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We perform an in-depth comparative analysis of unintegrated parton distribution function (UPDF)
models for isolated prompt diphoton production in proton-proton collisions at

ffiffiffi
s

p ¼ 13 TeV within the
kT -factorization framework. Predictions are obtained with three UPDF approaches: parton branching (PB),
NLO-MRW, and modified KMRW (MKMRW). Tree-level qþ q̄ → γ þ γ, qþ q̄ → γ þ γ þ g, and
qþ g → γ þ γ þ q subprocesses are generated with KATIE using off shell initial states; the loop-induced
gþ g → γ þ γ channel is evaluated independently. We compare differential cross sections with ATLAS
measurements across a broad set of observables, including the photon transverse momenta, diphoton
invariant mass and transverse momentum, the Collins-Soper angle, acoplanarity, ϕ�

η, and a transverse
thrust-related variable. This comparative study quantifies the impact of the UPDF choice on the diphoton
spectra. We find that the PB model provides the most consistent agreement over all distributions, whereas
NLO-MRW tends to overshoot in regions correlated with larger factorization scales and MKMRW
generally undershoots due to stronger Sudakov suppression. With standard scale variations, our results
indicate that kt-factorization with PB UPDFs can accurately describe diphoton production, while fixed-
order collinear predictions typically require higher-order corrections together with parton-shower effects to
achieve a comparable description.

DOI: 10.1103/tgyt-kydy

I. INTRODUCTION

The production of isolated photon pairs (diphotons) in
high-energy proton-proton collisions is of significant phe-
nomenological and theoretical interest [1–6]. This process
constitutes a principal and irreducible background in
searches for new heavy neutral resonances decaying into
two photons, such as the Standard Model Higgs boson [7,8]
and its possible extensions [9]. Moreover, since photons are
largely insensitive to hadronization effects and can be
measured with high precision, diphoton production provides
a particularly clean environment for testing perturbative

quantum chromodynamics (pQCD), both in the collinear
[2,3,10–12] and kt-factorization frameworks [4–6].
Diphoton production has been extensively studied in

various experiments across different kinematic regions and
center-of-mass energies [13–18]. The challenge of achiev-
ing satisfactory agreement between theoretical predictions
and experimental data, particularly through the inclusion of
higher-order subprocesses, has been investigated in numer-
ous studies within the collinear factorization framework
[1–3,19]. This challenge becomes even more pronounced at
higher energies, where next-to-leading order (NLO) cal-
culations such as DIPHOX [10] and RESBOS [11] fail to fully
reproduce the observed data.
More recently, ATLAS measurements of diphoton

production at
ffiffiffi
s

p ¼ 13 TeV [18] have shown that even
next-to-next-to-leading order (NNLO) predictions from
NNLOJET [19] are insufficient to completely describe the
measured cross sections. The study concluded that, to
accurately model diphoton production within the collin-
ear factorization framework, one must include not only
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higher-order perturbative corrections (to describe regions
of high pγγ

T ) but also parton-shower effects (essential
in the low-pγγ

T domain). These observations highlight
the necessity of theoretical frameworks capable of
simultaneously incorporating both resummation and
higher-order QCD effects.
The kt-factorization approach has shown great promise

in addressing these challenges [4–6], offering a more
flexible description of initial-state parton dynamics by
explicitly accounting for transverse momentum degrees
of freedom. Unlike fixed-order collinear calculations, the
kt-factorization formalism inherently includes a portion
of higher-order real emission effects through the trans-
verse momentum of the incoming partons [20]. This
makes it particularly effective for describing observables
sensitive to soft and collinear radiation, such as the
azimuthal decorrelation and transverse momentum of
the diphoton system.
In general, the computation of cross sections in hadronic

collisions is complicated by the nonperturbative nature of
the hadronic structure. Factorization theorems provide a
rigorous framework to separate short-distance (perturba-
tive) and long-distance (nonperturbative) dynamics. In the
collinear factorization approach, partons are assumed to
carry only a longitudinal momentum fraction x of the
proton momentum, with their distributions described by
collinear parton distribution functions (PDFs), faðx; μ2Þ,
which evolve with the factorization scale μ according to
the (DGLAP) Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
evolution equations [21–23].
However, at small x, the transverse momentum kt of

partons becomes non-negligible, and hence, the collinear
approximation becomes inadequate. In this regime,
unintegrated parton distribution functions (UPDFs),
faðx; k2t ; μ2Þ, are required. These distributions incorporate
both the longitudinal momentum fraction and the intrinsic
transverse momentum of partons. The kt-factorization
approach [24–26] naturally includes both intrinsic and
dynamically generated transverse momenta of partons,
offering an improved description of QCD dynamics in
regions where multiple scales are relevant.
The evolution of UPDFs has been formulated in several

theoretical frameworks. At small x, the (BFKL) Balitsky-
Fadin-Kuraev-Lipatov [27,28] evolution equation is
applicable, while the Catani-Ciafaloni-Fiorani-Marchesini
(CCFM) [29–32] evolution equation interpolates between
small and large x regimes. However, both evolution
equations are limited to the gluon sector. To achieve a
complete description of the partonic structure, DGLAP-
based approaches such as the Kimber-Martin-Ryskin
(KMR) [33], Martin-Ryskin-Watt (MRW) [34], and parton
branching (PB) [35,36] methods have been developed.
These models have been successfully applied to a variety of
processes in hadronic collisions [37–41].

Unlike the PB approach, which uses a Monte Carlo
solution of the DGLAP equations and keeps the transverse
momentum of partons to obtain realistic UPDFs, the
LO-MRW and KMR formalisms often fail to describe
data in regions sensitive to large transverse momenta.
These approaches typically produce broader distributions
that overshoot the experimental data in such regions
[37,42,43]. It has been shown, however, that the NLO-
MRW formalism mitigates this issue by introducing
a hard virtual-ordering cutoff, which suppresses large
contributions from high-kt regions [37]. Additionally,
MRW-based approaches generally do not satisfy the
normalization condition, and specifically, at the LO
level, their differential and integral formulations can
yield inconsistent results [43–46]. To overcome these
limitations, a modified version of the MRW formalism,
referred to as MKMRW, was recently proposed [43].
This approach improves upon MRW by redefining the
Sudakov form factor and modifying the differential form
of the LO-MRW equations.
We aim to test the predictive power of the kt-factorization

framework for diphoton production using the latest ATLAS
data at

ffiffiffi
s

p ¼ 13 TeV [18]. This work is the first analysis of
prompt diphoton production using the PB and MKMRW
methods. We present differential cross section predictions
employing several UPDF models, including NLO-MRW,
MKMRW, and PB, to evaluate their consistency with
experimental data and to gain insight into their underlying
dynamical behavior. The relevant partonic subprocesses
considered include qþ q̄ → γ þ γ, qþ q̄ → γ þ γ þ g,
qþ g → γ þ γ þ q, and gþ g → γ þ γ. The first three
subprocesses are generated using the KATIE parton-
level event generator [47], which implements off shell
initial-state partons and is restricted to tree-level matrix
elements. The loop-induced gþ g → γ þ γ contribution,
which cannot be handled within KATIE, is computed
independently.
In our analysis, we investigate a range of kinematic

observables sensitive to different dynamical regimes,
including the transverse momenta of the individual photons
(pT;γ1 , pT;γ2), the invariant mass and transverse momentum
of the diphoton system (mγγ and pT;γγ), the Collins-Soper
scattering angle j cos θ�ðCSÞj, the angular variable ϕ�

η, the

acoplanarity π − Δϕγγ, and the transverse thrust-related
variable aT;γγ . These observables, particularly those sensi-
tive to soft radiation such as ϕ�

η and aT;γγ , provide important
tests of the kt-factorization approach and its implementa-
tion through different UPDF models.
The structure of this paper is as follows. Section II

outlines the kt-factorization framework and introduces
the UPDFs used in this study. Section III describes the
numerical methods. Section IV presents and discusses the
results, and Sec. V summarizes the main conclusions.
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II. kt-FACTORIZATION FRAMEWORK

As discussed in the Introduction, the kt-factorization
framework enables the calculation of cross sections by
explicitly accounting for the transverse momentum of
partons participating in the hard subprocess. In this
approach, the hadronic cross section is expressed as a
convolution of the UPDFs and the partonic cross section,
formally written as

σ ¼
X

a;b¼q;g

Z
dx1
x1

dx2
x2

dk21t dk
2
2t faðx1; k21t; μ2Þ

× fbðx2; k22t; μ2Þσ̂�ab: ð1Þ

In the above equation, σ̂�ab denotes the off shell par-
tonic cross section for incoming partons a and b, which
includes their transverse momenta. The UPDFs, denoted as
faðbÞðx; k2t ; μ2Þ, are characterized by dependence on three
parameters: the longitudinal momentum fraction x of the
parton with respect to its parent hadron, the transverse
momentum kt of the parton, and the factorization scale μ at
which they are computed. As discussed earlier, the UPDFs
constitute one of the key ingredients of equation Eq. (1);
therefore, in the three next subsections, we introduce the
specific UPDF formalisms employed in this work.

A. The PB UPDFs method

The PB methodology [35,36] establishes a structured
procedure for the evolution of PDFs from an initial
low-energy scale, at which they are parametrized, to the
appropriate hard scale relevant to the physical process. This
evolution proceeds according to the DGLAP equations.
By assigning a physical interpretation to the evolution
scale, the PB method enables the calculation of the parton
transverse momentum during the evolution, thereby facili-
tating the construction of UPDFs [36].
In this framework, the evolution is performed using next-

to-leading order (NLO) DGLAP splitting functions
with angular ordering applied. The evolution scale μi is
related to the transverse momentum of the emitted parton
according to

q2
t;i ¼ ð1 − ziÞ2μ2i ; ð2Þ

where zi represents the longitudinal momentum frac-
tion associated with the branching. The PB approach
allows for the derivation of UPDFs for both quarks and
gluons. Its numerical implementation employs an iterative
Monte Carlo solution that samples the next branching scale
and splitting variable, generating an exclusive cascade and
providing both integrated PDFs and UPDFs. In the col-
linear limit, the PB solution agrees with conventional
DGLAP evolution at the percent level over a wide ðx; μÞ

range and reproduces HERA Iþ II DIS data within the
XFITTER framework.
At the initial scale μ0, the UPDFs are assumed to

factorize into a Gaussian dependence on the transverse
momentum and a parameterized dependence on x and μ0.
In general, the PB UPDFs can be expressed as

Faðx; k2T; μ2Þ
¼ Δaðμ2ÞFaðx; k2T; μ20Þ

þ
X
b

Z
d2q0

πjq0j2
Δaðμ2Þ
Δaðjq0j2Þ

Θðμ2 − jq0j2ÞΘðjq0j2 − μ20Þ

×
Z

zM

x

dz
z
PR
abðαs; zÞFb

�
x
z
; k02T ; jq0j2

�
; ð3Þ

where k0t¼q0ð1−zÞþkt. The splitting function PR
abðαs; zÞ

is decomposed into two components: one containing the
soft-gluon emission singularity and another comprising
logarithmic and analytic terms, as detailed in [35,36]. The
Sudakov form factor Δaðμ2Þ is defined as

Δaðμ2Þ ¼ exp

�
−
X
b

Z
μ2

μ2
0

dμ02

μ02

Z
zM

0

dz zPR
baðαs; zÞ

�
; ð4Þ

where zM denotes the soft-gluon resolution scale separating
real and virtual emissions.
Finally, the UPDFs satisfy the normalization condition,

Z
μ2

0

dk2T Faðx; k2T; μ2Þ ¼ faðx; μ2Þ; ð5Þ

providing an internal consistency check and a direct con-
nection to the standard collinear factorization framework.

B. The MRW UPDFs method

The LO-MRW and NLO-MRW unintegrated parton
distribution functions (UPDFs) are DGLAP-based trans-
verse momentum dependent (TMD) formulations, similar
to the PB approach, and enable the determination of UPDFs
for both quarks and gluons. The general expression of the
MRW UPDFs for (anti)quarks and gluons is given by [34]

Faðx; k2T; μ2Þ ¼ Taðk2T; μ2Þ
αsðk2TÞ
2πk2T

×
X
b¼q;g

Z
1

x
dzPabðzÞfb

�
x
z
; k2T

�

× Θδabðzmax − zÞ; ð6Þ

where Taðk2t ; μ2Þ is the Sudakov form factor, fbðx=z; k2t Þ
denotes the momentum-weighted parton density at leading
order (LO), and Θδabðzmax − zÞ imposes a constraint on
gluon emission when a ¼ b.
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The Sudakov form factor is defined as

Taðk2T ≤ μ2; μ2Þ ¼ exp

�
−
Z

μ2

k2T

dκ2t
κ2t

αsðκ2t Þ
2π

X
b¼q;g

Z
1

0

dξ ξPbaðξÞΘδabðξmax − ξÞ
�
;

Taðk2T > μ2; μ2Þ ¼ 1: ð7Þ

The MRW UPDFs are constructed via the DGLAP
evolution equations, thereby permitting the computation
of UPDFs for both quarks and gluons. In this framework,
partons undergo collinear evolution within the proton under
DGLAP dynamics up to the final step, at which a real
emission generates the transverse momentum kt depend-
ence. The partons then evolve to the factorization scale μ in
the absence of additional real emissions, with the process
governed by the Sudakov form factor.
Equation (6) is valid only for kt≥μ0, where μ0 ≃ 1 GeV,

since the input PDFs faðx; k2t Þ are undefined below
this scale. To extend the MRW UPDFs to kt < μ0, the

normalization condition given in Eq. (5) can be applied,
ensuring consistency with the collinear PDFs. For kt < μ0,
the following expression satisfies this condition,

1

k2T
faðx; k2T < μ20; μ

2Þ ¼ 1

μ20
faðx; μ20ÞTaðμ20; μ2Þ; ð8Þ

which results in a constant distribution for kt < μ0.
The LO-MRW UPDFs for (anti)quarks and gluons,

along with their corresponding Sudakov form factors,
are expressed as [34]

Fqðx; k2T; μ2Þ ¼ Tqðk2T; μ2Þ
αLOs ðk2TÞ
2πk2T

Z
1

x

�
PLO
qq ðzÞfLOq

�
x
z
; k2T

�
Θðzmax − zÞ þ PLO

qg ðzÞfLOg
�
x
z
; k2T

��
dz; ð9Þ

Fgðx; k2T; μ2Þ ¼ Tgðk2T; μ2Þ
αLOs ðk2TÞ
2πk2T

Z
1

x

�
PLO
gg ðzÞfLOg

�
x
z
; k2T

�
Θðzmax − zÞ þ

X
q

PLO
gq ðzÞfLOq

�
x
z
; k2T

��
dz; ð10Þ

with the corresponding Sudakov form factors,

Tqðk2T; μ2Þ ¼ exp

�
−
Z

μ2

k2T

dκ2t
κ2t

αLOs ðκ2t Þ
2π

Z
1

0

PLO
qq ðξÞΘðξmax − ξÞdξ

�
; ð11Þ

Tgðk2T; μ2Þ ¼ exp

�
−
Z

μ2

k2T

dκ2t
κ2t

αLOs ðκ2t Þ
2π

Z
1

0

½ξPLO
gg ðξÞΘðξmax − ξÞΘðξ − ξminÞ þ nFPLO

qg ðξÞ�dξ
�
; ð12Þ

where q ¼ fu; ū; d; d̄;…g and nF is the number of active quark flavors.

The angular ordering condition (AOC) is applied in the
final evolution step to determine the cutoffs on z and ξ,
which constrain gluon emission in Eqs. (6) and (7). The
cutoffs are given by

zmax ¼
μ

μþ kt
; ξmax ¼

μ

μþ κt
; ð13Þ

with ξmin ¼ 1 − ξmax.
The LO-MRW formalism also admits a differential

representation,

Faðx; k2t ; μ2Þ ¼
∂

∂k2t
½Faðx; k2t ÞTaðk2t ; μ2Þ�: ð14Þ

However, as discussed in Refs. [43–46], the differential and
integral formulations of these UPDFs are not equivalent.
Toobtain consistent results, one must employ cutoff-
dependent PDFs rather than collinear ones and modify
the differential form accordingly. It is also noted in
Ref. [43] that the cutoff-dependent form does not nec-
essarily improve agreement with experimental data.
Furthermore, the LO-MRW formalism exhibits an
unphysically large tail at high transverse momentum
due to the freedom of partons to acquire kt > μ, leading
to unreliable predictions in such regions. In this work, our
calculations show that the LO-MRW approach does not
yield satisfactory results; therefore, we do not present
results corresponding to this UPDF model.
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Despite these shortcomings, the MRW formalism has
been extended to next-to-leading order (NLO-MRW), which
provides improved agreement with experimental data, such
as Drell-Yan [42] and three-photon production [37]. The
NLO-MRW UPDFs are obtained by modifying the DGLAP
scale and employing NLO splitting functions, as given in
Eqs. (15) and (16). In this approach, the input PDF scale is
taken as k2 ¼ k2t =ð1 − zÞ rather than k2t . An additional
strong ordering constraint (SOC), Θðμ2 − k2Þ, is introduced
to restrict the parton transverse momentum to k2t < μ2. This
constraint significantly affects the behavior of the UPDFs in
the regions of large kt (kt ≃ μ) and large z (z ≃ 1), leading to
a suppression of the UPDFs in these regimes.

Martin et al. [34] further demonstrate that the NLO
corrections to the splitting functions are numerically
small compared to the LO contributions, and that
UPDFs obtained with NLO collinear PDFs but only
LO splitting functions reproduce, to very good accuracy,
those obtained with the full NLO splitting functions over
a wide range of x, kt and scales. On this basis they
advocate a simplified NLO prescription in which one
keeps the NLO PDFs, kinematics and Sudakov form
factors, but uses LO splitting functions in the final
evolution step. We therefore adopt this simplified
NLO-MRW prescription, and the NLO-MRW formalism
can be expressed as

Fqðx; k2T; μ2Þ ¼
Z

1

x
Tqðk2; μ2Þ

αNLOs ðk2Þ
2πk2T

�
PLO
qq ðzÞfNLOq

�
x
z
; k2

�
Θðzmax − zÞ þ PLO

qg ðzÞfNLOg

�
x
z
; k2

��
Θðμ2 − k2Þdz; ð15Þ

Fgðx; k2T;μ2Þ ¼
Z

1

x
Tgðk2;μ2Þ

αNLOs ðk2Þ
2πk2T

�
PLO
gg ðzÞfNLOg

�
x
z
; k2

�
Θðzmax − zÞ þ

X
q

PLO
gq ðzÞfNLOq

�
x
z
; k2

��
Θðμ2 − k2Þdz; ð16Þ

with the corresponding Sudakov form factors,

Tqðk2; μ2Þ ¼ exp

�
−
Z

μ2

k2

dp2

p2

αNLOs ðp2Þ
2π

Z
1

0

PLO
qq ðξÞΘðξmax − ξÞdξ

�
; ð17Þ

Tgðk2; μ2Þ ¼ exp
�
−
Z

μ2

k2

dp2

p2

αNLOs ðp2Þ
2π

Z
1

0

h
PLO
gg ðξÞΘðξmax − ξÞΘðξ − ξminÞ þ nFPLO

qg ðξÞ
i
dξ
�
: ð18Þ

Since k2 depends on z, both the strong coupling constant
and the Sudakov form factors in Eqs. (15) and (16) must
be evaluated inside the z integral. This dependence sig-
nificantly increases the computational complexity of the
NLO-MRW formalism. In this work, the angular ordering
condition is adopted for ξmax and zmax in the NLO-MRW
UPDFs.

C. The MKMRW UPDFs method

In this section, we introduce the MKMRW approach
to UPDFs, as proposed by Guiot [43]. This formalism
addresses several limitations of the original angular-ordered
(AO) KMRWUPDFs [33,34], including the overestimation
of heavy-meson cross sections, inconsistencies between the
differential and integral formulations, and issues related to
the normalization condition. The key innovation of the
MKMRW method is a revised normalization scheme, in
which the integration over the transverse momentum kt
extends to infinity. This ensures that the entire high-kt tail
of the distribution is constrained and remains consistent
with the corresponding PDFs.
The standard KMRW UPDFs satisfy the normalization

condition,

f̃aðx; μÞ ¼
Z

μ2

0

Faðx; kt; μÞdk2t ; ð19Þ

where f̃a represents the momentum-weighted parton den-
sity. However, this definition leaves the region kt > μ
unconstrained, which can lead to phenomenological issues
such as the overestimation of D-meson production cross
sections in hadron-hadron collisions. The MKMRW
approach adopts a PB-inspired normalization [35,36],
consistent with Eq. (5), which integrates over all kt values.
This modification removes the unconstrained tail, avoids
divergences associated with the light cone gauge [43],
and ensures full consistency between the UPDFs and the
collinear PDFs across the entire transverse momentum
range. At the same time, the approach preserves the
angular-ordering coherence characteristic of the original
KMRW framework. Comparisons with AO-KMRWand PB
UPDFs show that MKMRW distributions are suppressed
at high kt, resulting in improved agreement with collinear
PDFs when integrated up to infinity.
The MKMRW formalism begins with a differential

definition,
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Faðx; kt; μÞ ¼
∂

∂k2t
½Taðkt; μÞf̃aðx; μÞ�; ð20Þ

where the argument of the collinear PDF is fixed at μ to
comply with DGLAP evolution and to avoid unphysical
limits as kt → 0 or kt → ∞. The Sudakov form factor
Taðkt; μÞ is redefined as

TaðkT;μÞ¼ exp

�
−
Z

∞

k2T

dq2

q2
αsðq2Þ
2π

X
b

Z
Δðq;μÞ

0

dzzP̂baðzÞ
�
;

ð21Þ

with the angular-ordering cutoffΔðq; μÞ ¼ μ=ðμþ qÞ. This
definition guarantees that Tað∞; μÞ ¼ 1 and Tað0; μÞ ¼ 0,
thereby preventing unphysical values greater than unity and
ensuring proper normalization.
By differentiating the above expression, one obtains the

integral representation,

Faðx; kT; μÞ ¼
αsðk2TÞ
2πk2T

TaðkT; μÞf̃aðx; μÞ

×
X
b

Z
ΔðkT ;μÞ

0

dz z P̂baðzÞ: ð22Þ

III. NUMERICAL METHODS AND
EXPERIMENTAL CUTS

We compute the cross section for isolated prompt dipho-
ton production at

ffiffiffi
s

p ¼ 13 TeV within the kt-factorization
framework, accounting for both tree-level and one-loop
contributions. The calculation is performed using the
KATIE parton-level event generator [47] with nf ¼ 5, which
we employ to evaluate the tree-level subprocesses,
(1) qþ q̄ → γ þ γ,
(2) qþ q̄ → γ þ γ þ g,
(3) qþ g → γ þ γ þ q.

The contribution from the gþ g → γ þ γ one-loop level
subprocess is computed separately, as KATIE does not
support loop-level amplitude calculations. Consequently,
the gþ g → γ þ γ channel, which provides an essential
component of the total cross section, is evaluated independ-
ently. Following the approach adopted in Refs. [4,6], we
refrain from including the full off shell one-loop amplitude.
Instead, we restrict our treatment to the collinear amplitude
derived in Ref. [48], while consistently incorporating the off
shell kinematics of the incoming gluons.
The computation of the partonic cross sections in KATIE

requires an appropriately defined input configuration file.
This file specifies the subprocess type, the input PDFs, the
UPDFs, kinematic cuts, and other relevant parameters. In
particular, the UPDFs constitute a central ingredient of the
kt-factorization framework. They can be supplied either as
grid files following the KATIE standard format or through

the TMDLib2 interface [49]. In this analysis, we employ the
PB-NLO-HERAIþ II-2023-set2 − qs ¼ 1.04 UPDF set for
the PB UPDFs using TMDLib2. For the MKRMW and
NLO-MRW UPDFs, we generate sets in a custom format
compatible with KATIE, in which the UPDFs are obtained
using the collinear PDF set MSHT20nlo_as120 [50].
The generation of these UPDFs relies heavily on the
PDFxTMDLib library [51], which provides the required
collinear PDF inputs. To ensure consistency, the collinear
PDFs from PDFxTMDLib are cross-checked against the
LHAPDF library [52].
For the independent computation of the gþ g → γ þ γ

subprocess, where KATIE is not utilized, the PDFxTMDLib
library again serves as a core component of our numerical
framework, providing the UPDF inputs consistently across
all subprocesses. It should be noted that for the MKMRW
UPDF model we have upper limit of the Sudakov form
factor integration infinity, see Eq. (21), and as discussed
with the author of this model, we set infinity equal to
maximum of μF defined by a PDF set. The UPDFs
employed in this study are publicly available at https://
pdfxtmdlib.org/downloads. Also, for evaluating multidi-
mensional integrals [see, for example, Eq. (28) of the
Ref. [4]), we use the VEGAS Monte Carlo algorithm [53].
To ensure reliable predictions, we adopt the following

choices for scales and uncertainty estimation. For the
calculation of the cross section, we choose the factorization

and renormalization scales as μcentralF;R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
T;γγ þm2

γγ

q
.

The scale uncertainty is estimated by repeating the cal-
culation with the varied scales μupperF;R ¼ 2μcentralF;R and
μlowerF;R ¼ 0.5μcentralF;R . Additionally, to avoid double counting
between subprocesses 1 and 2, we follow the procedure
introduced in [54]. The goal of this approach is to limit
the hard final state gluons to subprocess 2 and the soft
ones (coming from the UPDF) to subprocess 1. To impose
this constraint, for subprocess 1, the UPDFs in this
subprocess are restricted such that kt ≤ μ. Furthermore,
for subprocess 2, the transverse momentum of the final
state gluon satisfies kT;g > maxfkT;A; kT;Bg, where kT;A and
kT;B are the transverse momenta of the incoming partons
along the ẑ and −ẑ directions, respectively.
Finally, the experimental cuts of the ATLAS experiment

[18] are imposed as follows:
(1) Photons must be separated from each other by

ΔRij > 0.4, where ΔRij¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðηi−ηjÞ2þðϕi−ϕjÞ2

q
,

and i and j are the first and second final state
photons.

(2) Transverse momenta of the two photons are
pγ1
T > 40 GeV, pγ2

T > 30 GeV.
(3) Two photons must have pseudorapidities jηγj ≤ 2.37

or 1.37 ≤ jηγj ≤ 1.52.
(4) Instead of the standard isolation cone implemented

in the experiment, we impose a smooth isolation
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cone [55] with benefits that on one side it regu-
larizes the photon collinear divergence, and on the
other side, it suppresses the fragmentation contri-
bution [37]. The smooth isolation cone enforces the
transverse energies of particles around the distance
ΔR ≤ R0 from each photon to be

Eiso
T ðΔRÞ < χðΔRÞ; ð23Þ

where Eiso
T is the sum of transverse energies of the

particles around the photon at a distance less than
ΔR. The function χðΔRÞ is defined as

χðΔRÞ ¼ ET;γϵγ

�
1 − cosΔR
1 − cosR0

�
n
: ð24Þ

Following the setup of the SHERPA2.2 and NNLOJET
predictions compared to the same ATLAS measure-
ment [18], we choose

R0 ¼ 0.1; n ¼ 2; ϵγ ¼ 0.1: ð25Þ

It should be noted that in the ATLAS fiducial phase
space a standard cone of radius ΔR ¼ 0.2 is used
with an isolation requirement Eiso;0.2

T;γ < 0.09pT;γ

[18]. For such tight isolation, dedicated studies
have shown that smooth-cone and standard-cone

prescriptions yield very similar predictions for LHC
diphoton observables [56], within theoretical uncer-
tainties, while smooth-cone isolation retains the ad-
vantage of suppressing the fragmentation component.

These methods and cuts enable a direct comparison
with ATLAS measurements, as detailed in the subsequent
sections.

IV. RESULTS AND DISCUSSION

In this section, we present the results of the differential
cross section calculations for diphoton production in
proton-proton collisions at

ffiffiffi
s

p ¼ 13 TeV using various
UPDF models within the kt-factorization framework. The
kinematical cuts imposed on the calculations follow those
applied in the ATLAS measurement [18].
We first introduce the kinematical variables investigated

in this work, which are defined consistently with Ref. [18]:
(i) Transverse momenta of photons: The transverse

momentum pT;γ1 (pT;γ2) of the leading (subleading)
photon.

(ii) Invariant mass and transverse momentum of the
diphoton system: The invariant mass of the diphoton
is defined as

mγγ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEγ1 þ Eγ2Þ2 − ðp⃗γ1 þ p⃗γ2Þ2

q
;

FIG. 1. Comparison of different gluon UPDF models at μ ¼ 70 GeV (top) and μ ¼ 500 GeV (bottom). The color scale shows the
ratio of UPDFs as a function of the longitudinal momentum fraction x of the gluon (horizontal axis) and its transverse momentum kT
in GeV (vertical axis), both on logarithmic scales. From left to right, the panels display the ratios PB=MKMRW, PB=NLO-MRW,
and MKMRW=NLO-MRW.
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and the transverse momentum of the diphoton
system is given by the vector sum of the photon
transverse momenta,

p⃗T;γγ ¼ p⃗T;γ1 þ p⃗T;γ2 :

(iii) Scattering angle in the Collins-Soper frame: The
absolute value of the cosine of the scattering angle
with respect to the z axis in the Collins–Soper frame
is expressed as

��� cos θ�ðCSÞ��� ¼
������

sinhðΔηγγÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðpT;γγ=mγγÞ2

q ·
2pT;γ1pT;γ2

m2
γγ

������
¼
������
pþ
γ1p

−
γ2 − p−

γ1p
þ
γ2

mγγ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

γγ þ p2
T;γγ

q
������;

where Δηγγ ¼ ηγ1 − ηγ2 and p�
γ ¼ Eγ � pz;γ . This

variable allows for a direct interpretation of the
scattering angle in the presence of initial-state
radiation.

(iv) Angular variable ϕ�
η: An angular observable sensi-

tive to pT;γγ , defined as

ϕ�
η ¼ tan

�
π − Δϕγγ

2

�
sin θ�η

¼ tan

�
π − Δϕγγ

2

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − tanh2

�
Δηγγ
2

�s
:

This variable is particularly useful at low pT;γγ,
where it provides a more precise probe of QCD
dynamics owing to its superior angular resolution
compared with direct pT;γγ measurements.

(v) Acoplanarity: The acoplanarity of the two photons is
defined as π − Δϕγγ , where Δϕγγ is their azimuthal
angular separation.

(vi) Transverse thrust-related variable aT;γγ: The trans-
verse component of pT;γγ with respect to the thrust
axis is given by

aT;γγ ¼ 2 ·
jpx;γ1py;γ2 − py;γ1px;γ2 j

jp⃗T;γ1 − p⃗T;γ2 j
;

where pxðyÞ;γ1ð2Þ are the xðyÞ components of the
photon transverse momenta. This observable, like
ϕ�
η, is highly sensitive to low-pT;γγ dynamics.

Before discussing and comparing the results obtained
with different UPDF models and their impact on the

FIG. 2. Comparison of different up-quark UPDF models at μ ¼ 70 GeV (top) and μ ¼ 500 GeV (bottom). The color scale shows
the ratio of UPDFs as a function of the longitudinal momentum fraction x of the up quark (horizontal axis) and its transverse
momentum kT in GeV (vertical axis), both on logarithmic scales. From left to right the panels display the ratios PB=MKMRW,
PB=NLO-MRW, and MKMRW=NLO-MRW.
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predicted differential cross sections, we briefly comment
on the regions of the unintegrated phase space that are
most relevant to this study. For this purpose, the Les
Houches Event (LHE) files generated by the KATIE

parton-level event generator are analysed using the
pylhe library [57]. We study the differential cross
section as a function of the longitudinal momentum
fractions x1 and x2 of the incoming partons (moving
along the þẑ and −ẑ directions, respectively), the trans-
verse momenta kt1 and kt2 of the initial-state partons, and
the factorization scale μfac of the subprocess.
From this analysis, we find that, under the ATLAS

fiducial cuts, the dominant contribution to the diphoton
cross section arises from the ranges 3 × 10−4 ≲ x1;2≲
3 × 10−1, 0.2GeV≲kt1;2≲5GeV and μfac∼70–150GeV.
We have verified that the representative subprocesses
qþ q̄ → γ þ γ and qþ g → γ þ γ þ q populate very sim-
ilar regions of this unintegrated phase space; other channels
behave analogously. These ranges are motivated the
choices of scales used in the UPDF comparisons shown
in Figs. 1 and 2.
In the Fig. 1, a comparison between different

UPDF models is presented for μ ¼ 70 GeV (first row)
and μ ¼ 500 GeV (second row), corresponding to the
ratios PB=MKMRW, PB=NLO −MRW, and MKMRW=
NLO −MRW, respectively. It is evident from this figure

that, in general, the NLO-MRW model predicts consid-
erably larger transverse momentum distributions than the
PB and MKMRW models. This behavior primarily arises
from the scale choice k2 ¼ k2t =ð1 − zÞ in the input PDFs of
the NLO-MRW formulation. Consequently, at small trans-
verse momenta, the NLO-MRW model effectively probes
PDFs at higher scales, which naturally leads to larger
UPDF values in this region. Interestingly, all UPDF models
yield relatively similar results in the medium-kt region.
Another noteworthy feature, as will be discussed later, is
that for large x and some moderate-to-high kt regions,
the NLO-MRW UPDF model predicts larger distribu-
tions, whereas for kt values approaching the factoriza-
tion scale, it is suppressed by the strong virtuality-order
cutoff Θðμ2 − k2Þ intrinsic to the model. Additionally, the
MKMRWand NLO-MRWUPDF models exhibit relatively
similar behavior; thus, comparable results are expected
from these two formulations. The PB model, however,
generally predicts larger UPDF values in the medium-kt
region compared with the others. Finally, the MKMRW
distributions are noticeably smaller than those of the
other models, particularly in regions with very low parton
transverse momenta. This suppression arises from the
choice of an infinite upper limit in the Sudakov form factor.
In the Fig. 2, a similar comparison is shown for the up-

quark UPDFs. The overall patterns are consistent with

FIG. 3. Comparison of the theoretical predictions from the NLO-MRW, MKMRW, and PB UPDF models with the experimental data
for the transverse momenta of the two final-state photons. The left panel shows the distribution for the leading photon, while the right
panel corresponds to the subleading photon.
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FIG. 4. Comparison of the theoretical predictions from the NLO-MRW, MKMRW, and PB UPDF models with experimental data for
four observables: (top-left) aT;γγ , (top-right) ϕ�

η, (bottom-left) π − Δϕγγ , and (bottom-right) pT;γγ . The PB model provides the best
overall agreement with the experimental data across all observables, while the MKMRWand NLO-MRW models tend to underestimate
the data in the intermediate regions but reproduce the measurements within uncertainties at low and high values.
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those observed for gluons; however, the PB UPDF tends
to predict larger up-quark densities, particularly in the
medium-kt region.
Before presenting our predictions for themeasured observ-

ables, we note that the ATLAS data points shown in this
section are taken from the HEPData tables corresponding to
Ref. [18]. For each bin, the experimental uncertainty shown
in our figures is the total experimental uncertainty, obtained
by combining in quadrature all individual components listed
in HEPData (statistical and systematic, with upward and
downward variations treated separately).
In the left and right panels of the Fig. 3, we compare the

predictions of the NLO-MRW, MKMRW, and PB UPDF
models with the experimental data. Our analysis indicates
that these two differential cross sections are strongly
correlated with the factorization-scale dependence of the
UPDFs. As evident from the Figs. 1 and 2, increasing
the factorization scale causes the NLO-MRW UPDFs to
become significantly larger than those of the other models.
Consequently, it is expected that at higher transverse
momenta of the final-state photons, the NLO-MRW model
overestimates the corresponding predictions of the other
UPDF frameworks.
Furthermore, these figures show that while the NLO-

MRW model provides a reasonable description of the

transverse momentum distribution of the leading photon
(the photon with the highest pT), it fails to reproduce the
experimental data at large pT values for the subleading
photon (the photon with the second-highest pT). In con-
trast, both the MKMRW and PB models yield predictions
that are in better agreement with the experimental mea-
surements across most of the kinematic range.
In the top-left and top-right panels of the Fig. 4, we

compare the differential cross sections with respect to aT;γγ
and ϕ�

η, respectively, using predictions from different
UPDF models. Additionally, the bottom-left and bottom-
right panels of this figure present similar comparisons for
π − Δϕγγ and pT;γγ , respectively.
These four observables are predominantly correlated

with the transverse momenta of the incoming partons.
As discussed previously and illustrated in the Figs. 1
and 2, the PB UPDFs generally tend to overestimate the
other models in the medium-to-large transverse momen-
tum region, whereas the NLO-MRW model predicts
considerably larger values at relatively small transverse
momenta.
It can be observed that among the different UPDF

models, only the PB model provides a consistent and
accurate description of the experimental data across all
four observables, aT;γγ, ϕ�

η, π − Δϕγγ, and pT;γγ. In contrast,

FIG. 5. Comparison of the theoretical predictions from the NLO-MRW, MKMRW, and PB UPDF models with experimental data for
(left) the diphoton invariant massmγγ and (right) the Collins–Soper angle j cos θ�ðCSÞj. The PB model provides the best overall agreement
with the data across both observables, whereas the NLO-MRWand MKMRW models tend to overestimate and underestimate the data,
respectively, particularly in regions sensitive to higher factorization scales.
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both the MKMRW and NLO-MRW models tend to
undershoot the data in the intermediate regions.
Nevertheless, the MKMRW and NLO-MRW predictions
remain compatible with the experimental measure-
ments at low and high values of these observables once
uncertainties are taken into account. Additionally, it
should be mentioned that within the collinear factoriza-
tion framework, fixed-order calculations are known to be
unreliable in the small-aT;γγ , small-ϕ�

η, small-ðπ − ΔϕγγÞ,
and small-pT;γγ regions, i.e., where parton-shower or
resummation effects become essential [18]. In the
kt-factorization approach, the Sudakov form factor
embedded in the UPDFs effectively resums soft and
collinear emissions, yielding a more stable and broadly
consistent description of these regions.
In the left and right panels of the Fig. 5, we compare the

differential cross sections with respect to the diphoton
invariant mass mγγ and the Collins–Soper angle j cos θ�ðCSÞj,
respectively, for different UPDF models. It should first be
noted thatmγγ is strongly correlated with the factorization
scale. As a result, the NLO-MRW UPDF model, similar
to its behavior in the differential cross sections with
respect to the transverse momenta of the leading and
subleading photons, tends to overestimate the experi-
mental data at large diphoton invariant masses. In con-
trast, the MKMRW model generally underestimates
the data, while the PB approach successfully reproduces
the experimental measurements across the entire kin-
ematic range.
An interesting feature appears around the “shoulder”

region, where mγγ ≈minðpT;γ1Þ þminðpT;γ2Þ. In this
region, only the PB model provides an accurate description
of the experimental data, demonstrating its superiority over
the other UPDF models. This superiority becomes even
more evident when comparing the model predictions for
j cos θ�ðCSÞj. Among the different UPDF models, only the
PB approach yields a consistent and reliable description of
the experimental data across all regions.
Overall, the comparison of the various UPDF models

with both the experimental data and each other reveals that
the PB approach provides the most accurate and stable
predictions over the full kinematic range. The NLO-MRW
model tends to overestimate the data, particularly in regions
and observables sensitive to larger factorization scales,
while the MKMRWmodel generally exhibits similar trends
but with systematically lower predictions due to the
stronger suppression effects from the Sudakov form factor,
whose upper integration limit is set to infinity.

V. CONCLUSION

In this work, we have investigated isolated prompt
diphoton production in proton-proton collisions at

ffiffiffi
s

p ¼
13 TeV within the kt-factorization framework. The analy-
sis incorporated several UPDF models (namely, the PB,
NLO-MRW, and MKMRW approaches) and compared
their predictions with ATLAS experimental data. The
relevant partonic subprocesses were evaluated using the
KATIE event generator for tree-level contributions and an
independent implementation for the loop-induced gþ g →
γ þ γ channel.
A comprehensive set of kinematic observables was

analyzed, including photon transverse momenta, diphoton
invariant mass and transverse momentum, angular corre-
lations, and observables sensitive to soft radiation such as
ϕ�
η and aT;γγ. The results consistently show that the PB

UPDF model provides the best overall agreement with
the experimental data across all measured distributions.
In particular, the PB formalism successfully reproduces
the shape and normalization of the data over both low
and high-pT regions, reflecting its realistic treatment of
parton transverse momenta and coherence effects during
evolution.
In contrast, the NLO-MRW model tends to overestimate

the cross sections in regions dominated by large factori-
zation scales, a consequence of the k2 ¼ k2t =ð1 − zÞ scale
choice in its formulation. The MKMRW approach, while
theoretically improved through its modified Sudakov form
factor and extended normalization, generally underesti-
mates the data due to stronger suppression at large kt.
Overall, our findings confirm that the kt-factorization

approach provides a reliable framework for describing
photon pair production at the LHC. The PB formalism, in
particular, emerges as the most accurate and stable UPDF
model currently available, combining perturbative con-
sistency with excellent phenomenological performance.
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