (2015)

Rapidity factorization and NLL resummation B. Ducloue, E. lancu, A. Mueller, G. Soyez,
D. Triantafyllopoulos, Y. Zhu (2018)
Rapidity factorization and threshold resummation H. Liu, X. Liu, Z. Kang (2020)

Y. Shi, L. Wang, S. Wei, B. Xiao (2021)
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State-of-art phenomenology

Semi-inclusive single hadron production

Most recent results:
Theory curves based on CGC with NLO impact factor + rcBK evolution + threshold resummation

Comparison to RHIC data

4/SNN = 200'GeV
HQ = a2(u;2nin +pi)7 ac [274]
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Comparison to LHC data

e ATLAS pPb, -05<y < 0.5
= ALICE pPb, -0.3 <y < 0.3
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Y. Shi, L. Wang, S. Wei, B. Xiao (2021)
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How to efficiently do higher-order loop computations?
Two-ideas:
e SCET + CGC

Kinematic constraints can be reproduced by soft mode

Efficient resummation of threshold logarithms in single hadron production
X. Liu, Z. Kang (2019)  H. Liu, X. Liu, Z. Kang (2020)

Apply to other processes (e.g. dijets in DIS and pA)
e Timelike-spacelike correspondence

Perfect map between BMS equation (soft-wide angle radiation) and BK equation

(high-energy evolution of dipole) H. Weigert (2004) Y. Hatta (2008) A. Mueller (2018)

Used to evaluate NNLL BFKL and NNLL BK equation in .//° = 4 SYM
S. Caron-Huot (2015) S. Caron-Huot, M. Herranen (2016)

QCD non-linear evolution equations at NNLL? Impact factors at NNLO?
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Summary

e Saturation physics is gearing up for the precision era

e Resummation plays a critical role to attain predictive power

e Structure functions in DIS and single hadron production at NLO
compare well to data

e Many more observables to come in the next couple of years
(e.g. charm structure functions, vector meson/DVCS in DIS,
dihadrons/dijets in DIS and pA)

e Exciting possibilities by employing SCET techniques and
correspondence with jet-physics could boost the field towards
higher-order loop computations
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