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Forward jet production in hadronic collisions

P,
A D,

Low xg leads to appearance
of large logarithms Inxg,
which need to be resummed

P,

Incoming partons’ energy fractions:
1 1

xa = — (|p e + > er? xp = — (|p e N + A e 2

A= (1o |p2r|€”) , 8= 75 (1Bl |Par|e™)
y1~0,%2>0 —> xa~1xg<1 (central-forward)
y130,p>0 —> xa~1 xg<1 (forward-forward)

Gluon's transverse momentum (py¢, por imbalance):

k7|2 = |Puir + ot ? = |Pir[? + |Bar|? + 2|P17|Pat]| cos Ag
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Transverse momentum dependent parton distributions

In collinear factorization one

assumes et 1
ki > k_, kt Py
For some observables, however, kt
should not be neglected, e.g. ro—n
do
—— where g7 = [p1T + por]|
dqr P
2T
In the back-to-back limit jet2

gr small = qr ~ kr

: . . d
Neglecting kT will have an effect on low-g71 region of d—a. Hence,
aT
one should include both ki and k7 in the parton distribution functions.
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TMD gluon distribution (naive)

dEA°ET oy et —ikr &y

Foa(xa, k1) naive 2/ —
o (27)%p,

(A|Tr [F'= (€7,&7) F™ (0)] |A)
This definition is gauge dependent!
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TMD gluon distributions (proper definition)

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

They all contribute at leading power and need to be resummed.
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TMD gluon distributions (proper definition)

4+  similar diagrams with 2,3, ... gluon exchanges
They all contribute at leading power and need to be resummed.

That is done by gauge links U, g

dETdPEr o . .
Fgalo, kr) = 2/(577)3,;E—T6’X2”A6 TS (ATET (67.€7) Ul F'™ (0)]|A)
A

» Ula,p) renders gluon distribution gauge invariant
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Gauge links

The operators U, g are built from Wilson lines

b b
Wi = Pexp {—ig/ dz n~A(Z)} , W[;b] = Pexp {—ig/a dzT~AT(z)]

a

The two basic gauge links

+] n T n
U = Wio- 0,300 0 Moo 0mi(zoo- e Mitoo €ite_ €0)

Y
[

ETL U+ Ul-l s
I £ £

We can also encounter loops

A

ultl — gyl =1t — gy=1g g1

As we see, the path [«, ] depends on the hard process. Hence, gluon
TMD is in general process-dependent.
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Gluon TMDs
Foc (Te [+ (Ui @) ut])

Tr[M

o< 1] Tr ,::+ (E)UH]T,’:—H (0) Z/{[H} >

A2 (M
o<<ﬂ

]T Fi+ ©ul- It i+ (0) u[H} >

52

Tr :F’+ (g)ulDlT] Tr [F'+ (O)u[ﬂq >

Doc (Tx [+ (U (0)ut]] )

]
Yo (Tr :F’+ () U1 E+ (0)ul- 1]>

2
<
<
9o (1

[Eit (¢)uDiyH1i Eit (o) U[D]UH]] >

g8 A

FO <Tr[xclﬂl] L[ZIJ\,[DH]Tr [ﬁi+ () UHITFit (0)u[+]]>
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Gluon TMDs
'F«%)O( <Tr [IA:H_ ©ulF+ (O)Z/{[+]}> dipole

Tr[M

o< 1] Tr ,::+ (E)UH]T,’:—H (0) Z/{[H} >

A2 (M
o<<ﬂ

]T Fi+ ©ul- It i+ (0) u[H} >

R

Tr :F’+ (g)ulDlT] Tr [F'+ (O)u[ﬂq >

Do (T [FF* (U (0) u[+1> Weizsacker-Williams

}
Doc (Tr :F’+ U E (0)ul- 1}>

2
<
<
9o (1

[Eit (¢)uDiyH1i Eit (o) ulmum] >

g8 A

FO <Tr[xclﬂl] L[ZIJ\,[DH]Tr [ﬁi+ () UHITFit (0)u[+]]>
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Comparison of TMDs

Dijet at LHC
[van Hameren, Kotko, Kutak, Marquet,
Petreska, SS ‘17]

FO (xkP1as?)
1
— Fag
03 — 7
1
02 — Fgg
- 2
— Fy
6
0.1 I
[
{1 —2—3 4 5 @2

Dijet at EIC
[Kotko, Kutak, SS, Stasto, Strikman ‘17]

— KS WW Pb
o 0100 — KS dipole Pb
x
0.010
0.001
0 5 10 15 20 25 30
kr [GeV]
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Improved TMD Factorization

» Cross section for dijet production in hadron-hadron collisions cannot
be written down with a single gluon TMD [Bomhof, Mulders, Pijiman '06]

» Different processes receive contributions from different TMDs

[Kotko, Kutak, Marquet, Petreska, SS, van Hameren '15] pe > QS, any kT

oAB=X ZXAfa/A(XA, )ZHa(yg) —>X‘F§g)—>X(XB’kT)

i

Hgg)ﬁcd — hard factor of i-th type with off-shell gluon
]-'agﬂcd(xB, kr) - unintegrated gluon distribution of i-th type in B

— Later obtained from CGC [Altinoluk, Boussarie, Kotko '19]
> Dijets at LHC: Fi, & Fi, Fio), i Feg» Fg Fig
» Dijets at EIC: ]-'g)
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Limiting case of ITMD: High Energy Factorization
In the limit Qs < kr < pr, L part of

FT becomes quickly varied E'}L

]_;O(/d§+d2€TeiXQp;§+—ikr-£r < .. U[g,o] .. >

and 1 dependence of the gauge links can 3
be neglected.

ngh Energy Factorization [Catani, Ciafaloni, Hautmann '91] Qs K kTt S PT

dJAB—>dijets+X

Z xafasa(xa, %) |Mag*—>cd|2]'—((,?/3(x87 kT)

X
2 2
dyrdy2d®pred®pae £

XAfa/A(XA7[L2) — collinear PDF in A, suitable for x4 ~ 1
|./\/lag*_>cd\2 — matrix element with off-shell incoming gluon
f;;)/B(XB, kt) — unintegrated gluon PDF in B, suitable for xg < 1
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Balitsky-Fadin-Kuraev-Lipatov equation

» The small-x resummation is governed by BFKL equation
FR(x, k) = FO(x, k%)

(K2 )N / dz/ dr? { PFR(X,P) — RFR (%K) N KFS(, k2)}
p 2 — k7| 41 + K43

» LO BFKL predicts fast rise of gluon den- 3
“ . . C
sities with x — 0 ke
0000000
» NLO corrections to BFKL large Xz, 1 S 3
2000000040
» Soon, density becomes high and g S
non-linear effects cannot be ignored: g8 . B
Balitsky-Kovchegov equation (BK) 2 0000000 B
» This leads to appearance of the new sat- Sua00e00
C/\.

uration scale Qs
» Kinematic constraint [Kwieciriski, Martin,

Sutton '96]
2
17 < ke
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BK equation + kinematic constraint + DGLAP corrections

[Kwieciniski, Martin, Stasto '97; Kwiecinski, Kutak '03]

$o(x, k%) = 8 (x, k%)

as k2 / dz /kz dr { Pop(%, P)0(L - _k)2| K2 o(%, k2)+/|<;¢‘s‘pi;l,;|2;)}
+22 ﬁ)/ dz (ng z)— 2N>/k§ dP p, (2,12)+0‘52(:2) /X1 dz Pyy(2)S (E,kZ)
- 200 [(/ )+ ontok) [ O”zln(’z)%(xl)]

» For nucleus: Ry = R Al/3
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KS gluon TMD

As a basis for all the following calculations we use the nonlinear KS gluon
TMD [Kutak, Sapeta '12], which:

> for k3 > 1, comes from evolution of the distribution
0 as(k?) [* X /x
Fé*)/B(X7 sz_) = ﬁ s dZng(Z);g (;) 5
with the initial condition
xg(x) = N(1 — x)?(1 — Dx),

with the BK equation with kinematic constraint, non-singular DGLAP
pieces and running coupling [Kwieciriski, Martin, Stasto '97; Kutak, Kwiecifski
'03] — fitted to combined F, HERA data

> for k2 <1, is taken as
‘Fg*/B(Xa ki) - ki‘/—:é’*/B(Xa l)a

which is motivated by the shape obtained from the solution of the LO
BK equation in the saturation regime [Sergey '08].
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KS fits F, well

Sebastian Sapeta (IFJ PAN Krakéw)
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Sudakov resummation

In forward jet production, besides the logarithms In x, which are resummed
in TMDs, there is another class of large logarithms, namely

Inp where M~ Pt jet -

Appearance of those logarithms opens phase space for soft and collinear
emissions, which should also be resummed.

This resummation can be accounted for by inclusion of the Sudakov factor.
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Kinematics of dijet production
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Kinematics of dijet production

collinear
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Kinematics of dijet production

collinear rapidity
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Kinematics of dijet production

collinear rapidity
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Earlier modeling of Sudakov effects

» Model 1: The survival probability model [van Hameren, Kotko, Kutak, SS
'14], where the Sudakov factor of the form [Watt, Martin, Ryskin '03]

2
1% dk/2 a (k/2) 1-A
T. 2 k2 — _/ T 2s\'T / d IP/ /
s(/J' ) T) exp ( p k£2 o }a/ A z aa(z) )

2
T

where A = ky /(kt + 1), is imposed at the level of the cross section

o~ Y oiTu(pF, k)i — kri) + W S 01 O(kri — ),

i€events i€events

and W is constructed such that the total cross section is preserved.

This procedure corresponds to performing DGLAP-type evolution from
the scale kt to u, decoupled from the small-x evolution.
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Earlier modeling of Sudakov effects

» Model 2: The model with a hard scale [Kutak '14]. The Sudakov factor
of the same form as above is imposed on top of the gluon distribu-
tion in such a way that, after integration of the resulting hard scale
dependent gluon TMD, one obtains the same result as by integrating

the original gluon distribution

xg(x, 1% 2
—— < F(x, k
g, 2)” V0T
+ 00k — W) F(x, k2),

F(x, k3, 1) = 0(1® — k3) To(p?, k7)

where

u
xene( i) = [ T2 IG)F(x k)

2
xg(x, u?) = / dk2F(x, k%) .
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Earlier modeling of Sudakov effects

Those simplistic models significantly improved description of data for
azimuthal decorrelations in central-forward dijet production

[van Hameren, Kotko, Kutak, SS '14]

le+08 T T T 1le+08 T T T T T T
KS linear 0000 KS nonlinear + Sudakov ==
KS nonlinear CMS PAS FSQ-12-008 H—&—i
CMS PAS FSQ-12-008 H—&—i
le+07 | 1le+07 - ]
VS = 7.0 TeV ) VS = 7.0 Tev
Pt1,Pt2>35 GeV =5 Pt1,P2>35 GeV E
= 1e406 - ly11<2.8, 3.2<|y;|<4.7 § i by 16406 F ly11<2.8, 3.2<|y,|<4.7 i
& = é
=4 S
5 3 =
) = - ) L 4
S 100000 { N S 100000
10000 —”} } 1 10000 1
1000 L L L L L L 1000 1 1 1 1 1 1
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Sudakov resummation in small-x formalism

[Mueller, Xiao, Yuan, PRL 110 '13; Mueller, Xiao, Yuan,PRD 88 '13]
Calculate NLO correction to the 2 — 2 process in the soft limit. For
example, for the gg — gg we have

A TE R

on-shell off-shell gluon

parton

» physical polarization of the radiated gluon along py, €(kg) - po = O:
no need to consider radiation from the off-shell gluon
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Sudakov resummation in small-x formalism

» Use the NLO cross section to resum Sudakov radiation following
Collins-Soper-Sterman approach

> Write down evolution equation for the hard scale Q2. By solving it,
one obtains the resummed cross section

ag—X ~
Ao X o 3 Xafy a(xas 12) Mage - xe S50 00) Fo (g, b )
a,X
where the Sudakov has the general structure
Q@ 4.2 2
SSud:/ i[AanerB}
2 ju
and A, B have perturbative expansion.

> The result is valid in the limit kT < Q2
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Dijets at the LHC
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Sudakov: dijets in pA

Sudakov effects are most conveniently included in position space [Stasto,
Wei, Xiao, Yuan '18]

et 0o an ) = 727;55/ DL L p(qubi) e S0 T3 S(x,by),
where

S| — transverse area of the target,

S(x,by) — dipole scattering amplitude.

We can however express the gluon with Sudakov by the gluon without
Sudakov, all in momentum space

Tt xkean) = [ dbu [ a, by ki (b Ky) by k)

/ Saf—»cd .u'7b
X‘Fg*/B(X7kL) Sud ( L)

For each channel, the Sudakov receives perturbative and non-perturbative
contributions

Sab—>cd Z 5 bJ_ Z bJ_)

i=a,b,c,d i=a,c,d
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Sudakov: dijets in pA

Perturbative part [Mueller, Xiao, Yuan '13; Stasto, Wei, Xiao, Yuan '18]

@ 4,2 2
d,LL as Q 3 aS
SHEE(Q,b,) = /,ﬁ, vl [Z(Cp + CA)E In (Mz) - (2CF + CABO) - ] ;

Q? 2
sgee(Qub) = [ duc? [ 4Cas=in (Q ) —3@&‘“] ,
2 2 12 m

2
b

where yp = 2¢ € /b,, and b, = by /\/1+ B2 /b2, bmax = 0.5GeV 1.
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Sudakov: dijets in pA

Non—perturbative part [Sun, Isaacson, Yuan, Yuan '14; Prokudin, Sun, Yuan '15]

Ca\ &1 2 Ca Q bJ_
ag—ag — 1) st 4} es
Sie%(Q,bL) (2+ CF> > b1+ (2+ CF> n oG
ng%gg(Q’ bL) 3CA 81 b2 3CA g2 In Q In bL

C 2 QO *
with g; = 0.212, g» = 0.84 and Q3 = 2.4GeV?.

» Since the off-shell gluon comes from fits of small-x data, it already
contains non-perturbative information about the target. Hence, we
do not include non-perturbative Sudakov for this TMD gluon.
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KS (dipole) gluon distributions with and without Sudakov

KS nonlinear (no Sudakov) KS nonlinear + Sudakov qg
T

0123456701234567012345¢67 01234567012345670123458%67
log k2 log k, 2 log k.2 log k, 2 log k. 2 log k.2
KS nonlinear hardscale KS nonlinear + Sudakov gg
7
6
5
E,‘a
=3
2
1
0
0123456701234567012345¢67 01234567012345670123458%67
log k, 2 log k, 2 log k, 2 log k, 2 log k, 2 log k, 2
0 0.05 0.1 0.15 0.2

» The new and the old gluon with Sudakov qualitatively similar
» The gg gluon broader than gg — comes from C4 > C¢
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pr spectra: predictions with and without Sudakov

central jet forward jet
100000 g— T T 100000 g— T T
K5 (no Sudakoy, S (no Sudakov
KS+Sudakov (model 1° B KS+Sudakov (model 1°
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10F bem:md o T 3
A, van Hameren, . Kotko, K. Kutak, S. Sapets, Phys.Lett.B 737 (2014) 335-340 +A. van Hameren, P. Kotko, K. Kutak, S. Sapeta, Phys.Lett.8 737 (2014) 335-340
“+K. Kutak, Phys.Rev.D 91 (2015) 3, 034021 K. Kutak, Phys.Rev.D 91 (2015) 3, 034021
gL . " . . 3 Lo n s L L
40 60 80 100 120 140 40 60 80 100 120 140

pr [GeV] pr [GeV]

» Calculations performed with LxJet [Kotko] and KaTie [van Hameren];
jtF = pir = 2(pa + pr2), CTEQ18 NLO collinear PDFs

» Predictions with Sudakov tend to describe data better at small pr

» Overall picture: Sudakov effects not very strong for this observable
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pr spectra: no Sudakov vs proper QCD Sudakov

central jet
100000 T T T

forward jet

peeen KS+Sudakov (this paper) E===1

100000 T T T

KS+Sudakov (this paper) ===
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CMS data F——t CMS data F—+—
10000 £ 3 10000 |
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3 3
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> S 1000
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) 3
100 | E
5 & 100
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s ]
. . . . . . N L L L L L L
20 40 60 80 100 120 140 160 20 40 60 80 100 120 140
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» Uncertainty estimated by the usual scale variation by factor 2+!

» Good agreement with CMS data, except the tail, which is sensitive

to large x, not included in our TMDs
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Distributions in azimuthal distance and rapidity

do/Ag [pb]

Sebastian Sapeta (IFJ PAN Krakéw)

1x108

T T T
Ks (no Sudakcv)

1x108 | KS+Sudakov (model 17 )
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1x107 | pyy,Pr2>35 GeV
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25 26 2.7 2.8 2.9 3 3.1
Ao

» Qualitatively similar behaviour for predictions with the proper QCD
Sudakov and earlier naive models: the region of small A¢ populated
at the expense of large A¢ region

In other words: suppression of the back-to-back peak and broadening

of the cross section

» Convex decorrelations from earlier models vs concave from this work

» Marked differences between rapidity distributions from various ver-

sions of KS gluon
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Dijets at EIC
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Electron lon Collider (EIC)

Will use the existing RHIC complex at Brookhaven National Laboratory

» Variable center of mass energies:
20-140 GeV

» lon beams: from d to Au, Pb, U

» High luminosity:
1033 — 1034 cm—2s71

> Highly polarized (70%) electron
and nucleon beams
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Dijets in DIS

K

electron (k)
_ 4 ;
Xg = Bjorekn x

y= L inelasticity

A¢ L(pit, po1)
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Dijets at EIC: framework

The cross section reads

dx
doasojix 0</7d2kT.7:g(§)(X7 KTy 1) Moy g )

» Implemented in KaTie Monte Carlo [van Hameren]
(https://bitbucket.org/hameren/katie)

> ]-'éf;’) can be obtained from ]—"((,? in the so-called Gaussian
approximation

Sudakov resummation included via use of

FO(x, kr,p) = / dbrdk’ br Ky Jo(br Kr) Jo(br k) F (x, k) e~ :b7)

with the form factor [Mueller, Xiao, Yuan '13]

5 asNg 5 p?b3
Ssglzqq(% br) = jhrc In 4e*277—5
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KS WW gluon distributions with and without Sudakov

proton lead
10! T T T T T T 10! T T T
103 no Sudakov ——— 103 udakov ——
x= _ x=
H=16 E—
- u=6 —
100 £ =17 — A
- u =67
u =250 —
101 L
o
(V]
x
102 L
103 L
10—4 L 1 L L 1 I I
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Azimuthal angle between jets
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» Non-negligible Sudakov effects

» Similar behaviour of this result and earlier model-Sudakovs near 7

» Small saturation effects
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Azimuthal angle between jet plane and the electron

do/dA® [nb]

Sebastian Sapeta (IFJ PAN Krakéw)

o
o
2

0.001
0

T
proton
lead
proton (Sudakov-model) = = - -
lead (Sudakov-model) - - - -
proton (no Sudakov)
lead (no Sudakov)

VS = 90 GeV
pT1 > P12 > 3 GeV

-4.0<y},y3<-1.0

Breit frame

0.5 1 1.5 2 2.5 3
AD(J1+]13,€7)

» Significant Sudakov effects

> Saturation effects up to 15%
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Summary

» We obtained TMD distributions which combine small-x resummation
and Sudakov resummation, where the latter comes from proper QCD
calculations

» We used the above TMDs to calculate pr, A¢ and y distributions in
central-forward dijet production and forward dijets at EIC

Central-forward dijets at the LHC

» Both the TMDs and the differential distributions are consistent with
our earlier calculations based on simple modeling of Sudakov factors

» We achieved good description of CMS data for pr distributions

» Sudakov resummation has a moderate effect on pt spectra but
sizable effect on the shapes of A¢
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Summary

Forward dijets at EIC

» Sudakov resummation has an important effect on the WW TMD
and differential cross sections

> Saturation effects moderate for A¢(j1,,2) and A¢(j1+j2,e7)
distribution — up to 15%

» do/dA¢(j1+ j2,e”) well suited to test the framework
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