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MOTIVATION
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Forward ci;jeﬁs i dilube-dense collisions

* probing small-x regime of gluon
distributions

* sensitive to nuclear effects
* sensitive to internal k; of gluons

* sensitive to interplay between

k; of gluons and p; of jets

* non-universality of TMD gluon DI LMTEI
distributions X~ 0™
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1. Frameworke

A. Small-x Improved TMD factorization (ITMD) for pA

B. Dilute-dense collisions in Color Glass Condensate (CGC)
C. TMD gluon distributions at small x

D. Sudakov resummation

2. Phenomenology for ATLAS and FoCal kinematics
A. Azimuthal dijet correlations at parton level for p-p and p-Pb

B. Attempts to estimate hadron-level corrections

3. Summa\ry and Qutloolk




FIRAMEWORK  Small-x Improved TMD Factorization (ITMD)
~

Factorization formula for forward dijeks in p-p and p-A

[PK, K. Kutak, C. Marquet, E. Petreska, S. Sapeta, A. van Hameren, 2015]

do A—274+X ; ;
P oY fpew) Y KD (k) @0 (. k)

dy,dy,d*prd*pr, ved hy ag—cd ag—cd
/ T A A 2
MOMENTA PROTON PDE  INVARWNT  DISTRIBUTIONS
XZ << Xl b +‘-9 - \<T. OFF -SHEL L. AT SMALL-X
[ PriFre HARD FACTORS )
— ~
ITMD factorization formula has been proven from TWO PER CHANNEL
the Color Glass Condensate (CGC) theory. (99-99,.9933,9°3793)

= RESUMMATION oF KINEMATIC TWISTS
AND NEGLECTING GENUINE TWISTS.

[T. Altinoluk, R. Boussarie, PK, 2019] easy to implement in

Monte Carlo




FRAMEWORK Limiting cases of Color Glass Condensate (CEC)

At —dense

three scales:
O, > Agcp — saturation scale

P, — jet average transverse momentum

Py~ k> QO

DILUTE

Kt ~ FACTORIZATION
BFKL dynomics

[S. Catani, M. Ciafaloni, F. Hautmann, 1991]
[M. Deak, F. Hautmann, H. Jung, K. Kutak, 2009]

[E. lancu, J. Leidet, 2013]

CGC bt TMD

k. — jet transverse momentum imbalance

~

GENERALIZED
FACTORIZATION

leading twist

[F. Dominguez, C. Marquet, B. Xiao, F. Yuan, 2011]

[C. Marquet, E. Petreska, C. Roiesnel, 2016]

[C. Marquet, C. Roiesnel, P. Taels, 2018]

[T. Altinoluk, R. Boussarie, C. Marquet, P. Taels, 2019, 2020]
[P. Taels, T. Altinoluk, G. Beuf, C. Marquet, 2022]

| TMD

“lMPKOVED"
THD &octonrirobion

all kinematic twists

[PK, K. Kutak, C. Marquet, E. Petreska, S. Sapeta, A. van Hameren, 2015]
[A. van Hameren, PK, K. Kutak, C. Marquet, E. Petreska, S. Sapeta, 2016]
[T. Altinoluk, R. Boussarie, PK, 2019]

[H. Fujii, C. Marquet, K. Wanatabe, 2020]

[T. Altinoluk, C. Marquet, P. Taels, 2021]
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FRAMEWORKK TMD gluon distributions
g R

Generic c;:-pe.ra&ar definition (W\Volw:zd)
d€+d2§T P~ +_.%’ .—’ AL — . AL
F, (x.ky) =2 P E =K Er (p Ty | F <5+,5T,g :0>%CF‘ )%, | | P)
8 (272')31)_ \ 1 2
GLWON Fiewd
FeFot~

Gauge links %Cl’ %Cz depend on the color structure of the
hard process. They are build from two basic Wilson lines:

[C. Bomhof, P. Mulders, F. Pijlman, 2004]
%[i] — [Oa(iooa O Tao)]
X [(£00, 0 1,0), (00, & 7,0)] B
X [(iOO, 5 TaO)a (§+9 5 TaO)]

[6.y] = Pex {i dzA”zt“} — , ~
Y P\ & - ufha(2) Light-cone basis:
vE = v”nj, n* =(1,0,0, 1)
1 1
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FRAMEWORK

F ~ (P

/ALL Pc:-ssi,bie operators

FW ~ (PITr| P (&) 21 @ 2| | P)
Trg/ 0
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[M. Bury, PK, K. Kutak, 2018]
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TMD gluown distributions

fExa\mPLe.

\_

~

TMD gluon distribution for the
following process:

A

Two independent color flows:

N 1
e -10) BE— A ()
—> 50 % TN, %

_/

Gluon TMD for any multiparticle process
is given by a linear combination of these
“basis” TMDs.




FRAMEWORK

Evolution of the TMD gluon distributions

/
Daka~driven diyoi.@. TMD

Balitsky-Kovchegov type equation with kinematic constraint,
DGLAP correction and running coupling:

[J. Kwiecinski, A. Martin, A. Stasto, 1997]
[K. Kutak, J. Kwiecinski, 2003]

1 (%)
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dithbed o

DIS HERA
dota.

[K. Kutak, S. Sapeta, 2012]
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FRAMEWORK

TMD gluon diskributions

How to get various TMD distribubtions?

Using CGC theory one can derive a relation
between the small-x TMDs using:

(i) large N, limit

(ii) mean field (Gaussian) approximation.

All TMDs needed for dijet production
can be calculated from ..,ﬂ

the dipole gluon distribution 9(qlg).

It is possible to relax the assumptions
(i) and (ii) using the JIMWLK equation.
Prove of concept:

[C. Marquet, E. Petreska, C. Roiesnel, 2016]
Improvements:

[S. Cali, K. Cichy, P. Korcyl, PK, K. Kutak, C. Marquet, 2021]

KS TMDs in lead

Xx=1.1e-03

[A. Van Hameren, PK, K. Kutak, C. Marquet,
E. Petreska, S. Sapeta, 2016]
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FRAMEWORK

Sudakov resummation (1)

\_

Hard scale i TMD gluon distributions

m Typical small-x evolution (BFKL, BK, JIMWLK) evolves only in energy at fixed hard scale:

FO (0 k) = FY (B =), o~y

® Evolution in hard scale only (at fixed x) is the DGLAP evolution:

“ dp? a(p?
fo o) = S0ty + | 2 (p1)
p

S, (U7, p7) Pp(2) ® f, (g,p%)

Ko T 27
u? d 2 2 l—e
Pr as(pT)
Sa( 2a 2) = X _J [ Pia(z)
Ko Ky p p 0 2z Z )

m Trying to mix both types of evolution has a long history...

e CCFM [M. Ciafaloni, S. Catani, F. Fiorani, G. Marchesini, 1990]
« KMR [M.A. Kimber, A.D. Martin, M.G. Ryskin, 2000]

« CASCADE [H. Jung, G. Salam, 2000]

e [K. Kutak, K. Golec-Biernat, S. Jadach, M. Skrzypek, 2012]

« [l. Balitsky, A. Tarasov, 2015]

e [A. van Hameren, PK, K. Kutak, S. Sapeta, 2014]

m Resummation of Sudakov logs can be also done in the impact-parameter space.
More general, but harder to implement in Monte Carlo.

~
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FRAMEWORK

Sudakov resummation (2)

-~

b-space Sudakov resummation for dijets in ITMD framework

dO' ¥ ) —~. — ag—sc
pASHHX ~ Z Z K(Z) (kT7 )u) szb f&/p(xla :ub) (I)(l) (‘x2’ b T) e_S ) d(ﬂ,ﬂb)

ag—cd

5 5 —cd
dy\dy,d*prd-pr, a,c,d i=1,2 o ? /\

where = 2e e/,
Hp = <€ fomon Hisibubons  Gookors

Tmax

b= br/\[ 1+ b}/b?

The perturbative Sudakov factors S%~(u, u,) were calculated in [A.H. Mueller, B-W. Xiao, F. Yuan, 2013]

How Eo &F‘P’{j Ehis in Mownte Carlo?

m Approach 1: ignore the b-dependence in the collinear PDF
* the hard scale-dependent TMD distribution can be computed separately
* missing threshold type logarithms
m Approach 2: compute the b-integral for MC generated phase space points
« first compute the weights according to Approach 1
* next, reweight the events using the full b-space luminosity
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RESULTS Kinematic seEu,[o
g R

Overview of the compubations

» azimuthal correlations between jets

* p-p and p-Pb cross sections in FoCal and ATLAS setup

* nuclear modification ratios

* ITMD framework with KS TMD gluon distributions using
KaTie Monte Carlo

* both the full b-space Sudakov resummation and the
approximate MC-convenient approach .

» Pythia computations to estimate nonperturbative
corrections

Kinematic cuks

¢« CM energy: \/E = 8.16 TeV per nucleon
 jetradius: AR > 0.5

jet transverse momenta: Pr1 > Py > 10GeV 45 GeV > pr > pry > 28GeV

rapidity: 3.8 <y¥,yk<5.1 27 <y yk<4.0

Folal_ ATLAS

12




RESULTS

FroCal kinematics

-~

Azimubhal correlations for p-p and F'--'?b

3.8 <yq,¥o<5.1

100000

Vs =8.16 TeV

@)
=
)
©O
S
©
©

KATIE p-p Error band

KATIE p-Pb Error band
KATIE p-p —
KATIE p-Pb - - - -
PYTHIA p-p PARTON + ISR + FSR + HAD —=—
PYTHIA p-p PARTON + ISR (without MP1} —e—
KATIE p-p full b-space —e—
KATIE p-Pb full b-space +——=—

~

ITMD@KaTie

* large suppression of the p-Pb
cross section compared to p-p

* the full b-space Sudakov
resummation as well as the
simplified approach are very
similar

* the saturation effects do not
go away when including the
Sudakov resummation

lessons from Pythia:

 final state shower and
nonperturbative corrections
(MPI and hadronization) seem
to significantly affect the
spectrum

* too low p; cut?

* can we extract nonperturbative
“form factor”?

13



RESULTS

FroCal kinematics

-~

Azimubhal correlations - nuclear modification ratio

KATIE ——
KATIE full b-space

3.8 <yq,y2<5.1
Vs =8.16 TeV

~

ITMD@KaTie

* large suppression of the p-Pb
cross section compared to p-p

* the full b-space Sudakov
resummation as well as the
simplified approach are very
similar

* the saturation effects do not
go away when including the
Sudakov resummation

lessons from Pythia:

 final state shower and
nonperturbative corrections
(MPI and hadronization) seem
to significantly affect the
spectrum

* too low p; cut?

* can we extract nonperturbative
“form factor”?
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RESULTS

ATLAS kinematics

-~

Azimubhal correlations for p-p and F'--'?b

KATIE p-p Error band
28 GeV < pTy, pTo < 35 GeV KATIE p.Pb Error band

KATIE p-

100000 27 <y1,yp<4.0 KATIE p-Pb

— PYTHIA p-p PARTON + ISR + FSR + HAD ——
Vs =8.16 TeV PYTHIA p-p PARTON + ISR (without MPI} —e—
KATIE p-p full b-space ——e—

KATIE p-Pb full b-space ——=—

10000

o
=)
o 1000
D
©
ke

ITMD@KaTie

* suppression up to 20% for the
lowest p, cut

* the Sudakov resummation has
the same features as for the
FoCal cuts

lessons from Pythia:

* nonperturbative corrections (in
particular hadronization) are
milder, as one should expect

due to larger p; cut

~
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RESULTS

ATLAS kinematics

-~

Azimubhal correlations for p-p and F'--'?b

100000

KATIE p-p Error band

KATIE p-Pb Error band
35 GeV < pT; < 45 GeV el —
PYTHIA p-p PARTON + ISR FOR 5 DAD v

- + + +

28 GeV < pT, <35 GeV PYTHIA p-p PARTON + ISR (without MPI) —o—
KATIE p-p full b-space +—e—
KATIE p-Pb full b-space —=—

10000

2.7 < Yi,¥o < 4.0
Vs =8.16 TeV

—
-
o
o

e
=
)
O
S~
©
O

ITMD@KaTie

* suppression up to 20% for the
lowest p, cut

* the Sudakov resummation has
the same features as for the
FoCal cuts

lessons from Pythia:

* nonperturbative corrections (in
particular hadronization) are
milder, as one should expect

due to larger p; cut

~
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RESULTS ATLAS kinematics
g R

Azimubhal correlations for p-p and F'--'?b

100000

KATIE p-p Error band
KATIE p-Pb Error band

V< pTq, pTo<4 \} KATIE p-p —— .
35 GeV< pTy, pT, < 45 Ge KATIE p_ppg — ITMD@KaTie

PYTHIA p-p PARTON + ISR + FSR + HAD +—v— - 0
27 <Y1y <40 PYTHIA p-p PARTON + ISR (without MPI) —o— * suppression up to 20% for the

~ KATIE p-p full b-space —e—
Vs =8.16 TeV KATIE p-Pb full b-space = |OW€St pT cut

* the Sudakov resummation has
the same features as for the
FoCal cuts

10000

—
o
o
-

lessons from Pythia:

QO
=
&)
©
S~
®)
©

* nonperturbative corrections (in
particular hadronization) are
milder, as one should expect

due to larger p; cut
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RESULTS

ATLAS kinematics

-~

Azimubhal correlations - nuclear modification ratio

KATIE —
28 GeV < pTy, pT, < 35 GeV KATIE full b-space

ITMD@KaTie

2.7 <y1,¥o<4.0 .
Y1,¥Y2 * suppression up to 20% for the

Vs =8.16 TeV
lowest p, cut

* the Sudakov resummation has
the same features as for the
FoCal cuts

lessons from Pythia:

* nonperturbative corrections (in
particular hadronization) are
milder, as one should expect

due to larger p; cut

~
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RESULTS ATLAS kinematics
g R

Azimubhal correlations - nuclear modification ratio

KATIE ——
35 GeV < pT, <45 GeV KATIE full b-space

ITMD@KaTie

28 GeV < pT, < 35 GeV
* suppression up to 20% for the

2.7 <Yyy,¥o<4.0

Vs =8.16 TeV lowest pr cut

* the Sudakov resummation has
the same features as for the
FoCal cuts

lessons from Pythia:

* nonperturbative corrections (in
particular hadronization) are
milder, as one should expect

due to larger p; cut

19



RESULTS

ATLAS kinematics

-~

Azimubhal correlations - nuclear modification ratio

KATIE ——
35 GeV < pTy, pT, < 45 GeV KATIE full b-space

ITMD@KaTie

2.7 < Yi:¥2 < 4.0
* suppression up to 20% for the

Vs = 8.16 TeV
lowest p, cut

* the Sudakov resummation has
the same features as for the
FoCal cuts

lessons from Pythia:

* nonperturbative corrections (in
particular hadronization) are
milder, as one should expect

due to larger p; cut

~
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SUMMARY

~

Improved small-x TMD factorization (ITMD) is an approximation to CGC which is
suitable for jet production at LHC

ITMD has been implemented in parton level Monte Carlo programs: KaTie and LxJet

despite proliferation of TMD gluon distributions, it is possible to calculate them with
the data-driven input

we included the Sudakov resummation in the Monte Carlo computations, including
the full b-space resummation

the Sudakov resummation is essential for a proper description of jet production

we computed dijet azimuthal correlations for FoCal and ATLAS kinematics

there are significant saturation effects present and they are not destroyed by the
Sudakov form factors

for the lower cuts on the jet transverse momenta the nonperturbative effects
(estimated using Pythia) are large; it is important to study their dependence on the
target

21
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BACKUY TMD gluon distributions: small-x Limik
a \

Small-x Limit of TMD gluon distributions

dEXdPEr o % i (g F 2
J STAET bt E, (P|Tr [Fl‘ <§+, Er, & = 0> U™ 0)%c,||P)
(27)°P- | 2

Dependence on x is only via the small-x evolution equations:

« BFKL (Balitsky-Fadin-Kuraev-Lipatov). « BK (Balitsky-Kovchegov) and modifications
e JIMWLK (Balitsky-Jalilian-Marian-lancu-McLerran-Weigert-Leonidov-Kovner)

Ccrrespomd@u‘:e. to CGC

Intensively studied:

. [D. Kharzeey, Y. Kovchegoy, K. Tuchin, 2003]
Example' [B. Xiao, F. Yuan, 2010]
’ d2 [F. Dominguez, C. Marquet, B. Xiao, F. Yuan, 2011]
d“x - . [A. Metz, J. Zhou, 2011]
F gg) ~ [ (2T )4)7 r k%e_’ kp(Xr=Y7) (Tr [U(?T) U T(VT)] ). [E. Akcakaya, A. Schafer, J. Zhou, 2012]
/A

/

AVERAGE OVER

CGC COLOR SOURCES
(x+, 7T) t“}

<tl...IB)
(g

+o0
U(x ;) = Pexp {igJ dxt A7

<EiE)

[C. Marquet, E. Petreska, C. Roiesnel, 2016]
[I. Balitsky, A. Tarasov, 2015, 2016]

[D. Boer, P. Mulders, J. Zhou, Y. Zhou, 2017]
[C. Marquet, C. Roiesnel, P. Taels, 2018]

[Y. Kovchegoy, D. Pitonyak, M. Sievert,

[T. Altinoluk, R. Boussarie, 2019]

[R. Boussarie, Y. Mehtar-Tani, 2020]
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BACKUY

-

Dijet correlations in pA collisions

Measurement of dijet azimuthal correlations

in p+p and p+Pb. [ATLAS, Phys. Rev. C100 (2019)]

\/§ =5.02 TeV rapidity: 2.7 <y,,y, < 4.5
1 dN
C12 _ 12
N, dA¢

We study an interplay of
saturation and Sudakov resummation

vs the shape of C,.

Good description of the broadening effects

%

24
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proton
lead

28 <pt1.p712 < 35 GeV

proton
lead

35<pr1<45 GeV, 28<py,<35 GeV

proton
lead

35 <pPT11.PT2 < 45 GeV

proton
lead

28 <pt1.p12 < 35 GeV

proton
lead

35<pr1<45 GeV, 28<py,<35 GeV

proton
lead

35 <pPT1.PT2 < 45 GeV

A. Van Hameren, P. Kotko, K. Kutak, S. Sapeta, Phys. Lett. B795 (2019) 511




KaTie Mownte Carlo

KATIE https://bitbucket.org/hameren/katie

parton level event generator, like ALPGEN, HELAC, MADGRAPH, etc.

arbitrary processes within the standard model (including effective Higgs-gluon coupling)
with several final-state particles.

0, 1, or 2 off-shell intial states.
produces (partially un)weighted event files, for example in the LHEF format.

requires LHAPDF. TMD PDFs can be provided as files containing rectangular grids,
or with TMDIib.

a calculation is steered by a single input file.

employs an optimization stage in which the pre-samplers for all channels are optimized.
during the generation stage several event files can be created in parallel.

event files can be processed further by parton-shower program like CASCADE.

(evaluation of ) matrix elements now separately available, including C++ interface.

A. van Hameren, EIC yellow report seminar|




