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e small-x Improved TMD (ITMD) factorization
e Sudakov resummation

e results for dijets at hadron colliders and electron-ion colliders




QCD evolution, dilute vs. dense, forward jets

A dilute system carries a few
high-x partons contributing to the
hard scattering.

A dense system carries many
low-x partons.

F ORLWARD

At high density, gluons are imag-
ined to undergo recombination,
and to saturate.

4ETS

This is modeled with non-linear
evolution equations, involving
explicit non-vanishing kr.

DILWTE

A~ |0_| Saturation implies the turnover of the gluon density, stopping
it from growing indefinitely for small x.

DENSE Forward jets have large rapidities, and trigger events in which
partons from the nucleus have small x.

X~ 1074




ITM D FaCtor|Zat|On For forward dijet production
in dilute-dense hadronic collisions

Generalized TMD factorization (Dominguez, Marquet, Xiao, Yuan 2011)

dopagox = J dk3 J dxa Z J dxg Z d)ﬁfé (xa, kry 1) fo/B(xB, 1) d(};),ﬂx(x/\a XB, 1)
i b

For xa < 1 and Py > ky ~ Qs (jets almost back-to-back).
TMD gluon distributions d)élg (xa, kT, 1) satisfy non-linear evolution equations.

Partonic cross section dfr(glg is on-shell, but depends on color-structure 1.

Improved TMD factorization (Kotko, Kutak, Marquet, Petreska, Sapeta, AvH 2015)

doap—x = J dk7 J dxa ) J dxs ) Py (xa, ki, 1) Fom (xp, 1) dOy_x (xa, X5, kr, 1)
i b

Originally a model interpolating between High Energy Factorization and Generalized TMD
factorization: Pt = kr = Q..
Partonic cross section d(}(g% is off-shell and depends on color-structure 1.

ITMD formalism is obtained from the CGC formalism, by including so-called kinematic

twist corrections (Antinoluk, Boussarie, Kotko 2019).




Definition of gluon TMDs

+  similar diagrams with 2,3, ... gluon exchanges

Resummation of gluon exchanges leads to Wilson line U, = Pexpq — igJ dz-A(z)}
Y

acting as a gauge link for the gauge invariant definition of a TMD
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ITMD Factorization

Schematic hybrid (non-ITMD) factorization fomula

1 color 2
do = Z Jdm d’kr dez d®gyin flux.., Foloar kery ) £y 02, 1) Z ’Mg ‘JH“

yzgvu»dr" 9y color
ITMD* formula: replace color matrix in color sum in terms of partial amplitudes

‘?9 Z ‘M(Cdor) 2 - ‘ffg Z Z ‘Az Cor Ar y  Cor = N?(G’T)

color 0€SH42 TESH 2

with “TMD-valued color matrix”
(Ng - 1) Z Z -AZ éo‘T(X) |kT|) AT ) éO‘T(X) |k'T|) - NZ\(U’T)groT(X) |kT|)

0E€SH+2 TESh42
where each function JF; is one of 10 functions

(1) (2) (3)
?qg ) f’tqg ) fTrqg

(1) (2) 3) (4) (5) (6) (7)
3’“99 ) 9599 ) 3599 ) Hj99 ) Hj99 ) 3599 ) §99

*This gives the full contribution for 2 jets, and incomplete but manifestly gauge-invariant

contribution for more jets.




ITMD* factorization for more than 2 jets

Tho (o kr) = (Tr [P € UTR @ut]) <...>_zjd4“(‘5)eik-a<p\...\P>

(27)3P+
(]
Fig (x,kr) = <Tr][ff BN [P (@)U (0) um]>
C
Fao (k) = (Tr [ (@)U () uPu] )
Ot .. ..
Fog (%, k) = <Tr [fj I [P (@)U (0) um]>
C
1 s n
Foo (6, kr) = — (Tr [F* (£) WP v [Fi+ (0) U™
69 (o kr) = 5 (T [P (&) } r[ ©u]
TGy (e kr) = (Tr [P () T () u])
540 (e kr) = (Tr [F* () uTE () u])
T (x, k1) = (Tr [F1+ [Oltq Lt (O)u[Du ]>

O O
95()69) (x,k7) = < ][\1]/[ ] [:\]’( ] Tr [f:w (£) YT (0) u[H} >
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ITMD gluons

Start with dipole distribution T4y (x,kr) = (Tr[F** (&) UTF* (0) UM]) evolved via the
BK equation formulated in momentum space supplemented with subleading corrections
and fitted to F, data (Kutak, Sapeta 2012)

All other distribution appearing in dijet production, Fid, Ty, Forly Fiy, in the mean-field
approximation (AvH, Marquet, Kotko, Kutak, Sapeta, Petreska 2016).

This is, at leading order in 1/N.. In this approximation, the same distributions suffice for
trijets.




ITMD gluons
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KS gluon TMDs in proton
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KS gluon TMDs in lead
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Dependence of fﬂ(;g) on kr below 1GeV approximated by power-like fall-off. For higher

values of [kr| it is a solution to the BK equation.

TMDs decrease as 1/|kt| for increasing |kt|, except 3"529), which decreases faster (even

becomes negative, absolute value shown here).




Sudakov resummation for dijets

collinear rapidity
(DGLAP) (BK)

Having hard jets in the final state, large
logarithms associated with the hard
scale have to be resummed. This re- —
summation can be accounted for by in-
clusion of the Sudakov factor.

S. Sapeta

Within the small-x saturation formalism, Sudakov effects are most conveniently included
in b-space (Mueller, Xiao, Yuan 2013; Stasto, Wei, Xiao, Yuan 2018)

ag—cd
359

g*/B (X) qr, H) —

—N.S brdb _cag—cd
= J Tzﬂ L Jo(brqr) e Ssia et Vi, S(x, br)

27

where S| is the transverse area of the target, and S(x, bt) the dipole scattering amplitude.
This can be translated into a relation for momentum dependent distributions as

7Sag~>cd

Hfgfﬁg’c‘i(x, kT, LL) = J dbt by Io(kaT) € “Sud (1,b7) J dk{— k-{— IO(ka‘/r) .rfg*/g (X, k"/l')




Sudakov resummation for dijets

The Sudakov receives perturbative and non-perturbative contributions for each cannel

S&a M wbr) = > Si{wbr)+ Y S, (k,br)

i=a,b,c,d i=a,c,d
Perturbative part Mueller, Xiao, Yuan 2013; Stasto, Wei, Xiao, Yuan 2018
Q? 2
o d )
S(Q,br) = J dw’ [A‘I—Z—Bl}
2n T p

{A) B}qg—>qg = {2(CA =+ CF) y 3Cr + ZCABO} y {A) B}gg—)gg = {4CA> 6CABO}

Wy =2e Y5 /b, , b, =b/y/1+b2/b2 | b, =0.5GeV !

Non-perturbative part Sun, lsaacson, Yuan, Yuan 2014; Prokudin, Sun, Yuan 2015

. bt Ca 3Ca
S by) = Ct 2 | Q In— ag—dg — 1 4 A g9—gg — 2~A

g1 =0212, g,=0.84, Q3 =2.4GeV’

Non-perturbative contribution for small-x gluon already in TMD and omitted here.




Effect of Sudakov on TMD

KS nonlinear (no Sudakov)
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AvH, Kotko, Kutak, Sapeta 2021

do/dpr dy [pb/GeV]
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The pr distribution describes the data rea-

sonably well. It is a bit closer to the data
for small values of pr if the Sudakov factor
is included.

Calculations performed independently with LxJet (Kotko) and KATIE (AvH).

Sudakov resummation for central-forward dijets

do/Ag [pb]

from pp collisions at v/S = 7TeV
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A@ is the angle between the jets. The
Sudakov factor suppresses the peak at
A = m, and makes the distribution
concave.




Fqg(3) with Sudakov
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Within the Gaussian approximation, 3’“5? can be obtained from 3’“&19) via

2
( T[(Xs 2 d qT 1)
3'“9 (X kT) N, 12 SJ_ sz d In kz J q_zr ? (X qT) F g(X,TT — qT)

where S is the target's transverse area.




Dijets in DIS
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dx d*k
~ [ STk
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ITMD for DIS only requires Fy,
aka the Weizsacker-Williams density

X d(D(Pmk;pe)p])pZ) |meg*—)e’+2j :




Dijets in DIS
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Dijets in DIS
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Conclusions and outlook

e small-x Improved TMD factorization allows to consistently include saturation effects
in calculations for forward dijets, both at hadron colliders and electron-ion colliders

e in particular decorrelation-type of observables are sensitive to saturation effects
e inclusion of Sudakov resummation also has a sizable effect such observables
e we so far included both effects for DIS

e we plan to include the Sudakov resummation in all TMDs necessary for dijets at hadron
colliders within ITMD factorization




Thank you for your attention.



Augmented TMD evolution [ Marin Siasto 1967

Kwiecinski, Kutak 2003

b(x,k2) = dO(x, k) | linear BFKL with kinematic ﬁonstra|nt|

L as()N J‘ d_zr AP [P, )00 — 1) — Kb (5, k) | Ko, K)
W B 2 — K2 VA F KA

x Z
k2 2 1
k*) X
Azl X ) 4 %l J Az P, (2)( X %2
Jkg d)(z’ >+ 2y #Pealz) z’

2nk? z
202(k2) | /[ d12 2 ©dqiz /12

- [(szd’(">1z)) +¢(""<2)L2V'”(ﬁ)‘“"’w]
|

non-linear term from triple-pomeron vertex, with Ry = RA!/?

1
N o (K2) J dz(ng(Z) B ZNC)

| DGLAP corrections |

Kutak, Sapeta 2012:

2y ¢
Starting distribution ¢! (x, k?) = % (1) J dngg(z)§g<§) ,xg(x) = N(1—x)#(1—-Dx)

2nk? |,
fitted to combined HERA F, data, and with ¢(x, k? < 1) = k?d(x, 1).




