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Summary

Double parton scattering (DPS) is a mechanism in which two hard parton-level
processes take place in a single hadron-hadron collision. This can yield important
contributions to search processes at the LHC, a prominent channel being like-sign lepton
pair production via the production of two W bosons of equal charge in a double Drell-
Yan process.

The factorization theorems allow to write the DPDs cross-section in terms of
perturbatively computable hard scattering part, and non-perturbative objects called
double parton distributions (DPDs), which contain a lot of new information about
hadron structure at the quantum level, such as correlations between partons in
polarization, color, and momentum.

In this thesis, we describe transverse-momentum dependence in the process of
production of two W bosons in proton-proton collision via double parton scattering.
This requires so-called transverse momentum-dependent double parton distributions
(DTMDs). In the first part of the work, we express DTMDs in the transverse-position
space, Fourier conjugate to the transverse momenta, and discuss their structure and
evolution equations — the renormalization group- and rapidity evolution (Collins-Soper)
equation.

After that, we identify the regions, where perturbative methods can be used to
connect DTMDs to simpler objects, such as collinear double parton distributions
(DPDFs) and single parton distributions (PDFs). These are called the “large-y”, and
“short-distance” regions, and are described in the later part of the work. We describe
the initial conditions for DPDs in both regions and the corresponding form of the
Collins-Soper equation. We analyze the position-space dependence of D'TMDs in both
approximations and their corresponding uncertainties due to the perturbative matching
to either DPDF's or PDFs.

Later, we discuss the non-perturbative input required in the computation and
present a scheme needed to 1) extrapolate the perturbatively computed approximation of
DPDs to non-perturbative distances, and ii) interpolate between the two approximations
valid in different subregions of the phase space. In the final part, we compute
the contribution to the differential cross-section of the considered process in each
region independently, identify the most important contributions, and discuss their
uncertainties due to the modeling of DTMDs and the rapidity evolution kernels. Finally,
we combine all of the contributions and discuss the final results for the differential cross-
sections.
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Zusammenfassung

Die Doppel-Parton Streuung (Double parton scattering, DPS) ist ein Mechanismus,
bei dem zwei harte Parton-Prozesse in einer einzelnen Hadron-Hadron-Kollision
stattfinden. Dies kann wichtige Beitrdge zu Suchprozessen am LHC liefern, Ein
prominentes Beispiel ist die Produktion von Leptonenpaaren durch die Erzeugung von
zwei W-Bosonen mit gleicher Ladung im Doppel Drell-Yan-Prozess.

Die Faktorisierungssétze (Factorization theorems) erlauben es, den Wirkungs-
querschnitt der DPS durch einen perturbativ berechenbaren harten Streuteil und
nicht-perturbative Objekte, sogenannte Doppelpartonverteilungen (Double Parton
Distribution, DPDs), beschreiben. Diese enthalten viele neue Informationen iiber die
Struktur von Hadronen auf Quantenebene, wie zum Beispiel Korrelationen zwischen
Partonen in Polarisation, Farbe und Impuls.

In dieser Arbeit beschreiben wir die transversale Impulsabhangigkeit bei der
Erzeugung von zwei W-Bosonen in Proton-Proton-Kollisionen durch DPS. Dies erfordert
sogenannte transversale impulsabhéngige Doppelpartonverteilungen (transverse momen-
tum dependent double parton distributions, DTMDs). Im ersten Teil der Arbeit
driicken wir die DTMDs im Ortsraum aus, der Fourier-konjugiert zu den transversalen
Impulsen ist, und diskutieren deren Struktur und Skalen Evolution, einschlieSlich der
Renormierungsgruppen- und Collins-Soper-Gleichung.

Anschlieend identifizieren wir die Bereiche, in denen perturbative Methoden
verwendet werden konnen, um DTMDs durch einfacheren Objekten, wie Kollinearen
Doppelpartonverteilungen (DPDFs) und Partonverteilungen (PDFs), zu beschreiben.
Diese werden als die “large-y” und “short-distance” Bereiche bezeichnet und im
spateren Teil der Arbeit beschrieben. Wir beschreiben die Anfangsbedingungen fiir
DPDs in beiden Bereichen und die entsprechende Form der Collins-Soper-Gleichung.
Wir analysieren die Abhangigkeit der DTMDs im Ortsraum in beiden “large-y” und
“short-distance” Naherungen und deren entsprechende Unsicherheiten aufgrund der
perturbativen Matching an entweder DPDF's oder PDF's.

Spater diskutieren wir den nicht-perturbativen Input, der fiir die Berechnung
erforderlich ist, und présentieren ein Schema, das notwendig ist, um i) die perturbativ
berechnete Naherung von DPDs auf nicht-perturbative Distanzen zu extrapolieren, und
ii) zwischen den beiden Naherungen zu interpolieren, die in verschiedenen Teilbereichen
des Phasenraums giiltig sind. Im letzten Teil berechnen wir den Beitrag zum
differentiellen Wirkungsquerschnitt des betrachteten Prozesses in beiden “large-y” und
“short-distance” Bereichen. Wir identifizieren die wichtigsten Beitrage und diskutieren
deren Unsicherheiten aufgrund der Modellierung der DTMDs und der Collins-Soper-
Kerne. Schliefilich fassen wir alle Beitrage zusammen und diskutieren die Endergebnisse
fiir die differentiellen Wirkungsquerschnitte.
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Chapter 1

Introduction

Deep inelastic scattering experiments [2], explained by Feynman in the so-called
parton model [3], followed by a more formal description in the language of the
collinear factorization formalism allowed to study of hadrons at the level of their
elementary constituents, now identified with quarks and gluons. Later works allowed
for an all-order QCD description of parton distributions with the help of factorization
theorems and introduced more general objects such as transverse momentum-dependent
parton distributions (TMDs) as well as off-forward parton distributions (GPDs), which
enable more detailed study of internal structure of nucleons [4-11]. Already in the
80’s it was realized that in the appropriate kinematics the multiparton processes
may also be significant [12-18]. 1In the last years, the theoretical description of
multiparton scattering has been further developed, and a factorization theorem for
a Drell-Yan production of color-neutral states in double-parton scattering has been
established, [19-25]. The study of double-parton distributions is worthwhile for two
main reasons. First, they encode information about the structure of hadrons which
is inaccessible with the help of ordinary single-parton distributions, such as the
correlation between the partons (color, polarization, energy). Moreover, they may
be important in future precision measurements at high energies, in which accounting
for contributions stemming from multiparton interactions might be crucial to minimize
theoretical uncertainties. Already multiple studies of the contribution from double-
parton scattering to various processes have been performed, for example in multijet-
[26-30], and dijtet-processes [31-33], J/¢ production [34-38], four-lepton production
[39,40], BSM searches [41-44], or the like-sign W boson pair production [45-48], which
is the main topic of this work.

The production of like-sign W pair in proton-proton collision has been studied
intensively for many years [49-57]. It is of particular interest, since in this process
the single-parton scattering (SPS) process is suppressed by two orders in strong or
weak coupling with respect to the DPS channel. Moreover, the diagrammatic analysis
shows that the SPS channel involves > 2 jets, as opposed to the DPS, which can occur



without jets. Finally, it is expected that at the corresponding kinematics, the DPS will
be enhanced compared to the SPS process since at high energies, partons carrying a
small fraction of the proton’s energy are probed — in that region, the densities of partons
become large so that multiple parton processes are more likely to occur. Indeed, in one
of the recent works on this process [48], the CMS Collaboration reported the observation
of the double parton scattering with 60 confidence level.

In the following part, we give a brief introduction to the theory of double-parton
scattering. In Section 2.1 we present the power-counting argument to explain in what
kind of observables the DPS process has that same power behavior as single parton
scattering (SPS). Furthermore, we argue that in the case of like-sign W boson pair
production, the DPS contribution acquires additional enhancement compared to SPS.
Next, we give the formal definition of double-parton distributions, and discuss the
factorization formalism and the evolution equations in Section 2.3. We present the
cross-section formula and outline the problem of the double-counting between SPS
and DPS in Section 2.4. In Section 2.5 we discuss the most important aspects in the
numerical computation.

In the next chapters we show the regions of the phase-space where one can improve
the description of transverse momentum-dependent double-parton distributions (DT-
MDs) with the help of perturbative methods. In Chapter 3 we focus on the case where
one can apply the operator product expansion in order to relate DTMDs to the collinear
double-parton distributions (DPDFs). In Chapter 4 we examine the regime where all
of the relevant distances are perturbatively small. In both cases we identify the region
of validity for each approximation, present the evolution equations, and discuss the
extrapolation of double-parton distributions.

In Chapter 5 we present the individual contributions to the differential cross-section
of W pair production from the two discussed approximations. We show how these are
combined to form the total result and outline the approach used to estimate prediction
uncertainties, assessing the relative significance of different error sources.

Finally, in Chapter 6, we summarize the work and present the conclusions.



Chapter 2

Double Parton Scattering

2.1 Power-counting for double parton scattering

The starting point of the analysis should be the following question: since in the single
parton case, the factorization formalism depends on neglecting the terms suppressed by
the powers of the hard scale, then is the expected scaling behavior of the double parton
scattering process smaller or larger than those neglected terms?

The analysis at the level of simple power-counting suggests that in the case
of transverse momentum-dependent observables the DPS process can indeed give
contributions that are not negligible compared with SPS. In the following part, we
recapitulate the results obtained in Section 2.4 in [22]. For a process involving the
production of two states characterized by hard scales collectively denoted (), and
transverse momenta q o, the single-parton transverse momentum-dependent differential
cross section can be written as

dUSPS
drdx Hi:1,2

N 2 21 5(2) > Fo |
a2q —U/dk/dk5 ((h—i-qz k k)f(q;)k)f( k), (2.1)

where the hard-scattering cross-section & scales like Q~*, and transverse momentum-
dependent single parton distributions (TMDs) f, f scale like A=2 each, where A is the
scale of non-perturbative interactions. The integration over transverse momenta of the
partons d’k d’k with two-dimensional delta distributions gives scaling a factor of AZ2.
In total, one obtains scaling behavior

dO’SPS 1
dede]],_, ,dq;  QIA?"

(2.2)

x (Z) is the longitudinal momentum fraction of the active parton in the right-moving
(left-moving) hadron.
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In the case of double-parton scattering, one can write

d O.DPS

Hi:1,2 dl’ld[i'lquz
5162( 11 /koj/dQRj 6® (q; — k; —Rj)) /d2y F(zi, ki, y)F(zi, ki, y) . (2.3)

j=1,2

Double-parton distributions (DPDs), denoted as F and F, scale like A2, Integration
over the transverse distance between partons 1 and 2, denoted as y, gives scaling A2,
and each hard scattering cross-section ;o scales like Q2. In total

dO_DPS 1
Hi:l,? dxzdfldzqz Q4A2 ’

(2.4)

which is the same power behavior as the SPS. The formal definition of the DPDs will
be given in Section 2.3. However, when integrating over the transverse momenta one
has the following phase-space bounds:

|q1 —+ CI2| ~ A , |Q1,2| z Q for SPS, (25)
lqi2] ~ A for DPS .

In double-parton scattering, each transverse momentum q; is the sum of the parton
momenta, hence it is bound by the soft scales. However, for SPS the sum of the
transverse momenta of the active partons is q; + gz, so only this combination is bound
in the latter case, while the individual momentum can be as large as the hard scale. It
implies that integration over the transverse momenta gives a different power behavior
in these two cases:

/d2q1 g — Q*A? for SPS, (2.7)

/d2q1 d2q1 — A4 for DPS. (28)

This means that the cross sections integrated over transverse momenta have different
scaling behavior:
dJSPS 1 ngPS A2

dedt ~ Q@ I, dvds,  QF (2:9)

It implies that the double-parton scattering should be best visible in observables that
depend on the transverse momentum of the produced states. In the following part of
this work, we will study a single class of such processes.
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2.2 Like-sign W boson pair production

In the previous part it was argued that for observables differential with respect to
transverse momenta of produced particles, the DPS channel has the same power-law
scaling as SPS. However, one still can expect that in many cases the SPS dominates
over the multiparton scattering, so the experimental observation of the double parton
scattering will still be a difficult task. Here we will discuss an example of a process,
in which the double parton scattering acquires an additional advantage over the single
parton case, and which will serve as an important motivation for the presented study.

Let us consider a process of production of two like-sign W bosons in a proton-proton
collision:

pp — WEWE + X . (2.10)

X denotes unobserved hadronic states that are summed over. W bosons decay into
leptons and neutrinos. Examples of the leading-order diagrams for single- and double-
parton scattering channels at the parton level for this process are shown in Fig. 2.1.

Figure 2.1: Single- and double Drell-Yan production of W*W¥ pair.

Remarkably, the SPS channel is suppressed in coupling by %, and involves two
parton lines that cross the cut, which means the emission of at least 2 jets in this
channel. Therefore, by considering the processes with < 1 jets one can study the
double-parton scattering.

2.3 Double-parton distributions

In this Section, we give a brief overview of the theory of double-parton scattering,
introduce the operator definitions of double-parton distributions depending on the
parton polarizations and color representations. We recall the most important points in
the derivation of factorization theorems for DPS, and show the evolution equation of
DPDs.

Parton distributions are commonly studied using the lightcone coordinates, sometimes
referred to as the Sudakov frame, cf. Appendix B of [10], in which the four-vectors are
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Figure 2.2: Leading-order graph representing the W boson pair production via double
parton scattering (DPS).

decomposed using two light-cone coordinates

1
vE = E(UO +0?), (2.11)
and the transverse components v. In this setting, the momentum of a right-moving
proton is approximated by
p'=(»",0,0), (2.12)

where we neglect the transverse momentum p, and the proton mass.

2.3.1 Tree-level analysis

Before giving the all-orders definition of double-parton distributions, let us explain
how they appear at the lowest order of perturbation theory, and describe briefly each
component that appears at higher orders. The leading-order diagram for the process of
W boson pair via the double parton scattering (DPS) is presented in Fig. 2.2. Instead of
using parton distributions in the transverse momentum space as in Eq. (2.3), it is more
convenient to express the differential cross-section in terms of DPDs in the transverse
position space:

dO’DPS d Z1 —z z d2Z2 idoz
H dx,;dz;d%q; - Z HalblHa2b2/ e /(27]’)26 222
1:172 ) K3 q.Z a1,a2,b1,b2
[y Erg e my) B () 213

H is the perturbatively computed hard part. a;, b; denotes parton species (at LO only
quarks). r; denotes a pair of color indices:

Ty =TT (2.14)

(2



8 Double Parton Scattering

Double parton distributions are denoted as F'. Both the hard part H, and F' carry spinor
indices, which are summed over — this is done using the usual Fierz decomposition, and
for simplicity, we suppress the spinor indices in the presented formula. At leading-order,
quark DTMDs F' are given by the matrix elements:

dz, dzy n
[rare ; z —9 1 %<2 z (121 +w225 )P
ot far [1555,

<p| (@11,7’1 (y - ZI/Q)qm,T’l (y + 31/2)) (@12,7‘2(_22/2)qa2,7"é(22/2)) ’p>

yt=z]"=z2; =0

(2.15)

As noted in various works [22, 54, 58], there exist also so-called ‘interference’ DPDs,
which describe the interference in fermion number and quark flavor. They are expected
to be negligible at small x, as explained in Section 2.5 in [22], and will not be considered
in this work. Using the Fierz decomposition one obtains parton distributions for definite
parton polarizations:

I, = %fﬁ unpolarized,
I'aq :%TL% longitudinally polarized, (2.16)
Fg = %ia” s transversally polarized,

for quarks. For antiquarks one has I'a; = —I'a4; for two remaining polarizations the

matrices are identical.

2.3.2 All-order description

At higher orders, apart from the perturbative corrections to the hard parton scattering,
one has two kinds of interactions that do not introduce power-suppression:

e Longitudinally polarized gluons with momenta collinear to the incoming/outgoing
partons connecting the collinear and the hard part.

e Soft gluons connecting the collinear parts.

The most general form of a leading-power diagram representing the process of
production of 2 bosons via DPS is presented in Fig. 2.3. The factorization theorem
states that the effects of collinear and soft gluons decouple, and are independent of the
hard part. Let us shortly recall, how the factorization is established.

Let @ denote the hard scale, and A is the typical scale of non-perturbative interactions.
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Figure 2.3: General leading-power graph representing the double-parton scattering.
Each parton, represented by straight red and blue lines, enters the corresponding hard
part H;. An arbitrary number of collinear, longitudinally polarized gluons may connect
the hadronic part (green blob) with the hard parts. Moreover, both hadronic parts
can exchange an arbitrary number of soft gluons. Definitions of the collinear and soft
momenta are given in Eq. (2.17).

Using the lightcone coordinates v* = (v, v~ v) we define

e All components of order ) —> hard momenta.

o (Q,A*/Q,N) — collinear, right-moving. (2.17)

o (A?/Q,Q,A) — collinear, left-moving. '
=

e Components of order A or A?/Q. soft.

The insertion of collinear longitudinally polarized gluons into the hard parts leads to
quark fields in the definition of DPDs being multiplied by the Wilson lines. Take a
fixed hard diagram H without the insertion of collinear gluons. Consider all of the
attachments of n collinear, longitudinally polarized gluons to such a diagram.
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Figure 2.4: Graphical representation of the application of Slavnov-Taylor identities to
decouple the collinear gluons from the inside of the hard part represented by a gray
circle.

Using Slavnov-Taylor identities one can show that the sum over all attachments
of the collinear gluons to the hard part gives the original hard part H with gluons
attached to the quark line before it enters H, as shown schematically in Fig. 2.4.
Using the Grammer-Yennie approximation one applies the following replacements for
the coupling and quark propagators:

—igty, —  —gt'v,, (2.18)
1 7

_ _ 2.19
Ykt v-k+i0’ (2.19)

This allows to resum the effects of the soft- and collinear gluons into so-called Wilson
lines, which in the case of gluons attached to the quark lines, are given by

W(b,v) = Pexp [z’gta /0 dsv-A%*b+ sv)] : (2.20)

—0o0

P denotes the standard path-ordering, so that fields A%(b + sv) with larger values of s
stand further to the right in the expanded exponential. We take different vectors vy, vg
for right- and left-moving hadrons:

vy > vl >0, v > vp >0, (2.21)

Rapidity of the vector is defined as
1 vt
Y = log| = 2.22
5108 | = (2:22)

It turns out that for transverse-momentum dependent factorization one cannot take
vanishing +/— components for vectors vy/r making them lightlike, since infinite
rapidites would lead to ill-defined objects at the intermediate steps of the computation.
In the later part, we will discuss how to apply the appropriate subtractions and express
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the observables in terms of quantities that are well-defined in the limit of infinite
rapidities. For right/left-moving hadron one takes v;/r such that the corresponding
rapldlty YL/R:

Y, <0, Yr>0. (2.23)

The effects of the soft gluon exchanged between the hadrons, shown in Fig. 2.3 in orange,
can be expressed in terms of the soft factor S multiplying double parton distributions,
which is shown in the same way as in the case of collinear gluons, that is by using
Slavnov-Taylor identities and the Grammer-Yennie approximation one proves that the
effect of the exchange of the soft gluons is expressed in terms of the so-called soft factor
multiplying DPDs in the cross-section formula. In the so-called Glauber region, where
the gluon momenta (k*, k™, k) are such that

k| ~ A kY] k7]~ AY/Q, (2.24)

one can see that in this region the Grammer-Yennie approximation breaks down. The
crucial point in the proof of factorization is to show that in this region the gluons do
not contribute at the leading power, as was shown in the case of the production of
color-less states in [23].

The soft factor is defined as a vacuum expectation value of a product of Wilson
lines. For processes involving two quarks, it is given by

[Sqq} rirh rorh rarh rar, (Zi, y; v, VR)

= (0

[0s4(y, 21301, vR)] Os,4(0, 29501, vR)] (2.25)

/ /[ / / ‘ > .
7"11”171”37‘3 7"21”2,1”41”4

where

[Oqu (v, 201, UR” 717,37

= [W(y+ 3z;00)Wi(y + 3z UR)LIT3 (W(y — 3z;0) Wiy — 2z UR)]r;rg . (2.26)

For antiquarks instead of quarks, one replaces the corresponding W;; with I/VJTZ Soft
factors for processes involving gluons, as well as the symmetry properties of S can be
found for example in Section 3.2 in [56].

Subtraction of soft gluons

The collinear gluons, represented by red and blue lines in Fig. 2.3, are resummed into
the Wilson lines multiplying the parton fields appearing in the definitions of parton
distributions. As will be discussed shortly, since the Wilson lines include also the
gluons with soft momenta, relevant to the soft factor, a consistent definition requires
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subtraction of these soft gluons from the matrix elements of parton fields and Wilson
lines. For now, let us focus on the unsubtracted DPDs, defined as

+

dz, dzy
Frale i Zi -9 n1 haiad Wheiat’ B z (r121 +w225 )P
us,a1a2 (I 1 2iy Y5 UL) p (‘Tlp pr / / o On

< O"'l (ya <15 UL)O% (07 225 UL) |p> ) (227)

where n; = 1 if parton ‘a;’ is a gluon, and 0 otherwise. For parton ‘a’ being quark, the
operator O is defined by

Og<y7 2 UL) =y (y - % )WT/ /( - %27 UL)FaWrs (y + %27 UL)QS (y + %’2) : (228)

For antiquarks one exchanges the position arguments y + %z and y — %z, multiplies by
—1, and uses spin projection matrices for antiquarks, as discussed below of Eq. (2.16).
Summation over color indices s, s" is assumed. Definitions for the gluon DPDs can be
found in Section 3.1 in [56].

Since the Wilson lines appearing in the definitions above include all collinear gluon
momenta, they lead to a double-counting with the soft gluons — the quark DPDs with
the soft gluons subtracted are given by

Fsub - S_lFus ) (229)

so that in the differential cross-section one has the following product of the unsubtracted
DPDs and soft factors:

FT(UR)S (UL,UR)Sqq<’l}L,UR)S (’UL,UR)FUS('UL) . (230)

The transposition in the first term pertains to the color indices. Lorentz invariance
implies that the soft factors depend on the vectors vy, vg only via the difference of
rapidities Y; — Ykg:

S(UL, UR) = S(YR — YL) . (231)

According to Section 3.2 in [56], one postulates the existence of a nonsingular matrix
s(Y’) in color space such that

e [t fulfills the equation

%S(Y) =s(Y)K, K=K' K is Y-independent , (2.32)

e One can write the soft factor S as:

S(Y)=s(Y —Yy)s'(Yy), for Y > 1and arbitrary Y, . (2.33)
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1 T2

Figure 2.5: Color indices of DPDs. Projecting on definite representations in the t-
channel one contracts indices r; with their conjugate partners r; on the right side of the
cut. In the s-channel, one contracts indices (r1,79) and (r], r5) on each side of the cut.

Using the second property, one can write the product of soft factors in Eq. (2.30) as
Sq_ql(UL, ’UR)Sqq(’UL, UR>Sq_ql(UL, UR> = ST _1(YR — Yc>S_1(YC — YL)
fOl“ YL < YC <K YR . (234)

There exists a theoretical support for existence of s, see [24], however, a general proof
does not exist. That allows to define DPDs as the limits of |Y;,/g| — oo:

Falag (YC) = YLh—>H—loo 3_1 (YC - YL)Fus,alaz (YL) )

aiaz

Fb1b2 (Yc) = lim Sb_l%)2 (YR — YC)Fus,blbz (YR) . (235)

YRHOO

2.3.3 Projecting on definite color representation

In the remaining part of the work we shall work with DTMDs in a definite color
representation. Notice that for DPD with free indices F""1"2"2 one can either project
with respect to the pairs (r17)), (r2,72), or (r1,72), (r],75), see Fig. 2.5. The first
decomposition, referred to as the ”t-channel” allows to decouple color channels under
RGE evolutions, and therefore will be used in this work. The decomposition in the
"t-channel” is

33=108 quark-antiquark ,

_ 2.36
8R8=10A®S®10 104 27 gluon-gluon . (2.36)

In the second decomposition, called the ”s-channel”, one couples the color indices on
the left- and right-side of the cut, (rq,r2), (1}, 75) respectively. Before renormalization,
the collinear DPDs (DPDFs) in this representation can be interpreted as probability
densities [58]. The application of this representation will become apparent in Section
3.3, and a more detailed description is provided in App. A. Let us denote the color
representation of parton ¢ by R;. DTMDs decomposed in the t-channel are given by

Bk 0 = €ay (R1)ea, (Ry P22 s (2.37)

1 1
Ny () ol
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where
N,=N;=VN, N,=vVN2—-1, (2.38)

. _—
Eo = {Z thR=4, (2.39)

1 otherwise

N = 3 is the number of colors, and m(R) is the multiplicity of R. We notice that
non-vanishing terms must have m(R;) = m(Rz). The color projectors Pp'32 are given
in App. A.

One can also project the operators defining DPDs on the definite representation:

ROL = ¢,(R) N, P O (2.40)

In the later part, it will useful to define the operators integrated over the distances:

B0, (2,2,y;v1) = 2p™ ( / / e P RO (y, 2 0p) . (2.41)
Unsubtracted DTMDs are then given by

27T5(p+ +) 2p+ RlRQFus ,a1a2 (Zia Zi,Y; UL)
- <p/| fu Olll (1]1, Z1,Y; UL) R20a2 (':CQJ Z3, 0’ UL) |p> Ip|=|p’|=0 ' (242)

The corresponding collinear DPDF is obtained by setting z; to 0.

2.3.4 Evolution equations of DTMDs

After discussion of the soft gluon subtraction, which led to the definition of DTMDs in
the limit of lightlike vectors vy /g appearing in the Wilson lines, we are ready to present
the evolution equation of DTMDs.

In the case of the rapidity dependence, it will be more convenient to introduce the
rapidity parameter ¢ for the left- and ¢ for the right-moving hadron:

¢ =2(pT)? e 2, C=2(p ) e?¥e . (2.43)

Notice that the product of these two rapidity parameters is equal to the center-of-mass-
system energy squared

C=4(ptp)’ =5 (2.44)
From Eq. (2.32) we get that

d

EFalag (l"h Z;,y,; W, YC) = _Ka1a2 (Zi7 Y; :ui)Fal(m (l’h Z;, Y, Wi, YC)(YC) ) (245)
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where the kernel K, ,, depends on the type of partons a;, but not on quark (antiquark)
flavor. Using the relation d/dYs = —2d/dlog (, we get the rapidity evolution equation
of DTMD:

d 1
MFMCQ (C) = 5 alazFalaz (C) : (2'46)
The Collins-Soper kernel K, ,, obeys the RGE equation
d
—Ka ax\Zi, Y, s = - a; \Mi I. 247
Tlog r, anea 20 Y3 s 12) = =i, (1) (2.47)

Iis a unit matrix in color space, and the cusp-anomalous dimension 7y ,(1;) is rapidity-
independent.
Projecting on definite representations, we can rewrite Eq. (2.46) as:

d R1R> F

S — 1 R1 Ry, R R} R'R!
legC a8z 5 Z . 2[(auzz ! 2F1L11L12> (248)

R\ R,
The solution of Eq. (2.48) is

R1R2F01(12 (mia Zi, Y5 iy C)

D! D/ g / /
= Z R, Hy 1y [eXp (%Kalag (Zia y; /’l’l) ]'Og _)] X RlRQFalaQ (xiv Zi,y; i, CO) )
/' 0
R1R2
(2.49)
where F1FR2. 7R, [exp(...)] is the exponentiated matrix.
Subtracted DTMDs are renormalized multiplicatively:

Falag (,uh M2, YC) = ZF,al (Ml) Yc, $1p+)ZF,a2 (MQ: YC; x2p+)FB,a1a2 (YC) ) (250)

where renormalization constants Zp are independent of the polarization and color
representation, but they are different for quarks and gluons. They are given in Section
3.4 in [56]. The renormalization group equation of DTMDs reads

d

MRIRQFMQ (2, 26, y5 i, 112, ) = v (i, 27C) T2 Fyay (3, 24, 3 g1, 12, €) , (2.51)

where the anomalous dimension 7z does not depend on the color representation or
parton polarization. It is given by

Ve (His ©7C) = Yay (115) — Vi (113) log == .

2

(2.52)

The kernel vx , is defined in Eq. (2.47), and

Yai (141) = Vra, (s 145) - (2.53)
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The solution of the RGE reads

RlRQFalag (-Iia Zi,Y; K1, U2, C)

= exp <Sq (,u01,,u1,$1\/z)> X RIRQF(M(ZQ ($i7zi7y; Ho1, U2, C) ) (254)
where
du 211/C )
Sa1 ) ) = IR A - a1 1 ’ 2.55
exp( (o1, 11 xl\/Z)) eXp(/m . (7 (1) = Vi Yog = ) (2.55)

analogously for the second scale uy. The exponential in Eq. (2.54) is often called the
Sudakov factor.

2.3.5 The case of collinear double parton distributions

This work deals mostly with transverse-momentum dependence, but for completeness
let us also briefly discuss the evolution of collinear double parton distributions (DPDFs).
Also in that case one needs to subtract the double-counted soft gluons, as this was
done previously for transverse momentum-dependent DPDs, but here the corresponding
soft factor turns out to be diagonal in color representation after projecting on the t-
channel, see Section 2.3.3. This allows for a simpler definition of the matrix s:

RRg(Y) = /RRS(2Y) , (2.56)

which leads to the following definition of subtracted DPDFs:

fafepeol (Vo) = lim ®Rs™M (Yo — Y ) FSO% (V7). (2.57)
YL—)—OO )
The resulting rapidity evolution equation reads
d CO 1 CO
—RlRQFaliIQ' (ajia Y M1, 2, C) -5 Rl‘](,ula M2, C)Falclllz' (xia Y K1, B2, C) : (258)

dlog ¢ 2

The kernel ©.J depends only on the dimension of the representation, hence we write
it only with a single color representation index R. The RGE of the rapidity evolution
kernel reads

d g
J = —Bri(u) . 2.59
dlog ji; (p1, p12) v (1) ( )
To all orders, one has

'J=0. (2.60)

The solution of the Collins-Soper equation in this case has a simple form:

142 Frco 1 C 1172 rco
fuft Fal(lzlg. (x’h Yyt p2, C) = €Xp (% r ‘](ya Hz) lOg &) X fuft Faltlzlg' (xiv Y, p2, CO) :

(2.61)
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Just as in the case of PDFs, the collinear double-parton distributions are not
renormalized multiplicatively, but by a convolution:

d

R1R2F ey,
leg I aias (xza Y K, C)
= 2 Z Rty a1by (x/h M1, I%C) :;8; R3R2Fb1a2 <$i7 Y i, C) . (262)

b1,R}

The color-singlet sector shares the DGLAP kernels with the single parton distributions
[22,56]. The corresponding kernels have been computed up to N*LO [59-61], and
partial N*LO correction are available [62-65]. On the other hand, the DGLAP kernels
for the color-nonsinglet channels only recently have been computed to NLO [66], and
the DGLAP evolution in these channels was extensively studied in [67].

2.3.6 Modelling of the Collins-Soper kernel

The rapidity evolution kernel #.J relevant in the evolution of DPDFs depends on the
transverse distance y, and in general, is a non-perturbative quantity. It will be modeled
in the same way as Collins-Soper kernels for single parton TMDs, according to the
method developed by Collins, Soper, and Sterman [68]. In this approach, one introduces
a distance-dependent function with the following properties:

b*(b) ~ |b| b perturbatively small ,

2.63
b*(b) = bmax asb — oco. ( )

In the TMD literature, it is often called the *-prescription. It will be further discussed
in Section 3.2. At small distances, one can compute the perturbative expansion of the
kernel, denoted as ¥JP!. At arbitrary y one uses the following decomposition:

BI(ys ) = "Iy ) + gs(y) (2.64)

where g;(y) is a non-perturbative, scale-independent function. This approach has been
discussed in [56], and applied in the numerical study in [67].

All of the other rapidity evolution kernels depending on only one tranvserse distance
relevant to this work will be modeled in the same way. The extrapolation of the
DTMD kernel FrfizFalafg  which depends on 3 transverse distances (z1,2o,y), is
more complicated, and will be discussed in Chapter 4.

2.4 Differential cross-section and double-counting

After introducing the formal definition of double parton distributions, and the
discussion of their scale dependence and color decomposition, let us recapitulate the
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Figure 2.6: Transverse positions of partons on both sides of the cut.

general form of the cross-section formulas, and discuss the problem of double-counting
between DPS and SPS.

For DTMDs in the transverse-position space, the distance between two partons on
the left /right side of the cut is given by

1
yr=y=+ §(z1 — Z9) , (2.65)

see Fig. 2.6. In the region where one of the distances becomes comparably small as the
inverse of the hard scale Q~!, the process should no longer be described as DPS, but
rather an SPS/DPS interference, where the partons characterized by the small distance
originate from the perturbative splitting of a single parton. Both distances y+ < Q!
correspond to a single-parton scattering process.

Therefore, integration over the whole transverse-position space as in Eq. (2.13)
introduces a double-counting of DPS, SPS, and interference terms. This is avoided
using the Diehl-Gaunt-Schonwald scheme [69]. In that approach, one introduces the
short-distance cut-offs ®(y.) on transverse distances y+ in the integrals defining DPS,
and a single cut-off on either y, (y_) for the SPS/DPS (DPS/SPS) interference term.
The total SPS+DPS cross-section is then given by:

0 = Opps + [O'DPD/SPS — ODPS,y_—0 T OSPS/DPS — O-DPS,y+—>O}
+ [USPS — ODPD/SPS,y+ 0 — OSPD/DPS,y_—0 T ODPs,yi—m] . (2.66)

The subscript ‘yx — 0’ denotes taking the limit of the vanishing relevant distance.
Ideally, the dependence on the short-distance cut-off ®(y+) should be a subleading
effect after including the subtractions. The inclusion of the subtractions, as well as the
DPS/SPS interference, is beyond the scope of this work, and we will focus only on the
DPS part. As will be shown in the following part of the work, for like-sign W pair
production this is the only non-vanishing term at the considered order of perturbative

QCD.
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For transverse-momentum dependent observables we have

d UDPS

Hi:LQ dxzd:f,quz

- % Z Z Oarby (@1, 11) Oagby (Q2, 112)

a1,a2,b1,b2 R1,R2

d2Z1 iq d2Z2 iq
—iq12Z1 —1q2%2 d2 (I) CI) B
x/(27r)2e /—(%)2@ / y ®(y)®(y-)

X RlRQFalaQ (Ii7 Zi, Y5 i, C) RlRQFble (‘ria Zi, Y5 i, 5) : (267)

The constant C' is equal to 2 if the produced particles are identical, and 1 otherwise.
The hard scattering cross-sections are connected to the functions H,, in Eq. (2.13) by

the relation
Hab

NNy
The rapidity parameters of the incoming hadrons are such that (¢ = s?, and the RGE

scales y; are taken equal to the hard scales (); — in this case the mass of W boson. The
typical momenta fractions of the active partons are given by

(2.68)

Oab =

z~ % . (2.69)

For Q = My, = 80.377 GeV, and /s = 13 TeV, z is about 6 x 1073,

2.5 Numerical set-up

In this section, we briefly describe the software used to obtain the results presented in
the next Chapters. We describe the CHILIPDF' framework, which provides us with the
models and evolution of DPDFs and PDFs, and on which we developed the code needed
to model and evolve the transverse momentum-dependent double parton densities, and
compute physical observables.

In 2.5.2 we give an overview of the algorithm for the computation of integrals
involving Bessel functions, which we have developed to compute the double Fourier
transforms appearing in the cross-section formula discussed in the previous part.

2.5.1 ChiliPDF

The code developed to compute DTMDs and the differential cross-section of W pair
production is a part of a C++ library CHILIPDF [70], which already implements the
evolution of PDFs and collinear double parton distributions (DPDFs) [67, 71]. It is
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based on expansion of parton densities and their evolution kernels using Chebyshev
polynomials [72], allowing to discretize the evolution equations.

Single parton distributions (PDFs) used to construct DPDF and DTMD models
used in this work are imported from LHAPDF [73].

2.5.2 Levin’s integration method for Bessel transforms

As indicated in Eq. (2.67), the transverse momentum-dependent differential cross-
section of double-parton scattering involves a double two-dimensional Fourier transform.
As will be shown in the later parts, performing the angular integration in d?z; integrals
allows to rewrite it as a double Hankel transform, also called a Bessel integral:

/000 dz J,(qz) f(2), (2.70)

where J, is a Bessel function of order v. The precise and time-efficient computation
of the Bessel integrals is a serious issue already at the level of single-parton TMD
[74-76], where only a single integral is involved. Commonly used are quadrature
methods [74-78], which, however, suffer from the necessity of taking the grid points
in transverse-position space depending on the value of transverse momentum, while
re-computing of DTMDs in the position space for each new pair of transverse momenta
(g1, q2) would be extremely costly. There exist methods using grids with fixed points
based on discrete Hankel transform [79,80], but we found them inefficient for the relevant
class of transformed functions.

For this reason, we developed a method of computation of the Bessel integrals which
allows to use the fixed grids in the position space in a wide range of ¢, and leads to
typically a much faster convergence of the result with an increasing number of grid
points. In the original version of the method presented in the work by D. Levin [81],
one considers the integral

/ A=) (02) + Fal2) o (g2)] dz (2.71)

with functions fLQ which do not oscillate rapidly. First, express (2.71) as a product of
two vectors:

2 5
/ o Fds, (2.72)

where ~
J, gz - z
5(z,q) = [ () ] ()= [{1( )] . (2.73)
Jo+1(a2) f2(2)
The vector @ has the following property:
d
—o = ATQ, (2.74)

dz
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where A is a (z, ¢)-dependent matrix, which does not exhibit oscillatory behavior. Using
integration by part, it can be shown that if one finds the solution of differential equation

(C%-i- Jh=F. (2.75)

then the original integral is given by the boundary terms

/w Fde = (@0)(z) - (3-0) (=) (2.76)

By discretizing the differential equation (2.75) on Chebyshev grid, one can construct
its approximate solution using the Chebyshev spectral method. In our work [1], we
modified the original method to allow for precise integration on interval [0, o00] by
appropriately rescaling the vectors @,f and h. Details are provided in Section 2 of
the cited work. The algorithm was implemented in CHILIPDF | and in a publicly
available C++4 library BestLime [82].

Precision studies of the optimized Levin’s method, discussed in Section 5 in [1] were
our basic guidelines for the choice of interpolation grids used in the computation of
double Bessel integrals, essential in evaluating the results presented in Chapter 5.



Chapter 3

DTMDs in the large y region

3.1 Small z expansion

For perturbatively small |z;|] << A, and y such that |y| > |z;|, one can express the
transverse position-dependent parton distributions (DTMDs) F(zy,22,y) in terms of
collinear double-parton distribution (DPDFs), denoted as F<°"(y), using the operator
product expansion, in a similar way to the case of single-parton distributions. This
procedure, widely used in TMD physics, is commonly called “matching” [56,68,83-88].

The short-distance expansion of operators defining the unsubtracted DTMDs in a
definite color representation, see Eq. (2.41), has the following form:

ROa (.’L‘, Z, Y) = Z Z RR/Cus,ab($/> Z) % R/Ob (33/7 07 Y) : (31)
R/

b

The symbol € denotes the convolution product defined as

/I 1 dx—f/ O(') f<x£> . (3.2)

Operators ®O, (x’ ,0, y) define collinear double parton distributions. It should be noted
that the matching kernels %' C' do not mix between color multiplicities, and kernels
with R # R’ are non-zero only for matching between quarks in octet representation,
and gluons in either symmetric- or antisymmetric octet representation, that is R, R’ €
{8,5, A}.

The expansion of the soft factors given in Eq. (2.25), projected on definite color
representations, has a multiplicative form:

2
H\
8Q
=
H\
S~—
[

R1Ry,R, R,
R QSalag(Ziay)

= R1R2057a1 (Zl) RIRQOS,az (ZQ) RIRQ’R1R2Sa1a2 (Zi =0, Y) 6R1R27R'1R/2 : (33)

22
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This shows that in the large-y approximation the soft factor also does not mix between
color representations — using the results of Section 2.3.5 for color-diagonal soft factor,
one can write the matrix 172 fifs, in Eq. (2.33), in a simple form:

RiR2,R. R, .
"2 Sa1an (Zi7 Y M, Y)

= \/RlRQCs,al (21; QY)\/RlR2CS,a2(Zz; 2y) ftlfeg o (yi i, Y) OR\Ro,R,R), -
(3.4)

The color-diagonal matrix s(z; = 0,y) appears in the soft gluons subtraction for
collinear DPDFs as discussed in Section 2.3.5.

Using Egs. (3.1), (3.4), and definitions of DPDs in Section 2.3 one finds that
the subtracted DTMDs can be written in terms of collinear DPDFs convolved with
subtracted matching kernels:

R1R .
! 2Fa1a2 (xi7 Zi,Y; YC)

_ E : E : R Rj Iy ®
— ! 1Oa1b1 ('thlJYC) T1

bib2 R ,R)

Bl Oy (2,20, Y ) &, Tl Fpoll (2], Yo (3.5)

where subtracted matching kernels are defined according to
R1R2CUSG, x7z; 7Y
RlRQCab(xaz;,uayC) = lim ’ b( a L)
Yp——o0 \/RlRQCS’a(Z; Jin QYC — QYL)

for the right-moving hadron. Recall from Eq. (2.57) that the subtracted collinear DPDF
is defined as a limit

(3.6)

B Fel (i Ye) = lim PR (v Yo = Ye) B (e v V)
(3.7)
Switching from the variable Y to (, where we recall
¢ =2(p")%ee, (3.8)

we obtain

itz Fa1a2 (wiv Zi,y; i, C)

R1R) 2
— Z Z ! 10a1b1 (x/l,Z1;/,(/1,$1C) :;81

bib2 R ,R)

R, ! Rl ocoll.
B2 Gy (0, 203 po, 235C) & R FN (2, yy s () . (3.9)
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Notice that the rapidity parameter enters the matching kernels for parton i (= 1,2) only
in combinations z2¢, which is because in a perturbative computation of the kernel the
result depends on the momentum of a single parton, rather than the whole hadron. The
exact form of the matching kernels is given in App. C, and the details of the matching
procedure will be discussed in a later part.

Finally, using the formula for the subtracted kernels in Eq. (3.6), one obtains the
Collins-Soper equation for the matching kernels:

d

R1R20a .z L, — RlKa : . 3.10
o P (0,2i1.6) = o) (3.10)

For the color-singlet channel, the kernel 'K, is identical with the rapidity evolution
kernel of single TMDs [56]. The rapidity evolution equation (3.10) will be used to
resum logarithms of z2¢/u? in the matching formula in Section 3.4.

Finally, the rapidity evolution equation of DTMDs obtained via perturbative
matching reads

d
dlog+/C
= (RIJ(Y;M) + M Ky (215 1) + T2 K, (22 /L2)> Tl g (T2 y; i, ¢) . (3.11)

il Falaz (l’i, Zi, y; i, C)

Comparing with the general form of the Collins-Soper kernel for DTMDs in Eq. (2.48),
one sees that in the large-y limit it becomes diagonal in color representations, and the

solution of the rapidity equation in this case does not involve matrix exponentiation,
cf. Eq. (2.49).

3.2 Intermediate scales

It turns out that the computation of double parton distributions via perturbative
matching poses a multiscale problem — in the computation of observables one needs
DTMDs at the scales of order of My, ~ 80 GeV, whereas the natural choice of scales,
at which one performs the matching is given by transverse distances z;, which are
perturbatively small, but typically much larger than MV_VI. Moreover, the scale at
which one models the collinear parton distributions should depend only on the scale
relevant to that distribution — that is |y|™'. In this Section, we discuss our choice of
distance-dependent scales, and the evolution of the parton densities at intermediate
steps of the computation.
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Matching scales

The pair of the matching scales in Formula (3.9), which will be denoted as (po1, f402),
is given by the distances z;, so that

Moi X |Z,L'|_1 . (312)

The standard choice is

b
Lo; = ‘Z—‘)' . byp=12e7F ~1.123, (3.13)

where g is the Euler-Mascheroni constant. This choice makes the one-loop corrections
to the TMD Collins-Soper kernel vanish.

Since the transverse momentum-dependent cross-section is expressed in terms of a
double Fourier transform of (z1, z;)-dependent product of DTMDs; one may expect that
the most relevant region of the phase space is characterized by the distance |z;| of size
of the inverse of the transverse momenta q; of the produced W bosons: |z;| ~ |q;|™".
To smoothly extrapolate to a region where either the perturbative calculation no longer
makes sense (large z), or where the inverse of |z| approaches the hard scale, we will
apply the “*-prescription” to the transverse distances, as it is commonly done in TMD
literature [68,76,86-88,90]. It means that the perturbatively matched DTMD at the
initial scales will be computed at regularized distances given by

4\ 1/4
1 + min

b*(z) = z* = z( (2 /|Z’)4) , (3.14)

1+ (|2]/2max)

where we choose
b() bO

Zmax = , min = 2GeV, and  zppm = —— . 3.15
Hmin s MW ( )

To have some indication of in which region the described *-prescription significantly
modifies the transverse distances, it can be checked that the relative difference between
|b*(z)| and |z| is smaller than 5% for 0.021 GeV™' < |z| < 0.38 GeV~'. The powers
in the definition are taken such that for perturbatively small, but also larger than the
inverse of the hard scale distances z: Q' < |z| < A~ its regularized value differs from
the unregularized ones by terms of 4-th power in |z|/bmax, bmin/|2|, allowing to achieve
a smooth interpolation outside of the region of validity of the discussed approximation.
A similar approach has been used by the MAP collaboration [87], while *-prescriptions
considered in other works, e.g. [86,88], are such that the difference between |z*| and |z|
is suppressed only by terms C’)(z2 / b?nax), and z* is not regularized from below.

Finally, our choice of the matching scales is given by

b

z;
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This definition ensures that the matching scale used in the perturbative computation
is much larger than the QCD scale, and does not exceed the hard scale. The latter
ensures that one does not evolve DPDFs to scales larger than My, in the region of
very small z;, which is computationally costly, and gives a negligible contribution to
the overall result. Moreover, the UV regularization avoids possible singularities of the
Collins-Soper kernels when approaching the limit |z| — 0, as will be discussed in detail
in Section 4.2.

Effects of quark masses

The number of active flavors n; at the level of hard scattering is set by the hard scale
— for W boson production it is Q = My =~ 80.377 GeV, so that in the considered
kinematics one has DTMDs with ny = 5 active quarks treated as massless. On the
other hand, the initial scale of DPDFs, denoted as p,, is typically much smaller (but
no smaller than 2GeV), and the matching scales pg; are of order |qr|, so that neither of
these scales is necessarily much larger than all of the active quark masses. We approach
this problem in a similar way to that presented in [91], that is, after initializing the
DPDF at a given number of active flavors, we either match to a higher number of
flavors during the scale evolution, or match DPDF to DTMDs with different n; using
mass-dependent kernels.

For simplicity, let us assume that there is a single massive quark of mass m.
Depending on the hierarchy between m and the remaining scales, one needs a different
approach to including the quark mass effects in the computation. There are 4 possible
configurations of the scales:

a) @ > |qr| ~ m,

(a)

(b) @ > lar| > m,

(c) @ ~m > |qr|,
)

(d) @ > m > |qr|

In the discussion of the scales hierarchy in the following part, we identify the matching
scales p; with the corresponding transverse momenta |qr|, thus focusing on the
dominant region in the transverse position space. Instead of that, one can replace
|ar| with by/|zf| in the considerations below, and pick the cases (a)-(d) depending on
the value of |z;|. This approach, although more detailed, introduces two important
drawbacks:

e Switching between the cases (a)-(d) would introduce a discontinuity in highly
oscillatory z; integrands, which can lead to artifacts in the numerical computation.
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e Changing the number of active flavors (ny1,ns2) in DPDF depending on (2, z2),
one needs to consider 4 different settings:

(nlanl)a (nl + 17”[)7 (nl7nl + 1)7 (nl + ]-7nl + 1)

This would require computing DPDFs initially at n; active flavors, and then
evolving them from the region of the largest distances to the smallest, corresponding
to scales at which there are n;+1 active flavors. To achieve this, one would need to
initialize two independent DPDF class instances, one for which one first passes the
quark mass threshold for quark 1, matching (n;, ;) — (n; + 1, ;) active flavors;
and one instance where the matching is first performed for parton 2. Such an
approach is possible to implement in our current framework, but it will be shown
later that this is not necessary for the relevant scales.

It will be argued later that for the process considered in this work, based on the
considered range of qr values, it is justified to assume the scales hierarchy (a) for
all z;. For this reason, we keep the treatment of the quark masses independent of
transverse positions.

Case (d) is of little interest in this process since this would imply
lgr| < my ~ 4.18 GeV,

breaking the assumption of large transverse momenta. Cases (c) and (d) could be
considered in the context of production of states with larger invariant mass, for example,
a hypothetical heavy Z’ boson or a two-boson state, where m would be the mass of the
top quark.

For the W pair production process, the case (b) can be realized in a rather small
region of the phase space, since it is questionable, whether one can treat any scale
between my, and My, as much larger than the lower one, and much smaller than the
upper one simultaneously — perhaps this can be justified for |qr| close to the upper
limit of the considered transverse momenta, which in this work we take equal to 20
GeV. However, we find that it is also reasonable to classify such scales as m, ~ |qr|,
hence in our numerical studies, we assume the case (a).

First, we will discuss the case (a) in detail. For completeness, we will also describe
how to include the effect of quark masses in cases (b) and (c). By F,, we denote parton
distributions F' with ny active quarks. Let n; denote the number of light quarks (in
our case n; = 4). The collinear DPD is initialized at y-dependent scale i, and then
evolved to the matching scales pio; ~ |qr;| ~ my. Since the mass of the charm quark is

me ~ 1.27 GeV (3.17)
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and the initial scales of DPDF's are no smaller than
bo

bmin

fhmin = = 2GeV, (3.18)
so that DPDF's are initialized at ny = 4 light flavors at scale p,+, and evolved with the
corresponding DGLAP kernels to the matching scales. In the next step, one performs
the matching of DPDFs with n; active quarks onto DTMD with n; 4+ 1 active quarks,
using the mass-dependent matching kernels for the bottom quark. Those are given
in Appendix C. Finally, one evolves DTMD with n; = 5 massless quarks to the hard
scales.

In the case (b), for |qr| > m, one performs the threshold matching to DPDF,, ;1 before
DPDF-DTMD matching if m > p,, and then evolves DTMD,,, ;1 to the final scales. If
m ~ [+, the DPDF is already initialized at ny + 1 active quarks, and the mass effects
are included only in the splitting formula for DPDFs.
In case ¢), for Q) ~ m, one computes both DPDF and DTMD with n; active flavors, and
the quark mass dependence enters only via virtual corrections to the hard cross-section.
A schematic representation of the described procedure, in particular the scale
evolution, matching between different number of flavors, and DPDF-DTMD matching
in cases (a)-(c) is shown in Fig. 3.1.

Initial scales for DPDF's

For completeness, let us discuss the initial scales at which the model of collinear double
parton distributions is formulated. Since the only relevant scale in the problem is y,
we take
ly*|

The UV-regularization of the scale is, in this case, irrelevant, since one anyway imposes
the cut-off |y| > My in the computation of differential cross-section. The choice of the
initial rapidity scale is less obvious and has been the object of discussion, see Erratum
1.2 in [56]. In the perturbation theory, higher-order corrections may depend on rapidity
via logarithms of the following products of ¢ and the remaining scales:

(z:v/Co) Iy, i=1,2.

Assuming that the correction involving 211/ and x9+/(y are the same, one can minimize
the part linear in the logarithms by taking

o(y)

X112 .

Ho (3.19)

Co = (3.20)

where the scale &, depends only on the distance, and not on z;, and is given by

Eo(y) = 13, - (3.21)
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Figure 3.1: Representation of the evolution and matching of parton distributions
between the intermediate scales for different hierarchies between @), m, . Matching
between DPDF and DTMD is represented by a double purple line. The corresponding
number of active flavors (both partons) is indicated in parenthesis. Matching to collinear
DPD with a higher number of active flavors is denoted by a short blue line. Next to the
arrows representing the scale evolution, shown is the number of active parton flavors of
a given DPD.
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To avoid a potential confusion, we emphasize that in the whole work we use the notation
where the rapidity is denoted by the letter {, and may depend on longitudinal momenta
fractions z;, while the scale £ is the z-independent part, as given in Eq. (3.20). The
exact form of DPDFs at the initial scales will be presented in Section 3.3.

3.3 Initial conditions for collinear DPDs

We use the DPD model described in [69, 92].  Double-parton distributions are
decomposed into the “intrinsic” and “splitting” part, according to

RlRQFalaz (xia Y; Ho; QO) = R1R2Fa1a2,int (ZL‘i, Y; Ko, CO) + RleFawz,spl (xiv Y to, CO) : (322)

There is also a ‘twist-three’ part, obtained from a matrix element of a twist-3 operator
[22,56,69]. However, the arguments presented at the end of Section 2 in [69] show that
this is a subleading term, since the helicity of a single quark-antiquark pair (chiral odd)
cannot be compensated by gluon helicity, and therefore such contribution to DPDFs
does not obtain the contribution from mixing with gluons, which is the main source of
enhancement at small x.

In the next part, we present the construction of both splitting and intrinsic parts.

3.3.1 Intrinsic part

The “intrinsic” part can be thought of as the contribution from the hadron’s wave
function. It will be approximated as a convolution of two impact parameter-dependent
PDF's multiplied by some further factors that will be discussed later:

RlRZFmaQ,int (xia y; ,UO)
== n(CLlCLQ) ralag(R1R2> palag (SE17 x?) /d2b fal ('Tla b7 /’LO)faz (SE27 b + Y IU’O) .

(3.23)
The impact-parameter dependence of PDFs is taken as

1 _ b2
fa(z1,b; p0) = Efa(xl;,uo) € Hha . (3.24)

The convolution simply produces another Gaussian factor:

[ b Fu 1.2 10) o2 b+ i)
L) i) exp [ Y] (325)
= ———fa, (21; 0y (T2 exp| — ———| . .
A (g + hag)? O O ST 4 h)
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In the later part we will denote
hay + hay = Payay - (3.26)

The parameters h, are taken from [69], and are equal to

(3.27)

~J2.33 GeV 2 fora=g
“ ] 3.493 GeV 2 otherwise

Flavor number effects
To account for the fact that there are two up-quarks and one down-quark in the proton,
we use the number factor n(ajas) defined as

0 if((ll,a2> = (d_,d_)
n(aaz) = < 1 if (a1,a2) = (u™,u™) . (3.28)
1 otherwise

The ‘minus’ combinations for quark of flavor ¢ are defined as a difference of quark and
antiquark distributions:

¢ =q—q. (3.29)
To implement the presented number effects, the discussed DPD model is first formulated
in the valence-sea basis, and later transformed to the parton basis.

Color non-singlet representations

The color factor rq4,4,(R1R2) is taken equal 1 for the singlet representations (R Rs) =
(1,1). In the case of the non-singlet representation, we take such values that saturate
the positivity bounds for DPDs [58]. As discussed in Section 2.3.3, we project the
color indices on definite SU(3) representations in the t-channel. Projecting onto the s-
channel one obtains distributions that mix representations under the evolution, but can
be treated as probability densities at the lowest order. Using the matrices describing
the transition from the s-channel to t-channel basis, one can find the maximal values of
the non-singlet distributions that yield semi-positive distributions in the s-channel (in
fact, one positive, and the rest equal to zero). The resulting values of 7,,4,(R1 R2) are
given in App. A.3.

Parton momenta
The condition

is enforced by multiplying the distributions by a factor

(1—z1—22)?
B ] 1+ 29 <1
pa1a2(x17x2) = (1=z1)*(1—22)? ! 2= . (331)
0 1+ a9 >1
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The factor (1 — x1)%(1 — 22)? in the denominator is introduced to fulfill the sum rules
for DPDs more accurately in the singlet sector [93].

Parton polarization
When specifying polarization, we shall use labels

e ¢ for unpolarized,
e Aa for longitudinally polarized,
e §’a for transversely polarized in direction j.

Parton ‘a’ can be either quark, antiquark, or gluon. In this work we consider parton
distributions only for combinations of a and Aa, since the transversely polarized partons
do not contribute to the production of W boson pairs, see Section 2 in [53]. DPDs with
only one parton longitudinally polarized are pseudoscalars — since one cannot construct
a pseudoscalar using only a single vector y, it follows that

FR =F =0 foralla,b. (3.32)
In the case of DPDF's with both partons longitudinally polarized, a seemingly natural
choice would be to construct it using a product of two polarized PDFs. One should
however not take such an analogy too far, since the longitudinally polarized PDFs
describe the correlation in polarization between parton and hadron, while longitudinally
polarized DPDs describe the polarization correlations between two partons, see Section
4.3.1 in [22] and [94]. To account for longitudinal PDFs, instead of taking a polarized
PDF fit, we take them equal to their unpolarized counter-parts at the initial scale of
the fit, equal to 1 GeV [95], and evolve them to the scale y1, using DGLAP for polarized
PDFs. The identical approach was used in [67]. As will be shown later in Section 3.7,
due to the evolution effects even so-constructed longitudinally polarized DTMDs are
much smaller than the unpolarized ones.

Finally, the intrinsic part is given by

BB B g int (24, Y5 10, o)

= n(a102) Taya, (R1R2) Payas (T1,T2)
2

1 y
X far (@15 o) fas (225 120) m exp [— 4ha1a2:| . (3.33)

3.3.2 Splitting part

The splitting part stems from a perturbative splitting of a single parton ag into a parton
pair (aq, as), as shown schematically in Fig. 3.3.2. The integration region where a; and
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as are nearly collinear with the parent parton ay describes double-parton scattering,
whereas the region of the large transverse momenta corresponds to loop corrections
to single-parton scattering. In this context, by ‘large’ momenta we understand those
comparable with the hard scale (), not determined by comparison with the fixed scale
A.

Figure 3.2: Splitting of ag into a; +as. If the partons a; and ay are nearly collinear with
ap, then the considered hard process is described as double-parton scattering, and the
perturbative splitting inside the box is treated as the splitting contribution to DPD.

The splitting part of DPDF is given by

2
y
RlRQFa1a2,spl (I‘i, y; Mo, gO) - R1R2Fa1a2,spl,pt ({L‘Z', Y Ko, gO) eXp |: - ] ) (334)

4hg, g,

where Fy, 4, spipt 18 the result obtained using the perturbation theory [22]:

RlRQFalag,spl,pt (xia y; Mo, CO)
1 ag(po) RiRs 1 fao (@1 + 225 1)
= — Pyt ( ) 0 Ho) 3.35
Ty? 27 ; 07N ) 4 2y 1+ X9 ( )

The splitting kernels 122 P, .. . are given in Appendix D. The Gaussian falloff factor
is taken the same as in the intrinsic part. Finally, we emphasize that while we use the
splitting scale po dependent on the regularized distance y*, in the denominator in the
splitting formula we have the unregularized y? rather than (y*)2.

In this work, we use only the LO splitting formula for DPDFs. The reason behind
this is that in the analysis of like-sign W pair production the contribution from this part
turns out to be much smaller than the intrinsic part, while in the case of the opposite-
sign W production, the splitting formula for PDF-DTMD splitting is known only at
the leading accuracy, so that a full next-to-leading order analysis is not yet accessible
for this channel. The NLO splitting formula in the collinear case, PDF—DPDF has

been recently computed [97,98].
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3.4 Matching at perturbatively small z

As described in Section 3.1, to compute parton distributions at arbitrary scales and
distances, one first computes their fully perturbative form at regularized, perturbatively
small distances, and then extrapolates to larger distances at fixed scales. It is important
to emphasize that in order to have a consistent extrapolation form, one needs to specify
the rapidity scale at which the extrapolation is performed. We decide to extrapolate
the DTMDs at the y-dependent initial rapidity of DPDF's defined in Egs. (3.20)-(3.21).

Let us recall the matching formula for subtracted DTMDs:

T2 B o (6,24, Y5 p0i, o/ (2122) )

= Z Z Rl aiby x17217M017x1§0/x2) %

bib2 R|,R)

B2l 0t (25, 223 f102, T2bo /1) &, TR FEL (2], 35 poi, o/ (2122)) -

(3.36)

RiR, denotes the color representation, the matching kernels #%'Cy, are given in
App. C. The mass-dependent kernels were obtained based on analogous results for
TMD matching kernels [96]. Collinear double parton distributions are denoted as
Fell: Notice that, since the matching kernel must depend on the kinematics of a
given parton, and not on that of a hadron, the rapidity parameter in the kernel is
wi&o/r; = o (/i)

As discussed in Section 3.2, the initial value of DPDF for momenta fractions (2, x}) is
computed at x’-dependent rapidity scale:

Soly)

/
12

Co,DPDF = , (3.37)
The label ‘DPDEF” is used to distinguish the rapidity scale at which the collinear parton
density is initially modeled from the rapidity scale at which the matching is computed.
Such choice is expected to minimize the higher-order logarithmic corrections at fixed
scales and momenta fractions. To obtain DPDFs at rapidity &y/(z122), we use the
solution of the Collins-Soper equation in Eq. (2.58), and obtain:

MR Fyo (25, ¥5 o, S0/ (2122))

T
1J(y,u01,u02)log 1 2>R RzFfféé (5U;>y;ﬂo¢afo/(l‘/1$/2)) . (3-38)

= €
*P <2 T1X2

The value of the kernel #.J depends only on the dimension of the representation R —
since the matching formula does not mix the dimensions of the representation, one can
use R; instead of R} in the formula above.
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The matching kernels depend on rapidity multiplied by the momenta fractions
z;&/x;. To minimize the effects of logarithmic higher order corrections, we first
compute the kernel in fixed-order perturbation theory at rapidity equal to pZ;, and
then evolve them using the Collins-Soper equation for the kernels, which is given in
Eq. (3.10). The resummed formula for the kernel reads

D/
B Cn (2, 2105 por, 2160/ 22)

vV 1180/ 72

= exp <R1K§f(z1; tor) log 01

) x ik b (1,205 por, 1) - (3.39)

and analogously for the kernel in variable zo. The label ‘pt’ is used to denote that
the z-dependent Collins-Soper kernels here are computed in perturbation theory, and
there is no model-dependent nonperturbative input involved, cf. the discussion of the
modeling of rapidity evolution kernels in Section 2.3.6.

Finally, the perturbative matching formula is given by:

R1R2F5fa2 (l’z‘a Zi; Y5 Hois fo/(l’1$2))

1180/ /12€o/x
= exp <R1K5f (z1; pto1) log @ + RQKC’Z(ZQ; fo2) log L/l>
o1 Loz

R1R/ / . 2 ® RQR/ / . 2 ®
X § § 1C(l1b1 ($17Z17:u’017/~b01) 1 20(12b2 ($2,Z2,M02,,LL02) x2
bib2 R/ ,R)

/ / COl 1 x/ x,
R1R2Fb1£. (mé,y; Moufo/(ﬂf,lxé)) X exp (531 J(y: p1o;) log 9315172) :

(3.40)

It should be emphasized that while the z-dependent Collins-Soper kernels K are taken
in a purely perturbative form here, this is not the case for the kernel J(y; uo;), since
one assumes |y| = A™!, the full large-distance form of the kernel J is used from the
beginning.

3.5 Extrapolation to large z

In analogy to TMD studies [68, 83-88] one models DTMDs at arbitrary z; by first
computing their perturbatively expanded form at regularized distances z;, and then
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extrapolating at fixed rapidity scale (o = &(y)/(z122):
Ml P (2, 20,y 1, o) = MRFP (24,27, y5 153 o) Fe (71,24, y) - (3.41)

Recall that the superscript 'pt’ denotes the perturbatively computed quantity.

Fnp (:L’Z-,zi,y) is a non-perturbative prefactor, which in general may depend on all
transverse distances, momenta fractions, and parton species. Since the collinear DPDF
used in the matching formula is assumed to be given for all distances, the argument y
in Eq. (3.41) is not regularized. However, one can still allow for y-dependence in the
factor Fyp.

In the next step, DPDs are evolved to arbitrary scales using the Collins-Soper kernels
at large distances. We obtain:

R1R2Fa1112 (gji, Z;,y; Wi, C)

1
= exp (5 <R1 Koy (215 1) + B2 Koy (22; p2) + 1 (y; m)) log CS)
0
X R1R2Fffa2 (xz‘,zfy}’;,ui;Co) Fxp ($i7Zi7Y) . (3.42)

Let us see, what would happen if one decided to extrapolate DTMDs using Eq. (3.41),
at a different initial rapidity scale (). Recall from Section 2.3.6 that the Collins-Soper
kernels #K, are decomposed as

BRo(z;0) = BKP(z% 1) + "gra(z), (3.43)

where g, is the non-perturbative part. As noted previously, perturbatively matched
DTMDs in Eq. (3.4) are computed with "g , = 0. Demanding that DTMDs obtained
using a new pair of the initial rapidity scale ¢}, and a nonperturbative factor F{p applied
to Egs. (3.41)-(3.42) have the same value as the ones for the unprimed version, one finds

1
Fip(2i,y) = Fxp(2i,y) exp <§ (ngK,al(Zl) + ™0k 4 (Z2)> log %) : (3.44)
0

It implies that one must carefully specify the rapidity scale at which the extrapolation
to large distances is applied, in order to avoid mixing between the factor Fyp and
extrapolation of the rapidity evolution kernels.

Therefore, the interpolation of double-parton distributions in our approach consists of
the following steps:

1. Compute the perturbatively matched DTMD at regularized distances z! given in
Eq. (3.15). The initial scales (poi, (o) are given in Section 3.2.
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2. Extrapolate to large z; at the initial scales from the previous point according to

B E (i, 24,y ttoi o/ (2122))

= Ml prl (2,27, y; pois S/ (217)) Fre (24,21, Y) - (3.45)
The choice of Fyp will be discussed in the later part of this work.

3. Finally, evolve D'TMDs to the final scales using the full Collins-Soper kernels. We
emphasize that the parton distributions at regularized distance in Eq. (3.45) are
computed using purely perturbative kernels K, and the full kernels that involve
the non-perturbative part are used only to evolve them from the initial rapidity
&o/(z122) to the final one.

Finally, after using the solutions of RGE and Collins-Soper equations discussed in
Section 2.3.4, we obtain DTMDs in the large-y approximation at arbitrary scales:

mikp (4,24, y; 112, C)

— exp (/Mm d—”(%l (1) = VK01 l0g xlﬂ) + (1= 2))

o M H

v:vla:zC)
&o

X Fyp(zi,2i,y) Y, (25,2, poi So/ (1172)) (3.46)

1
X exp (§(R1J(y; poi) + K (215 po1) + 2K (2; H02)> log

with FP* given in Eq. (3.4). The anomalous dimensions 7,, 7k, are given in App. B.
Notice that for the typical scales in the problem /7122 ~ @, so that the logarithm
in the exponential in the third line of Eq. (3.5) is positive and large for small value of
&, associated with large distance y. That, and the fact that the kernel #.J in the octet
sector is positive, leads to strong suppression of the color-nonsinglet DPDs. Notice that
this holds for both DTMDs and DPDFs, since the kernel #.J appears in the evolution
equations for both DPDF and DTMD in large-y approximation.

3.6 Perturbative orders
Let us discuss the perturbative orders of the components used in the presented work.

The choice is consistent with the DPDF study performed in [67], which in turn uses
the conventions in line with [99, 100].
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We start the discussion with the terms relevant to the resummation of large
logarithms. The Collins-Soper kernels %K, f.J, and non-cusp anomalous dimension
Y. (@ = q,g) appear in resummation of single logarithms, while the cusp anomalous
dimensions v,y resum double logarithms. According to the conventions discussed
in [99,100], the perturbative order of the kernels and -y, should be therefore taken one
smaller than the one of v, 7. Therefore, at N*LL order corresponds to cusp anomalous
dimensions computed at N*LO, and the kernels at one order lower. At LL the kernels
and non-cusp anomalous dimensions 7, are taken equal to 0, cf. Section 4.3 in [67].

In the next step, we consider the fixed-order expressions for the matching kernels
é, and the hard cross sections 7, as well as the DGLAP kernels denoted as P~ all of
these components are taken at the same order: for a fixed-log accuracy N*LL for k > 1
we take it at N*7'LO, and at LL we take it at LO. Primed accuracy N*LL implies that
P, C’,& are taken at one order higher than in unprimed case, that is at N*LO. The
perturbative order of the QCD ( function expanded in powers of ag should match the
orders of the DGLAP kernels. For this reason, when referring to this set of quantities,
we will refer to the ‘order of DGLAP kernels’.

The perturbative expansion of the QCD beta function 5(as) appears in the integrals
involving cusp anomalous dimensions [101]

du as(u) 1o
/ IVK/J(M) = / VKT

s(ko) 5(a)
dp p ast) g st do
/ p o Jasey B@) " Josu B(@)

For consistency, the function f(«) in (3.47) should be expanded at the same order as
vk/s- On the other hand, it was previously stated that the S-function of ag used in
the expansion of the fixed-order part should match the order of the DGLAP kernels.
This leads to a discrepancy between the two consistency requirements for the order of
the QCD [-function used in the computation. We make a compromise by taking it at
different orders when applying it to different objects — in the perturbative expressions
for the kernels and hard cross-sections, we shall refer to the order of a,g. On the other
hand, when specifying the order of expansion of f(«a) in Eq. (3.47), we will talk about
the order of 3, see Table 3.1. The same conventions have been applied in the previous
work [67].

The perturbative order of the PDF fits used to model double parton distributions
is chosen to be consistent with the DGLAP kernels order. We use the parametrizations
of the MSHT [95] — at NLO we use the results for ag(Mz) = 0.118. At LO we use the
fits for ag(Mz) = 0.130.
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Finally, let us comment on the handling of the ag expansion at the level of the
computation of differential cross section. Since both the parton distributions F' at the
matching scale, and the hard scattering cross-sections ¢ are expanded in the strong
coupling:

=Y ake™, (3.48)

n=0
F=) agF™, (3.49)
n=0
the product FFé,65 is expanded as
FFo169 = Y a7 tmm a6y pe pom (3.50)

Z7J7n7m

where the superscript (n) denotes the n-th term in the perturbative expansion in ag of
a parton distribution or the hard factor. It should be noted that ag in the matching
expansion, and in the hard part are taken at different scales p;, ), but nonetheless
are treated the same. To keep the fixed order in the ag-expansion, we shall truncate
this sum for powers ¢ + 7 +n +m larger than the considered perturbative order. Notice
that already at NLO the expansion of DTMD in Eq. (3.49) contains o terms from the
product of two matching kernels computed at ag — in the described scheme these terms
are dropped at ag order.

Accuracy  JK Ya P.C,6,as vy, B PDF set
LL — — LO LO LO
NLL LO LO LO NLO LO
NLL’ LO LO NLO NLO NLO
NNLL NLO NLO NLO NNLO NLO

Table 3.1: Perturbative orders at different accuracies.

3.7 Position-dependent DTMDs and the error estimation

The main goal of this Section is to study the most significant features of transverse
position-dependent double-parton distributions obtained via perturbative matching to
the collinear DPDFs in the kinematics relevant in the process of production of W pairs
at

Vs =13 TeV.

The hard scales are chosen as

i = My, = 80.377 GeV, \CC=5s. (3.51)
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We consider two values of the momenta fractions:

), Y =3, (3.52)

(z1, 3) = (20, 20), and (z¢e’, z0e

where z corresponding to production of W at central rapidity is given by

M _
To = TVSV ~6.18 x 1072, (3.53)
so that
(zoe¥, zoe™) ~ (0.124, 3.1 x 107%) . (3.54)

The following analysis of DTMDs in the large-y region allows to address some important
questions before the next part:

e In the case of intrinsic DPDFs, singlet distributions for longitudinally polarized
partons are constructed by first saturating the positivity bounds of PDFs by
taking the polarized distributions equal to their unpolarized counterparts at 1
GeV, and then evolving them with the single parton DGLAP to the initial scale
of DPDF's p,-. The color-nonsinglet sector of the intrinsic part is derived from
the color-singlet double parton distributions by saturating the positivity bounds
of DPDF's at the initial scale of p,-. Do these distributions become enhanced by
the effects of evolution and matching, so that in the relevant region of the phase
space they dominate over the unpolarized color-singlet distributions, introducing
a significant model dependence?

e [t is expected that the relevant regions should be given by
zi| ~ ||~ ~ O(10) GeV,  |y|> |z (3.55)

These assumptions would be challenged if in the described region DTMDs were
strongly suppressed.

e For small z; the relevant matching scales should be relatively large, which allows
us to expect a rather quick convergence of the perturbative matching, given in
powers of ag(;). This needs, however, to be explicitly checked.

Since the result depends on the intermediate matching scales py; by terms of order o
higher than the currently known perturbative accuracy, we estimate the uncertainties
due to the perturbative matching by varying the matching scales according to

— + (1 - /‘i) Hmin , (356)

where fin,in = 2 GeV, and
k€ {0.5,0.75, 1, 1.5, 2} . (3.57)



Position-dependent DTMDs and the error estimation 41

The variation of the scales is constructed in such a way that at small distances,
corresponding to large values of pg, a fixed parameter implies a scale approximately
scaled by k. On the other hand, at large distances, all of the x-dependent matching
scales saturate at pmin = 2 GeV. Instead of taking only 3 extreme values of x, we also
consider the intermediate ones: 0.75, 1.5, since we observe that in some cases the value
of the DTMD at the central scale is very close to one of the upper/lower estimates,
effectively leading to an underestimation of the errors.

We will present uncertainty estimates obtained this way at 3 different accuracies,
and verify that including the higher-order corrections indeed reduces the error bands
obtained by this procedure. A comparison of the width of the error bands with the
actual difference between different accuracies also provides guidance, on how accurate
such an estimation is.

In Figs. 3.3-3.8 we present DTMDs as functions of zy = |zs| for the following values
of transverse distances:

|zo| € [1072 GeV ™!, 0.5 GeV Y], 1z1| = 0.1 GeV ™!, ly| =1GeV™!. (3.58)

Parton distributions were computed on a discrete grid in z, with 16 points and
interpolated. For better interpolation precision, instead of taking a linear grid in z,, we
used the variable transformation

u = log 2y . (3.59)

The grids in z; for color-singlet and color-nonsinglet representations are the same as in
Eq. (C.2) in [67], that is:

[107°, 5 % 107%, 0.5, 1] 14 1600,
[107°, 3 x 107%, 1072, 0.5, 1]

for color singlet,

(16,16,24.24) for color-nonsinglet.

The results are presented for small z, so that the uncertainty due to the
parametrization of the non-perturbative part of the Collins-Soper kernel is not analyzed
at this stage. It should be noted that the non-perturbative part of the Collins-Soper
kernel is not taken equal to zero in this analysis, since it significantly affects the y-
dependence of color non-singlet DTMDs. Therefore, here we will use our default choice
of the kernel, which is defined in Eq. (5.53). Further discussion of the considered models
for the Collins-Soper kernel will be given in Section 5.2.2.

Double parton distributions in the large-y approximation and their corresponding
error bands are presented at 3 accuracies: NLL (green), NLL’ (orange), and NNLL
(blue). Since in the color-singlet sector the NLL" and NNLL results in all cases were
found to be close to each other, and the error estimation for NLL’ is typically of the
same size, we show the results at the intermediate accuracy only in Fig. 3.3, and omit
them in the remaining plots for the color-singlet sector in Figs. 3.4-3.6.

One can readily observe that the uncertainty estimation becomes smaller at higher
accuracies. Interestingly, in many cases, the error estimates at NLL are several
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times smaller than the actual difference between the two subsequent accuracies. To
understand it, we recall that it was found that the result obtained using the extreme
choices of 1y often are very close in value, see the discussion before Eq. (3.57). Therefore,
we suspect that in some cases the DTMDs as a function of the parameter x have a local
minimum for x € [0.5, 2] — despite the variation of the result being formally of one
order in ag higher than the perturbative expansion, we have no guarantee that the
factor multiplying the higher power of ag is not small. Whether this is a numerical
coincidence at NLL, or the problem persists at higher accuracies would require the
computation of higher-order corrections. The difference between NLL and NLL’ is
much more visible, than between NLL’ and NNLL, which should not be surprising,
given the change of the order of DGLAP, matching orders, and PDF fits between the
first two accuracies.

Results presented here show that the longitudinally polarized DTMDs at the
considered scales are several times smaller than their unpolarized counterparts, except
the splitting form of DPDFs of quark and antiquark of identical flavor, see Fig. 3.5,
where the distributions are of a similar size, but have opposite signs — this can be
explained by the relative change of sign in the massless splitting formula of gluon
into a quark-antiquark pair for unpolarized versus longitudinally polarized quarks, see
Eq. (3.35), and the splitting kernels in Eq. (D.2). Since, as pointed out in the previous
part, the considered model for intrinsic double parton distributions for longitudinally
polarized partons is such that it saturates the positivity bounds at a scale equal to 1
GeV, one may expect the contributions from the polarized DTMDs to be even smaller
in reality.

We observe no significant difference between the error bands and shapes of DTMDs
at symmetric and asymmetric values of x;, other than a shift of the maximum towards
larger values of z; in the latter case. On the other hand, the absolute values of DTMDs
of non-valence partons strongly diminish if the corresponding z; becomes large, which
is to be expected from the behavior of single-parton distributions. Analogously, when
21 + 9 becomes large, also the splitting part of non-valence quarks gets smaller, due
to the diminishing value of the parent single gluon density.

It is seen that singlet quark DTMDs diminish at larger z, while the nonsinglet
distributions in some cases either vanish very slowly or even become enhanced, as in
the case of the (Au, Au) splitting part given in lower-right panel of Fig. 3.8. In general,
we see that this effect is strong for longitudinally polarized quarks in both intrinsic and
splitting parts and for unpolarized, charge-conjugate g¢ pairs in the splitting part. To
understand it, let us first explain, why in most cases the matched DTMDs diminish
with larger z;. The matching consists of two evolution steps — DGLAP evolution from
{ty to the matching scales f;, and then multiplicative DTMD evolution to the final
scales. Typically, DGLAP evolution enhances DPDs more strongly than the evolution
of DTMDs, so that a lower intermediate scale pg; corresponding to larger z; results in a
smaller value of DTMD. However, as found in [67], color-nonsinglet and longitudinally
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polarized DPDF's evolve more slowly with DGLAP, resulting in the observed behavior.
We also point out that based on Fig. G.1in App. G, we see that the qualitative behavior
of DTMDs may also change between the intrinsic and splitting form, meaning that also
the initial conditions of the DGLAP evolution matter. We do not expect this effect
to have a strong impact on the phenomenological results, since DTMDs exhibiting the
described behavior tend to be small compared to the ones that diminish at large (but
still perturbative) z, and for this reason we did not pursue a further analysis of this
behavior.

We observe that the color-nonsinglet distributions are strongly suppressed at larger
y due to the Collins-Soper kernel J at large distances, which is consistent with results
presented in [67]. The y-dependence of DPDs is studied in more detail in the next part.

We verified that the discussed properties of DTMDs hold also at |y| = 0.5 GeV ™,
where the rapidity evolution suppression of color-nonsinglet distributions is not yet
that strong. This was checked on the same range in |zs| as in Eq. (3.58), including |z,|
points which approach the value of |y| — this is beyond the region where the discussed
approximation is valid, however, it still may be used when extrapolating to large z;.
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Figure 3.4: The same as in Fig. 3.3, but for (z1,22) &~ (0.124, 3.1 x 107*).



Position-dependent DTMDs and the error estimation 45

x1X21F [1072 GeV?]

x1X21F [1072 GeV?]

(u, U), color-singlet, unpolarized, intrinsic part

0.05 0.1 0.2 0.5

(u, U), color-singlet, unpolarized, splitting part

7, [GeV™1]

L 1 L PR L L
0.05 0.1 0.2 0.5
7, [GeV™1]

x1x21F [1073 GeV?]

-x1x211F [1072 GeV?]

(u, 0), color-singlet, longit. polarized, intrinsic part

0.05 0.1 0.2 0.5
7, [GeV~1]

(u, U), color-singlet, longit. polarized, splitting part

0 L L 1 L PR L L
0.01 0.05 0.1 0.2 0.5
7, [GeV~1]

Figure 3.5: zp-dependent color-singlet DTMDs for unpolarized (left) and longitudinally
polarized (right) quarks (u, ) at fixed y = 1 GeV™! and z; = 0.1 GeV ™" for intrinsic
(upper) and splitting (lower) DPDF part at (xq,25) & (6.18 x 1073, 6.18 x 1073).

X121 F [1072 GeV?]

X121 F [1072 GeV?]

(u, U), color-singlet, unpolarized, intrinsic part

— N2LL
00 n 1 L PR | 1 L L
0.01 0.05 0.1 0.2 0.5
7, [GeV™1]
(u, 1), color-singlet, unpolarized, splitting part
0.4F ' T T T A
— N2LL
00 n L 1 L PR | 1 L L
0.01 0.05 0.1 0.2 0.5
7, [GeV™1]

Figure 3.6:

x1x21F [1072 GeV?]

-x1X211F [1074 GeV?]

(u, U), color-singlet, longit. polarized, intrinsic part

0.01 0.05 0.1 0.2 0.5

7, [GeV~1]

(u, U), color-singlet, longit. polarized, splitting part

.0 L L 1 L PR L L
0.01 0.05 0.1 0.2 0.5
7z, [GeV~1]

The same as in Fig. 3.5, but for (z1, ) ~ (0.124, 3.1 x 107%).



46 DTMDs in the large y region

(u, u), color-nonsinglet, unpolarized, intrinsic part (u, u), color-nonsinglet, longit. polarized, intrinsic part
0,1507 . —r . . o5k . —_— . —
& 0.125F | &
D F % 04 =
Y 0.100r o
o r o 0.3F 4
= 0.075F 4 — B
w k w e o -
% 0.050 2 02
< < — NLL
X' 0.025 X 01r NLL' b
— N2LL — N2LL
0000 n L L 1 L PR | 1 L L 00 n L L 1 L PR | 1 L L
0.01 0.05 0.1 0.2 0.5 0.01 0.05 0.1 0.2 0.5
7, [GeV~1] 7, [GeV~1]
(u, u), color-nonsinglet, unpolarized, splitting part (u, u), color-nonsinglet, longit. polarized, splitting part
. . —— . . . . ——— . —
& &
2 S 03 ]
[ (] == —
(] O
b i
o o
= =
[T .
8 3
< <
X X NLL'
— N2LL
0000 n L L 1 L PR | 1 L L 00 n L L 1 L PR | 1 L L
0.01 0.05 0.1 0.2 0.5 0.01 0.05 0.1 0.2 0.5
7, [GeV~1] 7, [GeV~1]

Figure 3.7:  zo-dependent color-nonsinglet DTMDs for unpolarized (left) and
longitudinally polarized (right) quarks (u,u) at fixed y = 1 GeV~" and 2, = 0.1 GeV ™"
for intrinsic (upper) and splitting (lower) DPDF part at (21, x5) & (6.18 x 1073, 6.18 x
1073).

(u, u), color-nonsinglet, unpolarized, intrinsic part (u, u), color-nonsinglet, longit. polarized, intrinsic pari
ok . ——— . —] o125k . — : —
& & |
() = o 0.100F -
] O
T 02F = o
o - | o 0.075L E
= =
é;‘— éL 0.050 - A
< < —— NLL
< x 0.025- NLL' A
— N2LL — N2LL
O'O n L L 1 L PR | 1 L L 0000 n L L 1 L PR | 1 L L
0.01 0.05 0.1 0.2 0.5 0.01 0.05 0.1 0.2 0.5
Z; [GeV‘I] Z; [GeV‘1]
(u, u), color-nonsinglet, unpolarized, splitting part (u, u), color-nonsinglet, longit. polarized, splitting part
. —_——— . — . — . —
0.5F b
g rg 0.10
Vv 0.4 v
O | O
T b
2 2 0.05
[T [T
3 3
~ ~
X < | — NLL
% 5 0.00 NIL
— N2LL
0.0 L L I L L s ———-—_— L L
0.01 0.05 0.1 0.2 0.5 0.01 0.05 0.1 0.2 0.5
7, [GeV1] 7, [GeV~1]
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For completeness, let us present the comparison between y-dependence of singlet and
non-singlet parton distributions in Figs. 3.9 and 3.10 for

|z1| = |z2] = 0.1 GeV ™, (3.60)

for the same kinematics as in the previous part, at equal values of xi,x,, and
for unpolarized distributions. The qualitative behavior of DPDs is analogous for
asymmetric momenta fractions and longitudinal polarizations. For clarity of presentation,
these are plotted on a logarithmic scale in y = |y|, and multiplied by the measure
factor! y. It is clearly seen that the singlet intrinsic part contributes mostly for non-
perturbatively large y. In the case of the splitting color-singlet contribution one observes
that in the case parton pairs which are not generated by the leading-order PDF-DPDF
splitting, but rather by the further DGLAP evolution, the regions of large- and small-
y give comparable contributions. In the case of ¢¢ pairs produced directly by gluon
splitting, the short-y region is the dominant one due to the 1/y? splitting factor. The
color non-singlet parton distributions are mostly contained in the region of |y| < bpax
due to strong effects of rapidity evolution, as discussed at the end of Section 3.5.
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Figure 3.9: DTMD multiplied by y for parton pair (u,u) at fixed (z1, 22).

Since [ydy FF = [d(logy)(yF)(yF), we find such scaling on the logarithmic grid to give the
best visual assessment of the relative size of the contribution to the cross-section from different regions
in y.
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Figure 3.10: The same as in Figure 3.9, but for quarks (u,u).



Chapter 4

DTMDs at small transverse
distances

In this part, we discuss the description of double parton distributions in the region
where all transverse distances are perturbatively small |y, |z1], |z2|] << A™'. In Section
4.1 we present the decomposition of DTMDs at short distances as introduced in [69]. In
Section 4.1.1 we describe the coordinate system used in the computation. We discuss
the choice of the matching scales in Section 4.1.2, and in Section 4.2 we discuss the
short-distance expansion of the Collins-Soper kernel. Numerical results together with
the discussion of the scale choice and comparison with parton distributions obtained in
the previous chapter are presented in Section 4.3. Finally, in Section 4.3.1 we address
the problem of extrapolating DTMDs to large and small (< Q1) transverse distances,
which will become crucial in the computation of cross-sections.

4.1 Short-distance expansion

According to [69], Section 3.3, transverse momentum-dependent DPDs in position space
at small transverse distances can be expanded in 3 terms:

R1R R R R1R R1R
TR =" 2Fspl.+ ! 2Ftw.3+ 1 intr. y (41)

constructed using matrix elements of twist-two, twist-three and twist-four operators
respectively, just as in the case of the collinear distributions discussed in Section 3.3.
The first term described the perturbative splitting of a single parton aq into a pair
ay, as — the leading-order graph for two quark distributions is presented in Fig. 4.1. The
LO formulas for the splitting kernels can be found in Section 7.4 of [56]. For a detailed
derivation see Section 5.2 in [22]. The new result of this work is a computation of the
mass-dependent splitting formula for gluon to quarks splitting for the configurations of
polarizations relevant to this work. Here we present the results for both massless- and

49
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Figure 4.1: Leading-order contribution to the splitting part of DTMD. Shown are the
transverse positions of the considered partons. The rectangular box indicates that
the splitting is collinear and thus the presented graph contributes to double parton
distribution.

mass-dependent cases. The mass-dependent splitting formula is derived by including
the masses in quark propagators in the derivation presented in Section 5.2.2 in [22].

The splitting contribution for massless quarks reads:

. .
RlRQFG,l(IQ ol = y-2|-y2_ OéS(ﬂ) RlRQT”;a ) ( T ) fg($1 + Zo; U) : (4‘2)
’ yiy? 2m? IR\ wy + 29 r1+ T2
where )
y+ =y = §(Z1 —Z), (4.3)

and the indices [,!’ pertain to the tranvserse components: [,{" € {1,2}. Indices a;,as
encode both the flavor of the pairs (a; and ay are charge-conjugate) and polarizations
of each quark independently. f, is the gluon PDF.

The quark splitting kernels for the scalar distributions are given by

T
1+ T2

NI () = =T A ag(u) = Te(uw® +a)0" = (4.4)
A denotes the longitudinal polarization of the parton. Since the hadron is assumed
unpolarized, there is no splitting of longitudinally polarized PDFs into DTMDs.
Contrary to the collinear case, there are also non-vanishing pseudoscalar distributions
with one parton unpolarized and the other longitudinally polarized:

' o(u) = =17, (u) = —iTp(u —a)e" . (4.5)

g—Aqq 9—qAg

e is the transverse antisymmetric tensor. We take £'2 = +1, so that

Yiyigij =ysy-sinZ(y+,y-) - (4.6)
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The color-octet part is obtained simply by multiplication by a color factor:

1

88ll’ _ 8l _ 11l
Tg—>qq( ) T —>Aqu( ) - _m Tg—>qq( )
/ ! 1 /
88Tg§£>Aqq( ) = 88TgllHqu( ) == HT” ( ) (47)

—_

\/]\[27_ g—Aqg\ U
To write the mass-dependent splitting formula, let us define
,Cn(Ma y+7Y—) = (|y+|M)Kn<|Y+|M) X (|y—|M)Kn(|Y—|M) ) forn = 07 L. (48)

K, is the modified Bessel function of the second kind. With this notation, in the
mass-dependent case we obtain

RiRy as(p) fao(xr + 225 1) yl+yl_,
wozspl 272 T+ X2 yiy%

Ry Rorll! ! w
x [ Tg—mlaz(xl +CI32>’C1( Y+, ¥ ) 5 (RlRQ) ’C0<M7 ervyf)

(4.9)

for scalar distributions (that is: aja; = QQ, AQAQ, where Q is the massive quark),
with the color factors:

1
c(11) =1,  ¢(88) = — , 410
(1) 88) =~ (10)
and
I—
R1Ro _ Oég(/,b) fa()(xl +£C2,,U/) Yiy_ RleTll/ ( X > M
aag,spl 2’/T2 T1 + To y%,.y% g—aias .’E1+$2 ( Y+, —)
(4.11)

for pseudoscalars QAQ, AQQ (in this case the splitting kernels are simply multiplied
my a mass-dependent factor).

As will be apparent from the flavor structure of DPDs in the cross-section formula
given in Section 5.1.2, at the lowest order in ag the short-distance splitting part does
not contribute to the production of like-sign W bosons. The relevant terms appear at
order o, and are presented in Fig. 4.2. The argument for neglecting the twist-three
part given in the case of collinear double parton distributions in Section 3.3 does not
hold in the transverse momentum-dependent case, since orbital momentum can balance
the parton helicities [69]. However, as seen from the graphs given in Fig. 4.3, and the
flavor structure of the cross-section given in Section 5.1.2, in the considered order the
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Figure 4.2: The lowest order (%) splitting contribution to DTMDs contributing to the
production of a like-sign W pair.
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Figure 4.3: Contribution to DTMD from the perturbative splitting of twist-three TMDs.

twist-three part does not contribute to the production of like-sign W pair, just like
the splitting part. It should be included in the full analysis of the opposite-sign W
production, especially in the context of DPS/SPS subtraction, which is beyond the
scope of this work. It will be only briefly introduced for completeness since it appears
later in the context of subtractions between DPS and SPS. The relevant graphs are
shown in Fig. 4.3. Based on the same reasoning as in the splitting part discussed
before, at small transverse momenta the graphs in Fig. 4.3 are treated as contributions
to double parton scattering, and are used in the subtraction formula presented in [69],
and described briefly in Section 2.4. This is however beyond the scope of this work,
and will not be considered in the presented analysis.

The last term, called the intrinsic part involves terms with no perturbative splitting
and can be written

RlRQFalaQ,int. = RlRQGalaQ (xza /’1/0) + O(aé) ) (412)

where 112G, . is a quasipartonic collinear twist-four distribution, and the higher-order
corrections are given in terms of a convolution of G with perturbative splitting kernels,
obtained from corrections presented in Fig. 4.4. These kernels are currently unknown,
and in our analysis, we are limited to the leading-order approximation. At the leading
order, the short-distance intrinsic part is obtained by taking the limit of vanishing
transverse distances in the matrix element defining double parton distributions, cf.
Section 2.3. The limit should be taken before renormalization, therefore at higher
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Figure 4.4: NLO corrections to twist-4 DTMDs. z; and u; denote the longitudinal
momenta fractions.

pQCD orders the limit of vanishing distances of (4.12) is different than the y — 0 limit
of the collinear intrinsic part.

As in the previous part, we consider DTMDs with ny = 5 active quarks, and we
take the mass-dependent splitting formula for the bottom quark.

4.1.1 Choice of coordinates

The natural distances appearing in the splitting formulas in Section 4.1 are y., so one
may find it useful to perform the computation taking as the coordinates the lengths
Yi,Yi,asumz, = %(zl +25), and the angles between these vectors. As will be discussed
in App. F, this would introduce serious complications in the numerical computation of
the differential cross section, due to appearance of a triple Hankel transform in the
formula. DPS is most naturally described in terms of individual momenta q; of the
produced bosons, since both hard scattering processes are independent. The description
in terms of momenta combinations q4 = %(ql + q2) is explained in App. F. For this
reason, we will use the distances y, z1, z5 just like in the large-y part. It remains to fix
the angular coordinates. The first will describe the angle between z; and zs:

0, = L(21,29) = 2122 = |21] |22] cosp, . (4.13)

It allows to compute the length of the relevant combinations of zi, zs:

zy = (21 £ 2,), (4.14)

2 _
Z:t—

DN -

(z? + 25 £ 2|21 | | 22| cos @Z) : (4.15)
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Pz Py

Figure 4.5: Transverse distances describing DTMDs and the corresponding angular
coordinates.

Due to rotation invariance of the cross-section formula in Eq. (2.67), see also Eq. (5.90),
there remains only one angle to be fixed. We found that the cut-off on distances |y.|
is conveniently enforced if one takes as the last coordinate the angle between z_ and y:

oy =L(z-,y) = y-z_=|y||z-| cosp,. (4.16)

In the special case where |z; —z3| = 0, we set the coordinate system in such a way that
the angle between the vector é, and the vectors z; = z, (identical in that case) equals
7, and we define the angle ¢, with respect to ¢, as

oy, = ZL(éy,y) iftz_=0. (4.17)

The total information about interpartonic distances is therefore encoded by 5 variables:
(Iy],Z1], 22|, ¢=, ¢y). The use coordinates are described in Fig. 4.5. As discussed in
Section 4.2, the short-distance Collins-Soper kernel depends also on the combinations
of y and z, given by

vi=y+taz,. (4.18)

The length of z. is easily obtained using the given coordinates. The angle between z
and y is given by

7 ) L(z_,y) — arccosﬁiﬂzi‘ £(z1,22) € [0, 7] (4.19)
Z.,y)= 2 9 ) .
Lz ,y)+ arccos% — 27 £(z1,29) € (m,2m)

It can be obtained by computing Z(z_,z) = Z(z_,y) — Z(z4,y) using the relation

1
z,-7z_=|z.||z_| cos L(z;,z_) = Z(z% —z3), (4.20)
arccos 22 /(z1,29) € [0, 7]
TosTlo]
L(z_,z.) = (4.21)

2

Zz —Z2
s o] L(21,25) € (m,2m)

21 — arccos
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4.1.2 Matching scales

The initial conditions for short-distance DTMDs are formulated at a single factorization
scale pip, contrary to the large-y case, where we used different scales for each parton. The
question of the natural choice of the scale in this case is more involved than in Chapter 3,
since here one has three two-dimensional transverse vectors forming numerous distance
combinations, which enter the perturbative corrections. Since the short-distance region
is constructed for the case |y| ~ |z;|, we will fix the initial scales depending only on the
distances z1, z,. Our choice is

bo

* * ’ 50 = /~L2 . (422)
3 (|Z5] + [231) ’

Ho =

This choice guarantees that the matching scales are of order |qr| in the most relevant
regions, while also allowing for a smooth extrapolation to larger distances. Moreover,
we found that it allows for better consistency between the two DTMD approximations
in the region where the “large-y” and “short-distance” approximations overlap. This
will be discussed in more detail in Section 5.2.1.

The uncertainty due to the scale variation will be estimated by modifying the scale py
with the parameter k, analogously to Eq. (3.56):

bo
Hox = Kﬁ -+ (1 — K,) Hmin - (423)
%(|Z1| + |Z2|)

4.2 Collins-Soper kernel at small transverse distances

As noted in Section 2.3.6, when all transverse distances are small, the Collins-Soper
kernel of DTMDs can be computed using perturbation theory. Contrary to the collinear
case, the soft factor defined in Section 2.3.2 is non-diagonal in color representations,
and therefore the rapidity evolution kernels form a matrix in the color representation
space.

In this work we focus on two quark DPDs. The short-distance Collins-Soper kernel for
two gluon, and quark+gluon DPDs can be found in Section 7.2 in [56].
The two quark kernel represented as a matrix has entries corresponding to

|:R1R1 = R3R4 = 11} [Rle = 11, R3R4 = 88}
RiRa,R3Ry py

[R1R> =88, R3Ry = 11] [RiRi = R3Ry = 88]
(4.24)
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The short-distance Collins-Soper kernel for a two-quark! DTMD can be written as
a sum of a color-diagonal term, which consists of standard TMD rapidity evolution
kernels, and a non-diagonal part M,,, which is scale-independent:

R1R27R3R4qu (Zi7 y; /L) = [1Kq(zi; ,LL) + 1Kq<z2; M)] 5R1R2,R3R4 + R1R2’R3R4qu<zi7 y) )

(4.25)
where
0 NoLR,
R1R2,R3R4qu(zi’ y) — . N (426)
VNZ_1 N 1
N 8a —3 iy = i

We recall that N = 3 denotes the number of colors. The kernels K, K, up to o%
can be written with the help of quark TMD Collins-Soper kernels 'K,. Define the
‘color-stripped’ kernels K as

"Ky(byp) = Cp x Ko(b;p), (4.27)

where C'r = N;]Q L = %. Using K, we can write the discussed terms as
Kq= Ko(viip) + Ko(vo;p) — Ko(yi 1) — Ko(y-; 1), (4.28)
Ky = Ko(21; 1) + Ko(22; ) — Ko(ves i) — Ko(voi ). (4.29)

This relation between the single-parton TMD Collins-Soper kernel, and DTMD rapidity
evolution kernel, holding up to o% [102], will be crucial in our construction of Collins-
Soper kernels extrapolated to large distances, as described later in Section 5.2.2.

The exponentiated non-diagonal part is

1 d+e£d— — d_eLd+ —”;f;_le (e£d+ — e‘:d—)
exp [LMy,] = FIp Rl ., (4.30)
+ — ];fN—l Kd (€£d+ o e[:d_) d+€£d+ . d_eﬁd_
where
1 N2 N2 2
di:N[_7Ky_Kdi\/(7Ky+Kd> +<N2_]‘>Kc2l]' (4.31)

The parameter £ in the exponential corresponds to % log C%’ so that, with our choice of
the scales, it is always larger or equal to 0. Moreover, let us notice that d, is always
positive, and d_ is negative, which is relevant in the discussion of the behavior of the
exponentiated kernels at vanishing transverse distances.

1By ‘two-quark’ we mean all configurations of quarks and antiquarks.
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Vanishing transverse distances

The fixed-order perturbative expression of the color-stripped Collins-Soper kernel

defined in Eq. (4.27), reads

b2 /‘2
0

The constant by is given in Eq. (3.13). When one of the transverse distance arguments

b in Egs. (4.28)-(4.29) vanishes, then the value of d; given in Eq. (4.31) diverges like

a power of log |b|~%, so that the exponential e“?+ has a power-law divergence, possibly

non-integrable, since the parameter

Q1Q2
Co

may become sufficiently large to make the integrals divergent®. It arises from the
resummation of the perturbative corrections in the region of transverse distances
corresponding to large momentum scales where the factorization formalism is no longer
motivated, and therefore should not be considered a physical effect. The problem is
partially cured by resumming each term K;y(b; u) independently, according to

L = log

oy )
Ko(b; 1) = Ko(b; pu,) — 77}(,0(#) : (4.33)

tb

The ‘color-stripped’” anomalous dimension is obtained from the g , of the quark TMD

kernel: .
= — ) 4.34
YK,0 Cr YK,q ( )

Computing the Collins-Soper kernels in Eq. (4.28)-(4.29) at scales associated with the
distance b, and then evolving it to some common scale p using the RGE of the kernel
one obtains

K = KD (vi e, ) + KB (Vo iy ) — K2 (i iy, ) — KB (y 5 iy

By d,u’ v d,u’
i / AL o) + / AU o(u) (4.35)
by, M by M

Y+ Y-
K™ = Ky (215 f1a,) + K§ (23 p1,) = K¢ (Vas pov,) = K (Vo )

e dy! : e dy! ,
+ —Vro(W) + —r0() - (4.36)
H H o H

V+ v_

2Notice that the exponentials e“%~ vanish in the considered limit.
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The dependence on the auxiliary scale p vanished, as it should. The index 'pt’ denotes
the kernel computed at fixed order in perturbation theory. Notice that at LO the
Collins-Soper kernel vanishes at the canonical scale. If one of the transverse distances
vanishes, then the resummed kernels in Eq. (4.33) diverge like a double logarithm — the
result at LO reads

4 ag(up) 4 Bo 2
KP (b =_——1 ~ —log (1 4.37
0 ( 7“0) ) og CYS(,UO) ) 0g <47T og AéCD> ) ( )

where we used the LO running of the strong coupling constant,

and By = 11/3 C4 — 2/3 ny. Depending on which of the relevant distances vanish, the
exponentiated kernel exhibits different behavior — let us take for example the singularity
at [vi| — 0. In that case, the term K, is free of singularities, while K; behaves like

4 Bo by
Kg~ —log (—log —) . 4.38
I Bo 4m V%-A?QCD ( )

Since di — #o00, and £ > 0, the exponentials e“%+ become the divergent terms, and
the exponentiated kernel diverges like

b2 4N p
~ (1o —0> o 4.39
( & Ayepvi (4.39)
On a 2-dimensional z; or y plane, the contribution to the integrals from the region
where any of the considered transverse distances is of order Q! is formally suppressed
by @72, however, the enhancement from the logarithmic divergence may lead to the
contribution being rather large. For the initial rapidity parameter & = (10 GeV)?,
hard scales equal to the W mass, and ny = 5 active flavors, the exponent in Eq. (4.39)

is about AN
— L =6.5. (4.40)
Bo

To estimate if the small measure of the discussed region is enough to suppress the
logarithmic behavior, let us integrate

[ (s )

2 2

_ %F(é +1,log F) ~ &(log F>6 . (4.41)

['(0 + 1,z) is the upper incomplete gamma function. The integral can be simply
computed by substitution ¢ = log (1/(A?b?)). For a high power of the logarithm,
the considered contribution may be significant. However, as pointed out before, for
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distances of sizes comparable with QQ~! the use of the Collins-Soper resummed formula,
even with RGE-improved kernels, is not justified. Therefore, we are free to regularize
the rapidity evolution kernels so that the discussed regions do not get strongly enhanced
by rapidity evolution. To achieve it, for the distance arguments of the Collins-Soper
kernels we shall take distances regularized from below:

—1/4

b{JV = b(l + (bmin/|b|)4> ) (4'42)

which do not modify the value of the distances as |b| > Q~!, but guarantee that the
lengths do not get smaller than b,;,, and allow to avoid the problematic behavior of
the integrands in the later analysis.

Finally, the regularized kernels K™ present in Eq. (4.25) are computed as

K™% = K™ ) (4.43)
b—by
where b denotes all of the transverse lengths in the arguments, and the resummed form
of K™ is given in Eq. (4.33).
In Fig. 4.6 we present 3 different components of the exponentiated full Collins-Soper
kernel (4.25):

Rt exp Koy (20, ¥)C) | = exp [ (Kylmis p) + K, (22 ) £

x  faltz Rl [exp (qu(zi,y)ﬁ)} . (4.44)

The indices correspond to (R;Ra, R3Ry) € {(11,11), (88,88), (11,88)}, and the results
are presented as functions of y = |y|. The transverse positions are defined by:

L(y,z_) =0, £(z1,22) € {0, 0.57, 7},
1
|z, | = 5|z2| =0.2 GeV'! |yl €[0.01 GeV™' 0.2 GeV']. (4.45)

The two off-diagonal elements of the matrix are equal. The renormalization and rapidity
scales po, & are taken according to Eq. (4.22). Presented are the results for 2 values of

the UV cut-off:
b bo

MW’ bmin,2 - 10 MW7
so that we can illustrate the effects of short-distance regularization. The values of
©y, @ are chosen such that on the plots there are visible both |y_| = 0 and |vy| =0
singularities. Notice that for most of the angular configurations, all of the relevant
transverse distances are far from zero, and the UV regularization has no effect.

For the considered value of the short-distance cut-off by, 1 = bo/Mw, let us focus
on the variation of the values of exponentiated kernels near the singular points, say, the

(4.46)

bmiml -
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region where the results for the 2 different regularizations visibly differ. We observe that
it is comparable with the difference between the values of the exponentiated kernels for
fixed |y| away from the singular point at different ¢, — for example compare how the
results differ at |y| = 0 (where all y1, vy, z;5 are perturbative but much larger than
Q™!), depending on the value of the angle between z; and z,. Therefore, we conclude
that even at the relatively small cut-off value by 1, the regularization removes the
pathological short-distance behavior to a sufficient extent, and therefore this value will
be adapted as the short-distance regulator.
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R1R2,R3R4 = 11, 11
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Figure 4.6: Three different components of exp [K E} as functions of y = |y|. In the
plots on the right, shown are the exponentiated kernels for the standard choice of the
parameter by,. In the plots on the left, solid lines correspond to the previous settings,
while the dashed lines are the results for by, = by/(10My ), illustrating the effect of
the short-distance regularization of the Collins-Soper kernels. Notice that for ¢, = 0
and 7, where y,z,,z_ are collinear for ¢, = 0, visible are peaks as |y| — |z_| and
ly| — |z |, where either |y_| or |v4| approaches 0.
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4.3 Numerical results

As discussed in Section 4.1, we limit our analysis to NLL accuracy, taking the kernels
and anomalous dimensions orders according to Table 3.1. Plots of DTMDs in the short
distance approximation as a function of y = |y| for different angular configurations, cf.
Fig. 4.5, are presented in Figs. 4.7-4.14. We show the short-distance approximation of
double parton distributions with their error estimation bands obtained via variation of
the scales 1o, & according to Eq. (4.23). As previously, the considered values of the
parameters defining the scale variation is k € {0.5,0.75,1,1.5,2}. It should be noted
that the variation of the initial scales studied here is not equivalent to the variation of
the matching scale analyzed in Chapter 3, despite the overall similarity. This issue will
be discussed in more detail when combining both results in Section 5.6, in the context
of estimation of the total uncertainty:.

DTMDs in this part are presented for equal lengths of z; and z5. To illustrate
the change of sign of the splitting part due to the factor T”’yiy{/ , in App. G.1 we
provide complementary plots for |z;| = 0.1 GeV ™!, |z3| = 0.5GeV~'. The intrinsic part
depends on the angular coordinates only via short-distance rapidity evolution kernel,
as described in Section 4.2. As seen in the plots below, for a small value of ¢, (= 0.17)
the ¢.-dependence can be visible, however, away from ¢, close to 0 or 7, the variation
of the intrinsic part with the angle between z1, zo becomes much weaker. On the other
hand, since ¢, determines the value of |z_|, and hence the position of the yL — 0
points, the dependence of the splitting part on this angle is much stronger, as seen in
Figs. 4.7, 4.8, and in App. G.1 . As will be shown in Section 5.4, the dependence of the
product of DTMDs on ¢, will introduce correlations between angles of the momenta
d1, g2 in the cross-section. In Section 5.5.2 we show that the angular dependence turns
out to be strong in channels involving DTMD splitting.

We observe in Figs. 4.7-4.8 and 4.11-4.13 that DTMDs in both approximations agree
reasonably well at large y, where validity regions of both approximations overlap. The
“large-y” DTMDs (at NLL, for the nominal matching scales) are shown using dashed
black lines for y > 0.25 GeV~'. Similarly to the previous Chapter, we see that in the
case of the intrinsic part, longitudinally polarized DTMDs are much smaller than the
unpolarized counterparts. At small y there is no suppression of the color-nonsinglet
part, however, whereas the singlet part tends to vary less rapidly with growing y, the
nonsinglet part becomes strongly suppressed in that region. The angular dependence
is more pronounced in the case of the splitting contributions due to the yi-dependent
prefactors in the splitting formula. For massless quarks one can observe the change of
sign of the splitting part of scalar distributions as y crosses the value |z_| due to the
change sign of the scalar product y. -y, — the example is given in Figs. G.6 and G.7
in Appendix G.1. In the case of massive quarks the position of zero crossing is changed
due to the presence of mass-dependent terms — the corresponding plots are shown in
Figs. G.2 and G.3 in the Appendix G. Moreover, for massive quark pair bb we observe
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a rapid vanishing of the splitting contribution.
There is a strong suppression of the pseudoscalar part due to the prefactor in the

splitting formula (4.5), which is antisymmetric with respect to interchange z; and x5
— in the region of asymmetric x; where that prefactor can be far from zero, the total
longitudinal momenta of the parent gluons in DTMDs of both left- and righ-moving
quarks become large, so that the splitting term is small. Moreover, at fixed z;, z5 the
function vanishes more rapidly with larger y due to the prefactor yiy{lsjj'.

(u, 0), color-singlet, unpolarized, splitting part, ¢, = 0.5 1
- T - T - T -

(u, 0), color-singlet, unpolarized, splitting part, ¢, = 0.1 1
- T - T - T -

— ¢:=0
---- ¢,=05m
- ¢:=n

x1x211F [GeV?]
x1X21F [GeV?]

1
0.1 0.2 0.3 0.4 0.5
y[Gev1]

Figure 4.7: Unpolarized splitting part of the short-distance DTMDs at different ¢, (red,
green, blue lines) versus their counterparts in the large-y form at NLL (dotted black

line). On the left given is the result for ¢, = 0.17, and on the right: for ¢, = %71’.
Presented are distributions in the color-singlet representation.
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Figure 4.8: The same as in Fig. 4.7, but for color-nonsinglet representation.
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Figure 4.9: Imaginary part of the pseudoscalar DTMD (u, Au) computed using the
splitting formula for |z;| = |z3] = 0.1 GeV, and asymmetric longitudinal momenta
. M. M _ . . . . .
fractions x; = T‘fey and z9 = Tvsve Y with Y = 1. Presented are distributions in the

color-singlet representation.
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Figure 4.10: The same as in Fig. 4.9, but for color-nonsinglet representation.
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Figure 4.11: Unpolarized intrinsic part of the short-distance DTMDs at different ¢,
(red, green, blue lines) versus their counterparts in the large-y form at NLL (dotted
black line). Presented are distributions in the color-singlet representation. On the left
given is the result for ¢, = 0.1, and on the right: for ¢, = .
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Figure 4.12: The same as in Fig. 4.11, but for color-nonsinglet representation.
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Figure 4.13: The same as in Fig. 4.11, but for both quarks longitudinally polarized.



66 DTMDs at small transverse distances

(u, u), color-nonsinglet, longit. polarized, intrinsic part, ¢,= 0.1 (u, u), color-nonsinglet, longit. polarized, intrinsic part, ¢, = 0.5
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Figure 4.14: The same as in Fig. 4.13, but for color-nonsinglet representation.

4.3.1 Extrapolation to large z

Formulating the short-distance approximation we assume
Q' <zl Iyl ~lar[Tt < AT (4.47)
however, the product of parton distributions needs to be extrapolated to
|2i] € (0,00),  [y] € (0, Ymax]- (4.48)

Ymax 1S the maximal value of |y|, for which one includes the short-distance part in the
interpolation scheme, which will be described in Section 5.2.1. With our choice, it is
given by

3
Ymax = Zb0 GeV™! ~ 0.84 GeV L. (4.49)

For |y| > 9max double parton distributions are described only in terms of the large-y
approximation, independently on the values of |z;].
The short-distance approximation needs to be extrapolated to the region of large
z;, as we want to have continuous integrands in z;-space. The extrapolation scheme in
which we would replace
y—=y, z;—>z (4.50)

does not work here, since one can possibly encounter a situation where

|y + 5 (2] +23)

~0  for iz £z > |yl|. (4.51)

In such a situation one would encounter a spurious singularity |y+|, |[ve| — 0 in the
Collins-Soper kernel, see the discussion in Section 4.2. For this reason, instead of the
regularization like in Eq. (4.50), we replace all of the distances in the perturbative part
of the rapidity evolution kernel by their *-regularized value:

b — b* , b e {yi, Vi, Zl’g} , (452)
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where b* is given in Eq. (3.14). This is similar to what is done in the UV-regularization
of the Collins-Soper kernels in Eq. (4.43), but it should be noted that there the short-
distance regularization is applied to both the perturbative and nonperturbative parts
of the kernel.

The extrapolated DTMDs will take the following form

M Eo(y, i, w4 10({2] ), &0/ (2122))
- R1R2F£0del (Y7 Zi, Ti; ,U/O({Z;'k})v fO/(xle))FNP(Iia Z;, Y) ) (453)

with the factor Fyxp taken the same as in the large-y part, cf. Eq. (3.45). As described
in Section 5.2.3, in the actual computation we take the function Fnp depending only on
distances z1, z5, but not on the momenta fractions or y. The absence of y-dependence
in the fall-off factor in Eq. (4.53) implies that DTMDs formulated in the short-distance
part do not vanish at large y as quickly as those in the large-y model, where the large-
distance behavior is also controlled at the level of DPDF's. However, as will be discussed
in Section 5.2.1, Eq. (4.49), the short-distance part does not need to be regularized at
large y, as it is considered for y smaller than some upper bound #/,,.x not too far from
the perturbative region.



Chapter 5

Differential cross-section of W pair
production

After the analysis of DTMDs in the large-y and short-distance approximations in
Chapters 3 and 4, we are ready to present the results concerning a specific process,
namely the production of two W bosons decaying into leptons in the double Drell-Yan
(DDY) process, schematically:

p(p) + p(B) — WH(q1)WF(q2) + X — lin + s + X, (5.1)

where [; and v; are the lepton (antilepton) and the corresponding antineutrino (neutrino)
into which a given boson W~ (W) decays. Momenta of the particles are indicated
in parentheses. We will be particularly interested in the case of like-sign W pairs
production, which was studied in several previous works [51-57], and is believed to be
a promising channel for the study of double parton scattering.

The mass of W, its decay width I'y, weak mixing angle 6y, and the CKM matrix
elements are taken according to [103]:

My, = 80.377 GeV, Iy = 2.089 GeV sin® fy = 0.23121 . (5.2)

The absolute values of the CKM matrix elements are taken as:

0.97373 0.2243 0.00382
0221  0.975 0.0408 (5.3)
0.0086 0.0415 1.014

We use only the leading-order expression in weak interactions, and the fine-structure
constant at W mass scale is taken as:
1

= o= (5.4)

a(Myy)

68
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Figure 5.1: From the left: 2v2, 1v1l and 1v2 contributions to double parton scattering.

As described in the previous part, we decompose each DTMD into the intrinsic
and splitting part, so in a product of two DTMDs one can distinguish 3 kinds of
contributions, denoted ‘nvm’ (read “n versus m”):

e 2v2 — product of two intrinsic parts,
e 1v1l — product of two splitting parts,
e 2v1(+1v2) for the mixed terms.

The corresponding ‘nvm’ terms are presented schematically in Fig. 5.1.

5.1 Differential cross-section of the Double Drell-
Yan process

In this section, we describe the formula for the differential cross section of W bosons pair
production via double parton scattering. In Section 5.1.1 we introduce the reference
frame in which the angular variables of the product, leptons are defined. In Section
5.1.2 we give the formula for the fully differential cross cross-section, and describe,
how it is integrated with respect to different variables. Section 5.2 deals with the
non-perturbative input in the discussed model.

After that, in Section 5.3 we present the quantitative analysis of the contribution
of the large-y part, and in Section 5.4 — the short-distance region. In Section 5.6 we
combine both contributions, and discuss the final results.

5.1.1 Reference frames

The reference frames are defined according to Section 2.2 of [53], which uses the Collins-
Soper frame [11]. We start from the center-of-mass system of the colliding protons. Let
Z be the axis pointing in the direction of the collision. The corresponding vector can
be expressed as

1 i
TE p(p —p) ) (5.5)

Z¢ =
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The remaining axes X and Y can be chosen arbitrarily.

A significant simplification of the cross-section formula can be achieved if one
expresses the hard part using momenta in the center-of-mass frames of the produced
boson, which will be presented now. In the rest frame of the produced boson W;, the

vector Z; is defined by
H oM 1
‘= \/Q2+ql[p - =%, (5.6)
P-4q V2R

and X; is obtained by transformlng the vector X according to

" VIt (X -0)%/Q2 X - XQZ%W] ' (5:7)

Notice that replacing X; with the vector X results in corrections of order q?/Q?, which
in the considered regime is a subleading term. Polar and azimuthal angles 6; and ¢; of
the momentum of lepton [; in the rest frame of the decaying boson W; are defined with
respect to Z; and X; as shown in Fig. 5.2. For the antilepton, one defines those angles
with respect to minus its momentum, as indicated by the dashed line in the figure.

N

X;
bi

lepton plane l;

Figure 5.2: Definitions of the lepton’s decay angles in the rest frame of the corresponding
W boson. Red arrows represent the momenta of the incoming protons. The Z; axis
is the collision axis, and it bisects the angle between the spatial components of the
protons” momenta p and —p. The axis X; is defined with respect to some fixed spatial
direction, and in general, the protons’ momenta are not contained in the X;Z; plane.
The polar angle 6; is defined with respect to the Z; axis, and the azimuthal angle ¢;
with respect to X;. In the case of antilepton production, the angles are defined using
minus its momentum, as represented in the picture.

5.1.2 Differential cross-section formula

The fully differential cross section of W pairs production via Drell-Yan depends on
momenta fractions z12,212 of the active partons, transverse momenta of produced
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bosons q;2, and the decay angles of the leptons discussed in Section 5.1.1. The
differential cross-section is written as

do’DPS . 1 Z Z d&a1a3 d6a2a4
Hidﬂfid@inin Ca1 7777 '\ RyRam1188 dQy  dS2
d2Z1 —1iz d2Z2 —iz _
/ (2m)2 m/ (22 M/ Ay " Fyy0, " Py

(5.8)
where d); = d(cos0;) do;.

The partonic cross-section can be decomposed into 2 parts, as explained in Section 3.2
in [54]:
dba,ay
s
Using the relations between K and K’ for all of the considered polarizations, as discussed
in [53,54], one obtains a significant simplification of Formula (5.8):

= (14 c05*(0)) Kay0,(Q) + 2 cos(0) K}, (Q) - (5.9)

dUDPS

[ie s dvid2,d?qud€2;
1 d?’z, d’z, —izyq1—iZ )
= 6 Z Z Kq1§3(Ql)Kq264(Q2) /(2%)2/(271-)26 qa q /dy

RR=11,88q1,...,q4

X {(1 4 cos 61)? (1 + cos 6,)?

X (quz + FAQ1AQQ - FQ1Aq2 - FAquQ) (F%@L + FA63A§4 - F’%Aq?; - FA%@L)

+ (1 +cos61)? (1 — cos 6)?

X (Fihth - FAQ1A§4 + FQ1A§4 - FAQ1§4) (F(YSID - FA%A% + F(BAQQ - FAC]qu)

+ (1 — cos 1) (1 + cos 6;)?

X (F%qz - FA@aqu - F§3Aq2 + FAQ3q2) (Fq1¢i4 - FAthA@l - Fq1A§4 + FAq1(I4)

+ (1 —cos61)? (1 — cos ,)?

X (Ffisth + FAQSA@ + FQSA@ + FA@S@L) (FqWQ + FACIlAqQ + Fthqu + FAq1q2)} )
(5.10)

where we omit the color labels in DTMDs. ¢y, ..., g4 are active quark flavors. The hard
scattering factors K,,,, are given in App. E. Depending on the signs of cost; 2, we
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group the Eq. (5.90) into 4 parts:

do _ / d2Z1 / d2Z1 eizm1iquz/d2
[1ic1 o doidz;d?q;dSY; (2m)2 ) (2m)? Y

Z (1 + oy cos 91)2(1 + 09 cos 6’2)2 Woy oy (zl, Z, y) )

o01,2=%1

(5.11)

The functions wy,,, are defined as

1
Woroy (21,22,Y) = e > ) Kpg(Q1)Kpq(Q2) x DTMD product . (5.12)

RR=11,88q1,...,q4

The DTMD product for a fixed o109 pair can be read off from Eq. (5.10). Dependence
on arguments other than the distances z;,y in parenthesis is omitted. The integration
over d?y for the large-y part is straightforward. For the short-distance part more care is
needed because of the short-distance cut-offs — it is discussed in more detail in Section
5.4.1.

In the following part we will denote the length of a given transverse vector b using b
instead of |b|. Let us define functions W, ,, as

o for large-y:
21292

(27)?

e for short-distance:

WO’10‘2 (Zly Z2> =

/d2y Weyoo (Zh Zo, Y)q)2(}’) s (y7 max(21, Zz)) )

WO’10’2(Z17Z2> — 1% /d2y Weoy 0 (Z17Z2ay)q)(Y+)cD<y—) (1 - 25(y7ma’x(217z2))> .

2n)?

(5.13)

Y5 is used to interpolate between the two regimes. ®(y), ®(y+) are the short-distance
cut-off functions used in the DGS subtraction scheme [69]. In this work, we take

O(y) = 0(|yl — Yeur) » (5.14)

where 0(x) is a step function. The cut-off y . is taken equal to by, = by/My in the
large-y part. In the short-distance part it is varied, as will be described in Section 5.4.

The computation of oscillatory integrals over d?z; is performed by expressing them
in terms of Hankel transforms. For the integrals in the large-y region there is no angular
dependence in W, ,,, and one can perform the angular integrals in d?z; analytically,
and obtains

(5.11)

:/ dzl/ dzy Jo(q121) Jo(q222)
large-y 0 0

Z (1 + o1 cos 91)2(1 + 09 cos 92)2 Woi0y(21,22) . (5.15)

o1,2=%1
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On the other hand, in the short-distance region, one finds a non-trivial angular
dependence of the W, ,, term, as already was indicated by results for short-distance
DTMD in Section 4.3.

Due to rotation invariance, W, ,, depend only on the angle between z; and z,.
Defining the polar angles ¢, of the vectors z; on the transverse plane with respect to
some fixed axis we can write

WO’10’2<Z17Z2) = Walog(lzl|7 |Z2|7¢z1 - ¢22 = SOZ) . (516)

As will be shown in Section 5.4.1, W4 is an even function of the angle ¢,, hence one
can expand
Wo 0, (|Z1|7 |2, sz) = Z cos(ne.) W01027n(217 z2) . (5.17)
n=0

Using the relation

/O27r dp, e 7%= cos(ng,) = 2m(—i)" Ju(qz), (5.18)
we obtain the expansion in the following form
(5.11) T 2 coS (n(%1 — ¢q2))(—1)" /000 dz /000 dzo Jn(q121) Jn(qaz2)
X Z (1+ o1 cos 91)2(1 + 05 cos 92)2 Woiosm(21,22) . (5.19)

0'172::t1

As will be shown in Section 5.5.2; the expansion (5.19) converges slowly with higher
Fourier modes, at least for opposite-sign W production. While the presented formula
might not be the most efficient way of determining the total angular dependence of
the cross-section, it allows us to compute the first Fourier modes with respect to the
angle between qq, q. In particular, the 0O-th mode allows us to make a comparison in
size with the large-y contribution, and analyze the effects of interpolation described in
Section 5.2.1.

The double Bessel integrals (called also double Hankel transform) as presented in
Egs. (5.15) and (5.19) are computed using the modified Levin’s method described in
Section 2.5.2.

Switching variables from (z,7) to (Y, Q).

While the cross-section is conveniently computed using partons’ momenta fractions
x;, T;, the phenomenological analysis is easier performed in terms of the rapidity of a
produced boson, denoted Y;, and its momentum ;. These variables are related by

32 GYi y T, = QZ —Yi .
S

z; = (5.21)
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The Jacobian of the variable transformation is

= 5 5.22
QY] Q (522
so that
do _ 4$1f1$2f2 do _ ‘ (523)
Hi:l,Q dQldY; QlQQ Hz’:l,Z dl’zdl’l x4, given by (5.21)
Integration over dQ);
The hard scattering cross-section depends on @); via the propagator
1
x 5 ) (5.24)
(QF — M) + M3 T,
Using the narrow-width approximation, one takes
~T 150 ) (5.25)
(@ — M3 - T3 003, ™ 2Ty, W) '
so that ) p
s o
o~ (=T ) X . 5.26
(2 W dQ1dQy 1Q1=Qa=y (5-26)

Integration over df);

There is no dependence on the leptonic polar angle, so the integration simply produces
a factor of 2.

The integration over d cos6; gives the same result for all combination of signs of cos 6;
as given in Formula (5.10), since

1
/ dcosf (1 + cos 9)2 = ; : (5.27)

1

Hence, the cross-section integrated over leptonic angles reads

d 167\ 2
HAsz‘;Y;dQQi N ( 37T> Z cos (n(qﬁql _%2))(_1)”

n=0
X/ le/ dz2Jn(QI21) Jn(Q2Z2) Z Walcrz,n(zlsz)-
0 0

o1,2=%1

(5.28)
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Integration over d?q;

Since in the region of |q| ~ @ the TMD-factorization breaks, one cannot integrate
to arbitrarily large transverse momenta. Instead, we will consider the cross section
integrated up to some maximal value @uax > |q;|. Integration over the angular
coordinates of q; » leads to the vanishing of the higher Fourier modes n > 1in Eq. (5.19),
so we need to consider only the integrals involving Bessel functions Jy. Applying the

relation

/d2q Jo(gz) = 277Tq Ji(qz), (5.29)

to either Eq. (5.15) or (5.19) we obtain

do 4:U1332£E1x2<167r)2(2 )2 <7rr )2
_— = T —
dqld}/ld}/é q2<qmaxz QlQQ 3 2 w
1
X Qmax/dzl JO(lel)/dZQ Jl(QmaXZQ) Z _Walag,ﬂ(zlazQ)a (530)
22
0'172::t1
do _ 4217971 T2 <167T>2(2ﬂ_)2 (ZFW>2
d}/ld}/Q ql:QQSQmaw QlQQ 3 2

1
X qr2nax/dzl Jl(qmale)/dZQ Jl(QmaxZQ) Z - 0102,0<zla22)7 (531)

217
0'172::t1 1~2

where we recall that ¢; = |qq.

5.2 Non-perturbative input

Before proceeding, let us discuss the nonperturbative input that needs to be independently
modeled. This will not include the parametrization of the collinear double parton
distributions — we assume them to be given at the initial scales, and the uncertainties
due to DPDF modeling, other than from the Collins-Soper kernel, are not included in
this work.

5.2.1 Interpolating between two DTMD approximations

Approximations of DTMDs presented in Chapters 3 and 4 are valid in two regions:
e Perturbative DPDF-DTMD matching for |y| > |z;|, |z] < A,

e Short-distance expansion for |y| ~ |z;] < A~1.
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There arise two natural questions:

1. There exists an overlap region, where all distances are perturbatively small, but
ly| is still much larger than |z;| — in this case, both approximations described in
Chapters 3 and 4 are valid. How to interpolate in that case?

2. In both regions it is assumed that z; is perturbatively small. How to extrapolate
to larger distances, and in particular, how to combine the extrapolated large-y
and short-distance terms?

Our interpolation scheme will be constructed using two variables: y = |y|, and the
largest value of the pair |z|, |z2|, denoted as
z = max(|z1], |2z2]) . (5.32)

Let us describe the construction of the interpolation scheme on the y x 2z plane used in
this work. This will be done in 3 steps — first, we will discuss the case when at least one
of the discussed expressions for DTMD can be treated as not extrapolated. Then, we
consider the case where z is still perturbative, but the assumptions necessary for both
approximations break. Finally, we extend the interpolation scheme to the remainder of
the phase space.

Non-extrapolated approximation

First, we will establish in which regions the considered approximations may be regarded
as valid and not requiring extrapolation. The obvious bound for both large-y and short-
distance approximations is

z < bax (5.33)
where 1
bmax = 5o GeV ™ 2 0.56 GeV ™' . (5.34)
Let us choose a parameter ¢ such that
1
0 <0< 3" (5.35)
We shall use the large-y approximation, whenever
by > z, (5.36)

even for nonperturbatively large z — in that case we extrapolate D'TMDs according to
Section 3.5.

In the computation of the short-distance term, one encounters distance combinations
v+, vy defined in Section 4.1.1, which should be no larger than by, for the perturbative
expansion to be valid. It is easy to check that if

1
y+5z> bnax = 2> 2(bmax — Y) (5.37)
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Figure 5.3: Partition of the y x z plane in the region — first step. Green color corresponds
to the short-distance approximation, blue to the large-y, and in the yellow triangle one
interpolates between the two formulas.

then for any value of the angle ¢,, defined in Eqs. (4.13), there exist such values of ¢,,
see Eq. (4.16), that at least one of the distances y+, vy becomes larger than by.,. To
see this, notice that if at least one of z, z, is larger than z, then the length of one of the
combinations z. must be at least as large as z/2, which follows from triangle inequality
|z+| +|2z_| > |z12|. Then, by taking y parallel to z, or z_ one gets the required result.
For this reason, the necessary condition for the short-distance expansion to be valid is

2 < bpax and 2z < 2(bmax — y) ) (5.38)

Notice that this is a necessary, but not sufficient condition — even if Eq. (5.38) is
fulfilled, there still may exist such angular configurations that some of the discussed
distances become large. However, including such a situation in the interpolation scheme
would require constructing an interpolating function depending on all components of
Z1,Z9,y, which would greatly complicate the computation.

Inside of the region of such (y, z) that fulfill Eq. (5.38), we will use only the short-
distance approximation of DTMDs, if

z < —y. (5.39)

N | —

For the intermediate y in this region, which is too small to use the large-y approximation
only, that is

1
dy <z < 3Y (5.40)

we will interpolate between the two DTMD forms. In Fig. 5.3 we present the division
of the y x z plane defined so far.
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Figure 5.4: Partition of the y x z plane in the region — second step. The lighter blue
color indicates that in the corresponding region one uses the large-y form of DTMD,
despite the fact that 6 y < z, that is outside of the primary region of the validity of the
approximation.

Perturbative z

In the next step, we consider the region of perturbative z < by,.,, where the assumptions
of both of the described approximations of DTMD are not valid, so that neither
Eq. (5.36) or (5.38) applies. We continue the construction of the interpolating function
by defining the boundaries of the regions, where only one DTMD form is used — for
reference see Fig. 5.4. It is straightforward for the short-distance region (in green),
defined already in the previous step by Eq. (5.38). On the other hand, limiting the
large-y region to dy > z up to z < by.x would require using the extrapolated short-
distance form for y as large as by, > 1 GeV~L. To avoid this, we will construct the

5
interpolation region in such a way that for

3 3
§bmax = Zbo ~ 0.84 GeV™! (5.41)

y =
we use only the large-y approximation, possibly extrapolated in z;. The “large-y”
condition dy > z in Eq. (5.36) was applied in the region defined by Eq. (5.38), where
also the short-distance approximation is valid. For (z,y) outside of the perturbative
region, we relax this condition by applying the “large-y” approximation for

(-3 -T2 -3 -0n). ew

if Eq. (5.38) is not fulfilled and z < byay. It is chosen in such way, that for z = byax
one uses only the large-y form of DTMDs already at y > %bmax- The resulting shape of
the interpolation region constructed so far is presented in Fig. 5.4.
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Figure 5.5: Interpolation between the short-distance and large-y approximations of
DTMDs used in the computation of differential cross-section of W pairs production.
Green (blue) colors correspond to the regions when we use exclusively the short-distance
(large-y) form of DTMDs. Lighter colors are used to indicate that in some regions
the approximations are no longer strictly valid, and one needs to extrapolate in z;.
In the yellow region we interpolate between the two (possibly extrapolated) DTMD
approximations.

The remaining part
Finally, to extend the discussed interpolation scheme to larger values of z, we take the
following division of the phase space:

large-y for y> %bmax
if max(21,22) > byax : short-distance for y < %bmax . (5.43)
interpolate for %bmax <y < %bmax

The resulting phase space is represented in Fig. 5.5.

Interpolating function
As seen in Fig. 5.5, for a fixed value of z there exist a pair of limiting values y(2),
yr(2) that on the right of yg one uses only the large-y model, while for y < y;, only
the short-distance part. Let us define the interpolating function s (depending on a
parameter 0) according to

1 y = yr(2)
S5y, 2) =0 y <yL(z), (5.44)
o) Y <y <Yr.

The profile function p(z) should be such that p(xz) = 0 for x = 0, and p(z) = 1 for
x = 1. Additionally, we require that the first and second derivatives vanish at the
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6=3/12 6=4/12

0.0 0.5 1.0 1.5 2.0

6=5/12

0.0 0.5 1.0 15 2.0
y/bmax
Figure 5.6: Function interpolating between the large-y and short-distance

approximation of DTMD on the y x z plane for the parameter § € {1—32, %, %} In the
region on the right of the white line (in blue), one uses only the large-y approximation,
while on the left of the black line (green region) — only the short-distance DTMD form.

endpoints. Our choice is
p(u) = sin® (g sin? (7rx/2)> . (5.45)

Let us notice that at fixed z the interpolating function is equal to % aty = %(?/L +yr),
that is for y exactly in the middle of y; and yr. The cut-off functions ¥5 on the y x 2
plane for the values of § considered in this analysis, which are

3 4 5
A 4
< {12’ 12 12}’ (5.46)

are shown in Fig. 5.6.
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5.2.2 Collins-Soper kernel at large distances

In this work, we consider a collection of Collins-Soper kernels: K, %] for |y| > |z,
and RIRQR'IRQKQ(zi7 y) for short distances, which govern the rapidity evolution of both
DTMDs and DPDFs, as described in Sections 2.3.4 and 2.3.5. The experimental data is
available only for the singlet quark kernel ' K, [86-88,104], and recently the extraction
of the kernel from the lattice data also have been analyzed [105-107].

We build the Ansatz for all of the kernels based on two remarkable properties of
perturbative QCD, which hold up to O(a?%) [108,109].

e The large-y kernels can be written using the ‘color-stripped’ kernel K, defined
by the relation:

K (byp) = Cilth (b 1), (5.47)
F
as:
1
K (bip) = =5 K3 (bip)

FEE (bs ) = co(R) K¢ (bs 1)
GA) = e(S) =T, 10)=0, ¢(21) =1,

2

(s o, i) = - (KG (s ) + K3 (b3 ) )

2
BJP(b; i, o) = c5(R) ®J% (bs pua, pia) |
CJ(8) ==

2) =
g, cs(10) =3, ¢;(27)=4. (5.48)

This is often referred to as Casimir scaling [108, 109].

e The soft-factor, which has been computed perturbatively at small transverse
distances up to NNLO, up to order a% depends solely on terms obtained from
a gluon exchanged independently between pairs of Wilson lines [102], as in
Fig. 5.7. Exchanges involving 3 Wilson lines cancel between graphs with different
orientation of the Wilson lines, e.g. diagrams (a) and (b) in Fig. 5.7. At a? a new
type of correction appears due to graphs connecting 4 Wilson lines (quadruple
terms), see Fig. 5.7, graph (c).

Hence, the short-distance DTMD Collins-Soper kernel can be written up to
a% using the kernels Ky(b; ) depending on a single interparton distance as in
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Figure 5.7: Feynman graphs relevant for the short-distance Collins-Soper kernel for
DPDs. For simplicity, we do not draw the cut line in the middle. (a) and (b) cancel
due to opposite signs. (c) is the example of a lowest-order contribution that cannot be
described in terms of the kernels K defined in (5.47).

Egs. (5.49)-(5.50).

Cr (K™ (213 p) + K" (22; 1)) (l O) + ( i o K )
- F 1 25 NZ_ N ;
01 =LK, K, — +K

o By — Vi

(5.49)
where we recall from Section 4.2 that
KV = K (v p) + KB (vos i) — K3y ) — K8 (y—s 1)
KP = K§'(2; 1) + K§' (203 1) = K§' (Vi) = K§' (Vs p) (5.50)

Promoting the relations (5.48)-(5.49) to the full large-distance kernels (removing the
index ‘pt’), one reduces the problem of extrapolating all of the kernels to just a single
kernel.

The Ansatz for the singlet quark Collins-Soper kernel used to construct the remaining
ones using the discussed relations is given by

Ky (b ) = "KP' (b i) + g(b) (5.51)
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where g(b) is the nonperturbative part. The perturbative part at regularized distance
b* and arbitrary scale p is obtained by first computing the fixed-order perturbative
expression at the b*-dependent scale pp+, and then evolving to the scale p using the
RGE equation of the Collins-Soper kernel:

1 pt (}a* 1 pt (Ja* fody' /

Ky i) = )~ [ ). (5.52

Hp*
The Collins-Soper kernels and their anomalous dimensions are given in App. B.

The results of the fits of g(b), together with the formulas for the *-prescription used in
the cited works are summarized below:

1.89 ,/0.094 0.007
DPT24 b) = — =22 f{ =2 GeV? b? T
D= f( rgg GV PR GV )
b*(b) = by f(z+ 2%/2+32°/8), x=|b|/bo, (5.53)
where f(z) = 2/vV1+ 22 .
ART23  g(b) = —(0.074+0.116 log |b—*|) b
1.496 GeV ™!
) b (5.54)
b*(b) = .
\/1 + (b/1.496 GeV ™)
MAP22  g(b) = —0.031 b
b (5.55)

b’ (b)

J1+ (b/1Gev)”
SV19  g(b) = —0.085 bb*
b*(b) = b | (5.56)
1+ (b/1.93 Gev ")’

for reference see [86-89].

Let us recall that the x-prescription used in this work is given by
4\ 1/4
11— bmin b
1 - <|b|/bmax)

brnin P ———— bmin = =b V. D7
80.377 GeV 500 Ge (5.57)
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Therefore, to use the Ansatz for the Collins-Soper kernel consistent with the ones
used in the cited works, we need to use function g(b) modified to account for the
different values of regularized distances computed using the *-prescription defined in

the considered model b? .., and the one used in this work, denoted as b*:
g(b) = gmodel<b) + 1Kpt( ;knodel; :ub*) - let (b*’ lj’b*) . (558)

As discussed in Section 4.2, the perturbative part of the Collins-Soper kernel has a
singularity at vanishing transverse distances. Since *-prescriptions used in the other
works do not include the short-distance regularization, cf. Egs. (5.53)-(5.56), using a
*-prescription that is not regularized at small distances in Eq. (5.58) would introduce
the logarithmic singularities in g(b). To avoid it, for all distances b we replace the full
Collins-Soper kernels K (b) with the kernels computed at distances regularized at small
values according to Eq. (4.42):

K(b{ﬂﬂﬂ) = Kpt«b%v)*;M) + g(byy) - (5.59)

We recall that bf, (b) saturates at some minimal distance by, as |b| — 0, and
approaches b if the distance is large. Notice that the distance argument of KP' is
regularized twice — once only at short-distances using Eq. (4.42), and once using the
*_prescription in Eq. (5.57).

Plots of kernels 'K, (b; w=2 GeV) for the considered models are shown in Fig. 5.8.

0.4F — SV19 ART23 |
\ —== MAP22  eeee DPT24

< 0.0
()
&}
~ L
[
o
I -04r
2

-0.8

b [GeV~1]

Figure 5.8: Collins-Soper kernel 'K, obtained using the considered models.
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5.2.3 Extrapolation to large z;

In TMD literature, one extrapolates single parton densities according to

frvp (z,2; 1, ¢) = exp (K(z; w) log %) o (7,25 1, Go) % fipY(|z],2) . (5.60)

fﬁwD denotes the TMD obtained by perturbative matching to a PDF. Assuming
DTMDs as a product of ordinary TMDs multiplied by some y-dependent function,

in analogy to the DPDF product model, as described in Section 3.3, one would get the
prefactor for double parton distributions Fyp in the form

Fp(zi, i) = fapt(lza],21) % f8p4(|22], 22) - (5.61)

In this analysis, we consider the simplest form of the nonperturbative prefactors that
does not depend on the momenta fractions or the parton flavors:

(r\) (2} +23) ) (5.62)

1
Fxp(zi;r) = exp ( ~5

with fixed value of A, and parameter » = O(1) used to estimate how much the shape of
the falloff actually affects the phenomenological predictions in the considered process.
Therefore, the product of DTMDs appearing in the computation of the cross-section
formula at large z; will behave like

FF ~ Fxp(zi;7)? = exp ( — (r\)? x (22 +z§)) . (5.63)
large z;

To have some guidance from the results of TMD fits, we will compare the behavior of
Eq. (5.63) with large-z asymptotics that one would get using the product Ansatz of
Eq. (5.61), which is

FF ~ [ ], 20 55 (2l 20) | x [ 750 (el 22) SR8 (22, )

large z;, (5.61) ( )
5.64

Therefore, to make a connection between the simple Gaussian prefactor used in this
analysis with the TMD product form, we need to compare

exp (— (rA)?2%) vs  fupd(z,2) fi(z, ) . (5.65)

Let us take the rapidity-dependent momenta fractions corresponding to the
production of W pairs at y/s = 13 TeV:

_ 7 ~6.2x107%. :
T= et F 6.2 x 10 (5.66)

where

. w
13 TeV ’ 13 TeV
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Figure 5.9: Comparison of falloff functions from different TMD models and the family
of falloffs defined in Eq. (5.62).

Y is the value of the rapidity of the produced boson. In Fig. 5.9 there is shown a family
of functions exp (— (rA)? 2?) for

M=04, rel05, 2], (5.67)

compared against a product of nonperturbative TMD factors f#d(z, x)fi8d(z,z) for

different models [86-88] at different values of rapidity Y. Notice that taking Y with
the opposite sign one obtains the same product of fi#4(z, ) f#d(z, 7). In the case of
ART?23 model, fiid is presented for sea quarks. For up and down quark in this model,

the falloff gets closer to the one of SV19.

Large-z behavior of octet quark DTMDs

Scaling of the color-octet quark Collins-Soper kernel in (5.48) together with the
postulated large-distance behavior of the kernels derived from the results for the kernel
'K,(z) implies that at large z the kernel 8K, (z) becomes large and positive — in upper-
left panel of Fig. 5.10 presented are the resulting values of the kernel for different models.
This means that the rapidity evolution enhances the product of two octet double quark
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distributions in the cross section by a factor of

QlQQ) . (5.68)

€o

This enhancement is visible even at perturbatively small z. Since our model of
extrapolation of the Collins-Soper kernel (based on Casimir scaling) is consistent with
this behavior, we do not modify the function ¢ in this channel, and allow for large values
of the rapidity evolution factor (5.68), since the parton distributions eventually become
suppressed by the non-perturbative factor fyxp, so that the sign of rapidity evolution
kernels does not make DPDs grow at very large distances. It is verified in Fig. (5.10),
where the values of the z-dependent octet quark Collins-Soper kernel, as well as the

products
Q2
§

exp <8Kq(za fto1) log

exp <8Kq(z; piz+ ) log ) x exp (— (rA)’z%), (5.69)

are presented for Q; = Qo = My, and & = p2,, = 4 GeV?. The choice of a minimal
value of &, corresponds to y — oo, and maximizes the effects of rapidity evolution.

5.3 Large-y region

Recalling the results of Section 5.1.2, we have

do? —/w&dz /Ooﬁdz(](z)(](z)
[ dodz,daid, — Jy 2r " Jy 2n 2 0t Aok

Z (1 + 0y coS 6’1)2(1 + 09 COS 92)2 Woi0,(21,22) , (5.70)

o1,2=%1

where W,,,, is given in Eq. (5.13). The evolution of quark DTMDs does not depend
on polarizations. The product of two DTMDs in a definite color representation at the
final scales is given by

BRE (24,26, 55 1 O) ¥ F (%4, 24, y5 114, €)
= exp (Sq(,um?ﬂl)xl\/Z) + Sq(#m,m,in\/Z)
+ Sq(,u[)Za 2, 952\/6) + Sq(/ioz,/w,@\/a)
) L
P (_ (RIJ(YS to) + Ky (21; o) + 2 Ky (2a; N02)> <10g s +log x1x2<>)
2 &o o

x REP (25,25, 55 pois §o/ (0102) ) TP (5,25, 35 iy €/ (2172)) Fep (21, 22) -
(5.71)
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Figure 5.10: Upper-left: values of the kernel ® K, (z; j1,-) for the considered models of
the Collins-Soper kernel. Upper-right: rapidity evolution exponential times the z-falloff
for the default choice of the falloff parameter r = 1, see Eq. (5.62). Lower: the same
product, but for minimal (r = 0.5) and maximal (r = 2) values of the falloff parameter.
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The exponentials in the second and third line are the Sudakov factors obtained by RGE
evolving the partons distributions from pg; to the final scales. The factors from left-
and right- moving hadrons can be conveniently combined:

exp (Sq(M01>M1>$1\/Z)> X exp (Sq(ﬂOl?“l,xl\/g)>
= exp </u1 dﬁ(%(ﬂ) — VK.ql08 wlf) + /“1 d_ﬂ(%(m ~Yralo8 xlﬁ))

o M o M K

= €Xp (2 /M1 df('ﬁ(/‘) — VK qlog %))
I

01

= exXp (2 Sq (Mm, M1, Ql)) ) (5.72)

and analogously for the second scale. To get this result one uses

\/(C=s, and x;T;5 = Q7.

The logarithms in the rapidity evolution part (3rd line in (5.71)) can be combined into
2122¢ | 1, TEC _

1 Q1Q-
—lo + =1lo lo .
2 %7 T2 % 575

Finally, one obtains the simplified form of a product of right- and left-moving hadron
DTMDs:

(5.73)

RRF(%’, zZ;,Y; /101750/(371302)) RRF(@', Z:7y;:u0i7£0/(jla_:2))
= RRFpt(ZCmZmY;Monéo/(ﬂhw)) RRFpt(fuZz'7y;u0i,fo/(f1f2)> X Flgfp(ZbZQ)
X exp (25a1 (Mon M, Q1)> X exp (25a1 (/1“027 M2, Qz))

Q1@
€o

X exp ([RlKal(Zﬁ po1) + 2 Koy (22 pro2) + ™ J (y; M0i>i| log > . (5.74)

Integration grids for |y]|

In this part we describe grids in transverse position used in the integration. The settings
are taken based on the previous studies of DPDFs using CHILIPDF [71].
The grid in y = |y| is split into 2 subgrids:
1. Lower grid with limits
by 1

[M—W, 500 GeV ™ = byin] - (5.75)
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The variable transformation on this subgrid is
uly) = —y=%. (5.76)

The number of grid points depends on the color representation. We take 16 points
for color singlet, and 24 points for color non-singlet. The motivation for taking
the larger number of gridpoints in the color non-singlet case is the fact, that due
to rapidity evolution effects, the first subgrid yields the dominant contribution
to the non-singlet sector of the final results, as can be already seen from DTMD
y-dependence plots in Figs. 3.9-3.10.

2. The upper subgrid with the limits
1
(500 GeV™!, 0] . (5.77)

The variable transformation is

u:—exp<—(m2-y2+m-y)/4>, m = iGeV:0.232GeV.(5.78)
\ 419

We take 16 points on this subgrid. The grid parameter is taken such that it assures
high integration precision for functions with Gaussian falloff oc exp (—y?/(4hy,)),
see Eq. (3.27). The same settings were used in already existing studies [67].

Integration grids for |z|, |z,

The grids in 212 = |21 2| are chosen such that one can precisely compute the Bessel
transform for a wide range of transverse momenta ¢, at least 0 < ¢ < 20 GeV. Based
on the analysis done in [1], for an integrand with the Gaussian large-z behavior:

W(z) ~ exp (— (rA)*2?), (5.79)

a relative accuracy better than 10~ for ¢ up to 100 GeV is expected if one takes a grid
with variable transformation:

u=—exp(—mz/4), (5.80)

with the grid parameter m such that

% c 2.5, (5.81)

Since we are going to consider a family of functions Fyp, for which the integrand (5.74)
behaves like in (5.79) with

A=104 GeV ~ 0.634 GeV, r€05,2], (5.82)
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we find that the grid transformation that leads to precise computation of the required
Bessel transforms is given by

u:—exp(—\/@GeV X z). (5.83)

This choice ensures that the relation (5.81) is fulfilled for all of the considered choices
of the function Fyxp. We recall that z is in units of GeV ™!,

Results of [1] show also that a better accuracy is obtained when splitting the integration
grid into 2 subgrids — an appropriate choice was found to be

0, 0.1 GeV™!, o] , (5.84)

with 24 points on the first, and 32 points on the second subgrid.

Finally, we summarize the default settings for the non-perturbative input, and the
procedure of estimation of the related model uncertainties.

e DPDF model — as described in Section 3.3. We treat the collinear double parton
distributions as given, and do not modify them in a way other than by changing
the non-perturbative part of the kernel £J. In particular, this means that while
we vary the function Fyp(z), the y-dependent prefactors given in Section 3.3 are
fixed in the whole analysis.

e Switching between the large-y and short-distance forms of DTMDs in the z; X y
space is described in Section 5.2.1, with the interpolating function controlled by
the parameter §, see Eq. (5.6). Our default choice is § = %.

e Collins-Soper kernels — our default choice is DPT24, given in Eq. (5.53), cf. [89].
To estimate the uncertainties due to the non-perturbative part of the kernels, we
repeat the computation for the remaining models given in (5.54)-(5.56).

e Matching kernels — to estimate the impact of higher-order QCD corrections to
the matching kernels, we vary the matching scales p;(z;) according to Eq. (3.56).
Contrary to the scale variation in the case of DTMD studies, we take only 3 values
of k:

k € {0.5, 1, 2}, (5.85)

omitting the intermediate values x = 0.75, 1.5. The central value x = 1 is the
default setting.

e Large-z behavior — we consider a family of the large-distance factors Fyp(z1,z2)

h 1 2 (,2 2
—5 (M +2) (5.86)

with A = /0.4 GeV, and r € [0.5, 2]. The default choice is r = 1.

Fxp(z1,22) = exp (
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5.3.1 Differential cross section — perturbative uncertainty at
different orders

First, let us compare the differential cross-sections at NLL and NNLL accuracies for
default settings. The objective of this exercise is to investigate, how the higher-order
corrections change the result, compare the variations with the uncertainty estimates
obtained by the matching-scale variation, and verify if the error estimates become
smaller at higher pQCD orders.

In Figs. 5.11 and 5.12 we present the partially integrated differential cross-section

dO.DPS

R ) 5.87
dq1dY1dY5 lg2< 20 Gev ( )

In this work, we performed a detailed study of the ¢g-dependent differential cross-section
for 5 pairs of W bosons rapidities:

(Y1,Y2) € {(0,0), (1.5,0), (0,3), (3,3), (3,-3)} . (5.88)

In Figs. 5.11 and 5.12 shown are results for (Y7,Y3) = (0,0) and (3, 3). All of the results
are collected in App. G.2. The qualitative behavior of those points is consistent with
those presented in the main part of the work. The rapidity-dependence in a wider range
will be studied in Section 5.6.4.

We limit our plots to ¢; € [5 GeV, 20GeV]. For smaller transverse momenta
the assumption of the small z; giving the dominant contribution to the differential
cross section is no longer justified, while for larger ¢; we can no longer say that
g1 < @ = My,. The result is integrated over the second transverse momentum up to
20 GeV, and includes the region of ¢; € [0, 5 GeV), however, as seen from Eq. (5.30),
the corresponding integral is also expressible as a Hankel transform dominated by
short distances, and hence including the region of small momenta should not spoil
the assumption of dominant small distances.

We observe that in most cases at NNLL we obtain results larger compared with
NLL, the only exception being the opposite-sign W production at large rapidities.
The relative difference between NLL and NNLL is large, typically from about 50% to
over 100%. The virtual 1-loop QCD corrections to the hard-scattering factors K, are
positive and of size about 10% of the LO expression, so the largest enhancement of the
result is due to an increase of DTMDs at higher order. The uncertainty estimation is
visibly reduced at higher order for larger transverse momenta. For momenta close to 5
GeV the absolute value of the error estimate is comparable at both orders, although the
relative error is reduced due to the enhancement of the overall result. We observe that
the NLL error bands in most cases do not overlap with the NNLL result — as discussed
in the case of D'TMDs, this is probably due to a local minimum of some double-parton
distributions as functions of the matching scale pg;. A similar effect was reported in
the study of W boson production in single-parton scattering [111].
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Figure 5.11: Large-y region, color-singlet sector contribution to the differential cross-
section of production of two W bosons scattering into a pair of leptons [, l5. The label
‘total” refers to the sum over all "n vs m” terms. Considered are two values of rapididies
of the bosons: (Y1,Y3) = (0,0) (left), and (Y7, Ys) = (3,3) (right). Presented are the

results and the estimation of the error due to the perturbative matching at NLL (green)
and NNLL (blue) accuracy.



94 Differential cross-section of W' pair production

If I3+, color-nonsinglet total, (Y1, Y2) = (0, 0)

— NLL

17 15", color-nonsinglet total, (Y1, Y2) =(3, 3)

— NLL

—— NNLL

_ _ 2.0 — NNLL
3 3
O] O 15
<] g
= —
@ d
ﬁ i 1.0
3 3
8K s
s & 0.5
05 10 15 20 0'05 10 15 20
q1[GeV] g1 [GeV]
I 15, color-nonsinglet total, (Y1, Y2) = (0, 0) I 15, color-nonsinglet total, (Y1, Y2) = (3, 3)
1.0
7 7
Z > 08
Q ©]
g E o6
Q Q
N N
S 0.4
&S 8K
3 $ 0.2

05 10 15 20 0’05 10 15 20
q1[GeV] g1[GeV]
17157, color-nonsinglet total, (Y1, Y2) = (0, 0) I 15, color-nonsinglet total, (Y1, Y2) = (3, 3)
| — NLL 12 [ — NLL
. 50— NNLL _ —— NNLL
g 2
G 40 8
g g
8 30 Q
N N
5 20 d
3 s [
"g 10 . - g 2 . 4
05 10 15 20 05 10 15 20
g1[GeV]

q1[GeV]

Figure 5.12: Large-y region, color-nonsinglet sector contribution to the differential
cross-section of production of two W bosons scattering into a pair of leptons [y, 5. The
label ‘total’ refers to the sum over all "n vs m” terms. We point out that the units
here are zbarn (= 1072 abarn). Considered are two values of rapididies of the bosons:
(Y1,Y2) = (0,0) (left), and (Y3,Y2) = (3,3) (right). Presented are the results and the

estimation of the error due to the perturbative matching at NLL (green) and NNLL
(blue) accuracy.
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5.3.2 Combined uncertainties at NNLL

The results of Section 5.3.1 imply that the higher-order pQCD corrections yield a
significant modification of the differential cross-section of the considered process, in
some cases the corrections are as large as the NLL result. A variation of the matching
scales po; provides a working estimate of the higher-order corrections. As discussed
in Section 5.2, the unknown pQCD terms are not the only source of the error, due
to model input such as the non-perturbative part of the Collins-Soper kernels, large-
z behavior of parton distributions, and the interpolation between the two considered
approximations for transverse distance-dependent DPDs. In this part, we will assess the
size of the corresponding uncertainties and their relative significance independently for
each boson channel, and each ‘n vs m’ DPD combination. We recall that the uncertainty
due to DPDF modeling, and as follows, the uncertainty due to the unknown behavior
of double parton distributions at large y is not included in the estimates.

The procedure for the estimation of the uncertainties is as follows. We consider 4
independent parameters: the parameter s in Eq. (3.56) which rescales the matching
scales po;, model of the Collins-Soper kernel in Section 5.2.2, parameter r in Eq. (5.86)
which governs the large-z falloff of DTMDs, and the parameter § in Eq. (5.44) defining
the interpolation between the large-y and short-distance D'TMD approximation.

The ‘default’ choice of these parameters is given by

3

=1, DPT24, r=1, 6=-=.
K ) 7T ) 12

(5.89)

All of the possible variations of these parameters are summarized in Section 5.2. At
each step of the procedure, we allow for a variation of the first n = 1,2, 3,4 parameters,
thus obtaining the combined uncertainties:

e n =1, CS kernel, r, ¢ fixed — pQCD uncertainty, denoted ‘ug’

e n =2 rand J fixed — (pQCD + CS kernel) uncertainty, denoted ‘0K + 1’

e n =3, fixed — (pQCD + CS kernel + Fyp) uncertainty, denoted ‘r + 6 K + po’.
e n =4, vary all parameters — the total uncertainty, denoted ‘X, + 0K + po’.

It is necessary to emphasize that the variation of § gives the uncertainty due to the
interpolation only when one combines the large-y and short-distance contributions.
However, we keep this variation also in the analysis of this part, for two reasons:

e [t allows to already estimate the size of the contribution of the interpolation region
to the final result.

e Since at the currently accessible accuracy of the PDF—DTMD splitting formula,
the parton distributions describing production of like-sign W bosons are zero,
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the 2v1 + 1v2 and 1vl contribution from the short-distance region of W*W=
production vanishes. Hence, the § variation for this channel already provides the
interpolation uncertainty at the considered pQCD accuracy.

Plots of the partially integrated differential cross section of W pair production are
collected in Figs 5.13-5.14, cf. Eq. (5.87), defined as in Section 5.1.2. The black line
represents the prediction obtained using the default settings and bands of different
colors represent the accumulated uncertainties due to variation of the parameters.

For the opposite-sign W pair production, the maximum of the 1v1 color-singlet
part is strongly shifted towards the larger momenta compared to the 2v2 and 2v1+1v2
channels, while the maximum of the 1v1 color-nonsinglet terms is not even reached
at go < 20 GeV. It should be noted, however, that in the discussed plots shown is
not the total contribution to the given ‘n vs m’ channels, but only the large-y part,
which excludes z; of similar size of y. As seen in the plots of y-dependent DTMDs in
Section 3.7, the splitting part of DPDs contributing to the 1v1 channel gets the largest
contribution at |y| < 1by GeV~'. It implies that for smaller momenta, where larger
values z; are more relevant to the cross-section, the most important region of the phase
space corresponds to the short-distance rather than large-y region, and thus does not
contribute to the presented part of the total result. As already seen in the previous
part, there is little difference between the differential cross-section of production of
likesign pairs WTW™* and W~W ™, also at the level of individual DPD channels, so in
this part we present the combined cross-section of production of like-sign leptons either
with positive or negative sign.

After discussing the general properties of the presented results, let us describe the
sources of uncertainties and their relative importance.

In the color-singlet channel, the most significant source of uncertainty remains the
one due to higher-order corrections. For the 2v1 and 1v1 channels the variation of the
result due to a change of the interpolation becomes important, and is the strongest
pronounced for opposite-sign W production via the 1v1 channel.

In the color-nonsinglet case, the variation due to the pg choice turns out to be
smaller than due to variation of § and the Collins-Soper kernel. It is remarkable that
in the color-nonsinglet 1v1 channel of opposite-sign W production, the variation due
to the variation of the interpolation function is of order of 100% of the result, which
implies that the short-distance contribution in the corresponding channel is significant.

It is clearly seen that the uncertainty due to Collins-Soper kernel is strongly
asymmetric — the lower estimate due to the model is almost not visible on the plots,
unlike the upper estimate. We checked that this upper boundary corresponds to the
ART23 model, which is a kind of an outlier within the considered models, as gives a
visibly larger kernel even at relatively small distances, see Fig. 5.8.

Another important feature is the weak dependence of the result on the value of
the parameter r in Fyp defined in Eq. (5.62) (green band). This implies that for any
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considered model of large-z behavior of DTMDs discussed in Section 5.2.3 and shown
in Fig. 5.9, one obtains consistent results.

For color non-singlet distributions the corresponding error bands are not even visible
on the plots, which can be explained by the shape of the interpolating function. Observe
that at large values of z, which are affected by the change of r, one integrates over dy
from a rather large lower limit = }lbo GeV ™!, see the interpolation functions in Section
5.2.1. Since DTMDs at large y in the color-octet case are suppressed due to rapidity
evolution effects, as discussed in Section 3.7, the large-y octet part is also more strongly
suppressed at large z.
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Figure 5.13: Large-y region, singlet sector contribution to the differential cross-section
of production of two W bosons of rapididies (Y7,Y2) = (0,0), scattering into a pair of
leptons.
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Figure 5.14: Large-y region, nonsinglet sector contribution to the differential cross-
section of production of two W bosons of rapidities (Y7, Ys) = (0,0), scattering into a
pair of leptons.

5.4 Short-distance region

Results for short-distance DTMDs presented in Section 4.3 clearly show that the
function w,,,,, defined in Eq. (5.11), which is the basic building block of the cross-
section given in Eq. (5.19), exhibits a non-trivial dependence on the angular variables
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¢y, ¢ defined in Section 4.1.1. Recalling the results of Section 5.1.2, we obtained the
short-distance contribution in the following form:

do
Hi:l,Q dIZd(Z’szqdeZ

d*z, d*z, iz q1—izaqe 2 2 2
= 2n)? (27026 d°y Z (14 01 co861)°(1 4 09 c08602)" Wy, 0,
0'172::|:1

(5.90)

where w,,,, is a product of DTMDs weighted by hard cross-sections:

1 _
Woyoy = 5 Z Z Kq1q3(Ql)quh(Q2)(FF)q1,---@4,0102

RR=11,88 q1,---,94

X (1 - 25 (ya maX(Zla Z2))>9<y+ - ycut)g(y—i- - ycut) .
(5.91)

1— 235 (y, max(z1, zg)) is the function used to interpolate between short-distance and
large-y approximations, as described in Section 5.2.1. Notice that ¥ approaches 1 as
y becomes sufficiently larger than max(z1, 22) Or ¥ > Ymax, hence the short-distance
part is multiplied by the combination (1 — ¥). The step function 0(y+ — yeut) is the
short-distance cut-off — because of the 1/y% singularity in the 1vl contribution, the
integral over all transverse distances is infinite. In theory, if one includes all of the
double-counting subtraction terms, as described in Section 2.4, the dependence of the
total result on the value of parameter y.,; should be a subleading effect as long as it
is taken of order Q! — this analysis is at this moment beyond the scope of this thesis.
According to the discussion in Section 4.1, including the subtraction terms requires
modeling and study of evolution equations of twist-3 DPDs, as well as the inclusion of
the DPS/SPS interference [69].
The term (FF') denotes the product of double parton distributions correponding to
a given combination of signs of cosf; in Eq. (5.90). Contrary to the previous study
in the large-y regime, the pseudoscalar DTMDs enter the cross-section in the splitting
part, see Eq. (4.5). As we will argue in Section 5.4.1, due to the angular dependence of
the corresponding terms, the cross-terms Fy; X Fj; vanish, and only the product of two
pseudoscalar distributions survives after the integration over angular variables dy., dy,.
Therefore, the splitting pseudoscalar DTMDs enter the differential cross-section only
in the 1vl term, and effectively the products of DTMD in Eq. (5.91) can be replaced
by
(FQ1q2FAq1Aq2 - Fq1Aq2 - FAq1q2) X (Fli3¢i4 + FAQ3AQ4 - F(?3AQ4 - FAQ3Q4)
- (FQMQ + FA(]lqu) (F§3§4 + FA%A@) + (FthAQQ + FAQ1Q2) (FQSA@ + FAQ3Q4)(£3 92)
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in the (FF),. g.++ term, and analogously in the remaining ones. The color
representation indices have been suppressed for simplicity.

Let us show, how the product of DTMDs entering the cross-section formula is
factorized into the model-dependent and perturbative parts. Using the solutions of
the short-distance Collins-Soper equation, and the RGEs we get

it Falag (xiv Zi, Y5 i, C)

= exp <Sq(/i0,u1,371\/6) +Sq(/i07ﬂ2,1'2\/2)>

1
X exp (5(1Kq<zl;ﬂ0) + "Ky(22; o)) log £)
0

D! D/ 1 ! !
x Z f o, By 1y [GXP <§ (MQQ(Zi:y;Nz‘) log S)} RIRQF;fgSeI (xiazi:y;,um CO) :

R,R), So
(5.93)

Finally, combining the evolution exponents from both right- and left-moving hadrons
we arrive at the final form of the product:

Z R1R2F R1R2F —

R1 R

= Z R1R2,R3Ry |:€Xp ((qu(zia y: /4%) log Q1Q2>:|

R1R2,R3R4 50
Fultz proodel (v, gy o, S0/ (2122)) B F™N (24, 25,y pioi, Lo/ (2122))
X €Xp <2Sq (Moaﬂb Ql)) X exp (25(1 (Moa M2, Q2)>

Q1Q2> .

50 (5.94)

X exp <(1Kq(zl; 110) + " Kq(22; p1o)) log

The RGE exponentials, and the diagonal part of the exponentiated Collins-Soper kernel
have been organized just like in the analogous case of large-y given in Eq. (5.74).
The new feature in this case is the mixing between different color representations
R{Ry = 11,88 of DTMDs formulated at the initial scales due to the representations
mixing under rapidity evolution. As clearly visible in Fig. 4.6, the non-diagonal tem
of the evolution matrix for two-quark distributions is non-negligible. This obstructs
the splitting of the differential cross-section into the color-singlet and color-nonsinglet
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contributions, as this was done previously. For this reason, when combining the
contributions to the cross-section we shall not make the distinction between different
color channels, and simply consider the version summed over singlets and octets. On
the other hand, to assess the importance of the color-nonsinglet channels, in Section
5.5.4 we will compare two cross-sections — one computed using the settings outlined
here, and another for pure color-singlet initial conditions, that is % F| e/ (@ran) = 0

5.4.1 Numerical integration

We find that the computation of integrals defining the Double Drell Yan (DDY) cross-
section is much more involved than in the case of the large-y approximation, due to
two additional angular integrals, and problems related to the short-distance splitting
singularities.

In this part, we describe the numerical procedure which we developed in order to
compute the DDY observables, outline the settings in the numerical integration, and
discuss the overall precision. The order of integration is the following:

1. Compute the integral over dyp,. If the difference |y|—|z_| is smaller than the small
distance cutoff Yy, then for some values of the angle ¢, one has y1 = |y+| < Yeut,
so that appropriate integration limits must be applied. They will be defined in
Eq. (5.102).

2. Compute the integral over dy. Since the condition y+ > .y is enforced in the
previous integral, no new cut-offs are needed in this case. However, we find that
the first derivative of the integrand is discontinuous at

Y= |Z—| j: Yeut » (595)

and the overall integrand becomes steep near these points, hence splitting into
subgrids is used.

3. Compute the Fourier modes in ¢, of the result obtained according to Eq. (5.17).

4. Compute the double Bessel integral with J,, for the n-th Fourier mode from point
3.

All of these steps will now be discussed in detail in the subsequent parts.

¢, integration

We have developed the described integration method specifically for the integrands with
singularities 1, and such behavior will be of the main interest in the following analysis.
However, we found the also the integrals with a y1' singularity (present in the 2v1+1v2
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terms), as well as the 2v2 contribution can be precisely studied with the described grid
transformation, albeit with fewer grid points and some grid transformation parameters
modified.

Recall that ¢, is defined as the angle between z_ and y, as presented in Fig. 5.15. A
special case when |z_| = 0 is treated differently, by defining ¢, with respect to z-axis.

Py

Figure 5.15: A sketch of the considered coordinates

Some simplifications may be obtained by considering the symmetries of the product
of DTMDs, regardless of whether it is the intrinsic/splitting part. Consider:

y — —y. (5.96)

As seen from the definitions of the distances, this transformation is equivalent to the
following substitutions in DTMDs and the evolution kernels:

Vi = =Yg,  Vi— —Vg. (5.97)

The Collins-Soper kernel depends only on the absolute sizes of these distances, and is
symmetric with respect to interchanging

yi<—y. and v,<+—vVv_.

The scale choice and the intrinsic part are not affected at all by this change. Finally, the
prefactor in the splitting part of scalar DTMDs remains the same, while the prefactor
in the pseudoscalar splitting part changes the sign

yiyle = (—y ) (—y)'é’ = —ylyle”. (5.98)
This has two important implications:

e Since for ¢, — ¢, + m the pseudoscalar splitting part changes sign, and all of the
other terms remain unchanged, then the cross products of the pseudoscalar and
scalar parton distributions vanish in the cross-section.

e The discussed symmetry allows to integrate only on the upper halfplane, that is

@y € [0,7]. (5.99)
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Now we describe, how the cut-off condition
|y £ 2| = Yeur (5.100)

is implemented at the level of angular integration. Let us fix the vector z_. On the
y-plane, the regions affected by the cut-off are two circles, possibly overlapping, as
shown in Figs. 5.16 and 5.17.

Y2

T — Peut

S‘Q(’,ut y
1
!

Figure 5.16: Cut-off regions (shaded circles) in the y-plane for fixed z_. Shown are the
angles corresponding to the cut-off in the upper half-plane. Axis ‘y;’ is parallel to z_.
The distance between the centers of the shaded circles is equal to 2|z_]|.

Figure 5.17: The cut-off region in the special case |z_| < Yeut, in which two circles
overlap. The formula for ¢, remains the same, but there exists a minimal length iy,

for which the integrand does not vanish for all ¢,. This case will be studied in more
detail when discussing integration over dy.

It is obvious that the length of y, or y_ can get smaller than ., only if
|yl =121 | < yeur » (5.101)
which we shall assume now. Using the cosine theorem we obtain that for ¢, € [0, 7]:
Y- < Yeur = ¥y € [0, Qcut)

|Y+| < Yeut = Py € (7T - Qpcutaﬂ-] )

2 .2 .2
where p = aCOS<M> ) (5.102)
2yz_
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We observe that for .. > 7/2 the angular cut-off excludes all of the values of ¢,, thus
making the integral vanish. This special case is treated in the context of y-integration,
see the case (d) in Fig. 5.18. In the following considerations in this part, we will assume
Peut < /2.

Let us investigate, how the integrand changes at fixed y = |y| — to that end, focus
only on the most important term, namely the splitting prefactor 1/(y2y?2). As p, = m/2
it has its minimum, which is equal to

11
—— N —, 5.103
yiy2iley=n 4yt (5.103)
where we use y — |z_| ~ Yeu and neglect the terms of order y... Now, as ¢, approaches
one of the cut-off values, one has

1

11 1 1

y2y2 loy=nr2 " AP 02, (5109
It is clearly seen that the ratio between the largest and smallest value of the ¢,-integrand
is of order (y/yeut)?. For typical sizes of 21,29 — and from what it follows — the typical
size of |y| in the region of |y| &~ |z;|, the ratio is 2 50, while for the maximal considered
values of |y| the ratio approaches 103.

In order to obtain good numerical accuracy, we apply the variable transformation,
which will minimize the variation of the integrand on the considered domain. Since
initialization of a new grid for each set of the interval limits [Yeu, T — Yeus] Would be
extremely time-consuming, especially when applied to the first of 5 integrals, we first
use the linear transformation

py —m/2
7T/ 2 — Peut
so that each angular integral is performed on [—1, 1] interval. Then, we apply a variable
transformation u(¢) such that the corresponding Jacobian turns the integrand into a
function that can be well-approximated with polynomials. We take:

[Peut, T— Peut) D @y — t= €[-1,1], (5.105)

t+t
u(t) = log . + 2 to=1+¢€,. (5.106)
0 —
The Jacobian is
ot t+1tg)(tg — 1 ot 2 2
O _{Ht)le=t) gy O ew“L—%/. (5.107)
ou 2t t—+1 Qu 1+e,

With the appropriately chosen value of €, we obtain a well-behaved integrand, which
after the transformations reads:

T—Pcut
/ dpy w ( pr)
Pcut

u(1) _
= (7/2 = eut) /_ du<t +t02)t<§0 ) w(py(u)) . (5.108)

(=1
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To conclude this part, we shall present the grid settings used in this work. To avoid
under probing the intermediate angles, we split the grid in ¢ into 2 subintervals: [—1, 0]
and [0, 1] with equal number of the gridpoints on each subgrid. Depending on the DPD
channel ‘n versus m’, we take different numbers of gridpoints, and the transformation
parameter:

[—1,0, 1](24,24) y €p = 1072 for 1vl,
[—17 0, 1](16,16) , €p = 0.05 for 2v1 + 102 s (5109)
[—1,0,1](12,12), € =1 for 2v2.

[a, b, ¢](n, ny) means that on the subgrid [a, b] there are ny points, and ny points on [b, c].

For the final remarks, let us comment on the possibility of using different grids
depending on y — as seen in Egs. (5.103)-(5.104), the variation of the integrand depends
strongly on the absolute length of y, so that using the variable transformation in
Eq. (5.106) we will not get a well-behaved integrand for arbitrarily large distances.
Fortunately, we consider only y < ymax, but even on this limited range it is tempting to
use a couple of parameters €, (and, as it follows, a couple of new grids in ¢(¢,)), each
for a given range of y — hopefully this would lead to improvement of the integration
accuracy. However, we found using only a single grid to provide satisfactory integration
precision with the current settings.

ly| integration

Due to the short-distance cut-off being employed for y = |y| € (|z_| — Yeut » |2—] + Yeut ),
one observes a discontinuity in the first derivative of the y-integrand at those two points.
This motivates us to split the integration domain into 3 subintervals:

0,12 = Yeur) U (|2-] = Yeuts [2-] + Yeut] U (|Z-] + Yeut, Ymax] - (5.110)

A special care is required where |z_| < yeut. As already indicated in Fig. 5.17, in such
case there exists a minimal length yo, for which the integral over ¢, does not vanish

due to the cut-off:
Yo = /Y2 — 22 . (5.111)

In that case, the subinterval limits are taken as

(y07 |Z*| + ycut] U (|Z,| + ycutyymax] . (5112)

If one of the upper subinterval limits in Eq. (5.110) becomes larger than gy, then we
simply replace it with the upper y limit, and drop the next subintervals.

In the following, to have a systematic description of the subgrid structure, we will
take the naming convention:

1To avoid uncontrolled behavior, our implementation includes also the situation, when |z_ |+ yeut >
Ymax i the case of Eq. (5.112). However, such configuration cannot happen unless yeu > %ymax.
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e The first grid:

Yy E [0, min(|z_| — ycut,ymax)} for |z_| > yeut - (5.113)

If |z_| is smaller than the cut-off, then the first subgrid is not used. If the upper
interval limit turns to be equal Y., then the second and third intervals are
reduced to zero and not used.

e The second subgrid:
Yy € [|Z—| — Yeut, min(|z_| + ycutaymax)} fOI‘ |Z—| > Yeut »

(5.114)
Yy € [?Jo; |Z—| + ycut} for |Z—| < Yeut -
As in the previous case, if the upper limit reaches .., the third subinterval is
not needed.
e The third grid:

Yy € “Z_| + Yeut, ymax)} for |Z—| + Yeut < Ymax - (5115)
The possible subgrid structures are sketched in Fig. 5.18. Notice that in the 1v1 term
there is a strong minimum at y = |z_| — this is because the prefactor in the scalar

splitting part y, - y_ = y? — z2 becomes zero for equal lenghts.

On the edges of the considered subintervals one may again expect a strong variation
of the integrand. Once again, in order to avoid constructing a new grid for any new
values of the interval limits, we use a linear transformation

2t — (y1 +
(y1 + 42) el

Y2 — U
We found that also in this case the variable transformation given in Eq. (5.106) leads
to good integration precision, if the transformation parameters are correctly adjusted.

iyl 2y = t= —1,1]. (5.116)

Each transformed subgrid in ¢(y) has the limits [—1, 1] with n; points n = 1,2, 3. For all
subgrids we use the same form of the variable transformation u;(t), but with a different

parameter tg;:
t+ o

to; —t’
The settings depending on the DPD channel are summarized in Table 5.1.

DPD ny €1 No €9 N3 €3
channel

1vl 24 0.1 12 0.1 24 0.2
2vi+1v2 16 0.1 12 0.1 16 0.8
2v2 16 1.0 12 1.0 16 1.0

Table 5.1: Settings for three subsequent subgrids in variable #(y) defined in Eq. (5.116)
for each DPD channel.
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4 Z— + Yeut A Ymax

Z_ — Yeut Z— + Yeut

Ymax Yo

(c) (d)

Figure 5.18: Sketch of the configurations of the interval limits of y-integrals, before
multiplication by the interpolating factor 1 — ». The figure does not indicate the
relative sizes of the integrand in different cases, and should be taken only for qualitative
discussion. The red, blue, and green colors correspond to the first, second, and third
grid in Egs. (5.113)-(5.115) respectively. The case (a) is the most most relevant one,
cases (b) and (c) occur for larger values of |z_|, where the |z_| £ yeut > Ymax. Finally,
(d) occurs if z_ < Yy, see Fig. 5.17.

v, integration

The variable ¢, enters the Fourier exponential in the cross-section formula (5.11). A
numerical integration of a total ¢.-dependent product of wy,,, and €% would lead to
integrals over the distances dz; involving a highly oscillatory function, whose analytic
form we do not know, greatly complicating the numerical analysis.

Instead, we choose to expand the intermediate integral W, ,,(z1,22) defined in
Eq. (5.13) in its Fourier modes using the angle .. Recall from Section 4.1.1 that
p, is defined as the angle between the vectors z; and z,. It can be shown that the
considered function is symmetric with respect to the change of sign of ¢,. To see this
let us consider, how the product of DTMDs integrated over the angular variable of y
changes under ¢, — —¢,. Instead of integrating over dy, (angle between z_ and y),
one can use ¢, = Z(z1,y), which is simply a shift of the integration variable. Without
loss of generality let z; be along the first axis, z; = (|z1],0). Changing the angles
¢. = —p, and ¢, — —¢,, changes the sign of the second coordinate of the remaning
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Zo y

y ()

Figure 5.19: On the left: vectors z;,zs,y before (left) and after (right) changing the
sign of the angles ¢, and ¢

vectors and all of their combinations, see Fig. 5.19, which does not modify the scalar
product, but changes the sign of e“a;b; = a;by — asby, which appears in the splitting
formula in Eq. (4.5). Therefore, one obtains the same scalar DTMDs, and pseudoscalar
DTMDs with changed sign. The change of sign of ¢, does not change the result of
the full integral over the angle. Since it was shown that mixed products of scalar and
pseudoscalar DPDs vanish after integration, the non-vanishing part of the integral is
the same after the transformation, and W, ,,(21,22) is symmetric under the change of
sign of ..

Hence, the expansion takes a simple form

Woi0,(21,22) = Zcos(ngpz) Woroan (21, 22) (5.118)
n=0

where z; = |z;|. Recalling Eq. (5.19), we write:
dO'DPS

Hi:1,2 dIL’Zd.fZCPquQl

short dist.

[e.9]

=3 oot o)y [ [

n=0

X Jn(qlzl) Jn(QQZQ) Z (1 -+ 01 COS 91)2(1 + 09 COS 92)2 ngo%n(Zl, 22) .

o1,2=%1

(5.119)

At each pair of 21, z5 the Fourier coefficients are computed numerically according to

i ﬂd(ﬂz W(21722790Z)7 'I’L:O
W,={" Jo . (5.120)

% f()ﬂ- ngz W(Zh 22, QOz) COS(”SOZ), n>1

The ‘o0, indices have been suppressed for simplicity. We found that in the 1v1 part
the dependence of the integrand on the angle ¢, becomes steep at ¢, — 0, especially for
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|z1| & |2z2|. This is because for vanishing ¢, the length of z_ is minimized so that also
the distance between the points |y+| — 0 on the y-plane gets smaller, cf. Fig. 5.16. This
results in the corresponding singularities getting enhanced, see Fig. 5.16. To improve
the precision of the integration over dyp,, we apply the variable transformation

u s log (. + €, ) - (5.121)

Since the integration limits are fixed, as opposed to the previous integrals, no scaling
is applied beforehand. The settings of the integration grids for each DPD channel are:

0,27 (20), €, =0.05 for 1v1,
0,27] 16y, €, = 0.05 for 2v1 + 102, (5.122)
0,27 12y, €, = 1.0 for 2v2.

In our analysis, we focus mostly on the lowest term n = 0, however, in Section 5.5.2 we
study the higher modes.

Integration over zq, 2,

Using the results of the previous part, we expressed the n-th Fourier mode in the angle
between q; and g as a double integral weighted by Bessel functions J,,(q;z;). For any
n > 0 we compute these integrals using the optimized Levin’s method [1]. In that work
we found that dividing the integration grid into 2 subgrids leads to a good integration
accuracy, while improving the computation time, therefore for the Bessel integrals in
the short-distance region for the 2vl4+1v2 and 2v2 channels we use the subinterval
structure

[0, 0.1 GeV ™', 0] (5.123)

(16,24)

The subinterval limits are the same as for the integrals in the large-y part described in
Section 5.3, but here we take fewer points due to the larger computational cost of each
(21, z9) point. The resulting integration precision for the 2v1+41v2 channel is presented
in Fig. 5.30. Since the 2v2 contribution is over 2 orders of magnitude smaller than the
latter, and the corresponding integrands are better behaved, we do not perform the
precision study in that case.

It turns out, however, that the integrals for the 1vl channel are much more
challenging, and the described z;-grids give the relative error estimate of order ~ 10%
— to have better control over the numerics, in that specific channel we use denser grids
with 4 subgrids:

[0, 0.1 GeV™', 0.5 GeV™', 1 GeV ™', o0 (5.124)

(24,24,24,12) °

For all grids the variable transformation is identical with the one in Eq. (5.80).
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5.5 Short-distance contribution to the cross-section

After describing the model for short-distance DTMDs, and the numerical methods, we
present the contribution of the relevant region to the differential cross section of W
pair production. Due to the lack of NLO kernels for the short-distance DTMD model,
see Section 4.1, the results presented here are computed at NLL. For the corresponding
perturbative orders of various perturbative ingredients, see Table 3.1.

Contrary to the large-y part, there is no clear distinction between the color-singlet
and color-nonsinglet contributions, hence in most cases, only the combined contribution
will be presented.

The cut-off dependence is discussed for the 1vl and 2v1+1v2 channels. We show
that the unsubtracted 1v1 term dominates the opposite-sign W production, and exhibits
a large cut-off dependence, so that the subtraction of DPS/SPS double counting is
necessary to make the predictions for this channel. In the case of the 2v1+1v2
contribution, the integrands in the transverse position space diverge like y;', which
is however an integrable singularity in a 2-dimensional space. Because of that, the
2v1+1v2 part exhibits a much weaker cut-off dependence than the 1v1 channel, however,
the corresponding variation with the value of y.y is still relevant for quantitative studies.
The central choice of the cut-off 4., for channels involving the splitting part will be

2
Y =~ for 1vl or 2v14+1v2. (5.125)
My

For these 'n vs m’ contributions we consider also yeus = bo/ My, and yey, = 4bo/ My .

The 2v2 contribution has no singularities at y. = 0, but since in that case the region
of yr < My,' gives a suppressed contribution, in that term, we use the smallest value
of the cut-off y.us = bo/Mw, so that the same integration routines can be used.

As in Section 5.3, we will present the differential cross-section partially integrated
over the second transverse momentum qs up to 20 GeV. In Section 5.5.1 we present
gi1-dependence as it was done for the large-y part in Section 5.3. In Section 5.5.2
we discuss the dependence of the result on the angle between the momenta qi, qo,
emerging from the correlations between z; and z; at DTMD level. We show that the
angular dependence in the 1vl and 2v1+41v2 channels is strong, and the expansion of
Eq. (5.28) converges rather slowly. However, one still can extract the corresponding
Fourier modes. The estimation of the integration precision of the most challenging
terms, 1v1 and 2v1+1v2 is presented in Section 5.5.3. In Section 5.5.4 we compare the
relative sizes of the color-singlet and nonsinglet parts in the 2v2 and 2v1+1v2 channels,
for a specific rapidity scale, at which one separates the color channels (cf. the discussion
in Section 4.2). The individual contribution of different color representations in the 1v1
channel is not studied, because of the large cut-off dependence of this contribution
without the subtraction term.
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5.5.1 ¢-dependence

We present the same error analysis as described in Section 5.2, with the only difference
that for the short-distance part we keep a fixed model of the Collins-Soper kernel, as
in Eq. (5.53). The short-distance 2v2 contribution to the differential cross section of
like-sign lepton pair production is presented in Fig. 5.20. At the considered order in
perturbation theory is the only short-distance contribution to this channel. We present
the results for two values of rapidities: the central one (0, 0), and large symmetric values
(3,3). We find that for other considered rapidities, as well as in the case of opposite-sign
lepton production the results look similar, and bring no new insight.

In Fig. 5.21 given is the 2v141v2 contribution for opposite-sign leptons for the same
rapidites as in the previous case. We observe that also in this case the shapes of the
differential cross sections do not differ much between different rapidities, but there is
much stronger suppression at larger values of (Y7, Y3). At large and asymmetric rapidites
(3, —3) the result is about 300 times smaller than for the (Y7, Y3) = (0,0). The same
observations apply to the case of the smaller cut-off y.., = by/My,. The comparison
between the results at different cut-offs for a larger number of rapidity pairs is shown
in App. G4.

In Figs. 5.22-5.23 we show the contribution for the opposite-sign lepton pair
production from the 1v1 channel. We take 3 values of the cut-off:

bo  2by 4bg
My’ My~ My

Yeut = (5126)

By comparing the results for subsequent values of the cut-off we can estimate how large
is the value of the DPS/SPS subtraction term. Since this channel turns out to be more
important, and the rapidity-dependence is more pronounced than in the remaining
channels, we show the results for

(Y1,¥2) = (0,0), (1.5,0), (3,0),(3,3).

The result for strongly asymmetric rapidities (3, —3) is not shown, since is turns out to
be of order 1072 zbarn/ GeV = 107> abarn/ GeV.

We notice that for large Y the 1v1 part of the differential cross section for symmetric
rapidities (YY) is larger than for asymmetric ones (Y, —Y'), since it is proportional to
a product of two gluon PDFs at momenta fractions (x; 4+ z3) (righ-moving hadron) and
(21 + Z2) (left-moving):

Ty 4 @9 = 220, and @ + Ty = 2x0e Y for (YY),

5.127
Ty + 70 = 30(e” +e7), and Ty + Ty = zo(e” +e77) for (V,-Y). ( )

In the first case, the parent gluon with small longitudinal momentum gets the
enhancement at small z. On the other hand, in the second case, the momentum
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fractions of both gluons are relatively large, and the corresponding PDF product is
suppressed. For Y = 3, there is one gluon with z ~ 0.25, and other with 7 ~ 6.2 x 10~*
for symmetric rapidities, and two gluons with x = z ~ 0.12 for asymmetric rapidities.

We observe that in some 1v1 plots, e.g. (Y1,Y2) = (1.5,0) and (3, 0) for the smallest
cut-off, visible are some oscillations of the results in the g¢;-space. As indicated by
the precision study in Section 5.5.3, this is most likely due to numerical errors of
the integrations. Notice that oscillations vanish at larger y..., where the integration
precision is better.
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Figure 5.20: Like-sign leptons production, short-distance 2v2 contribution. On
the left: central rapidities (0,0), on the right: large rapidities (3,3). Notice
that the result is given in the units of zbarn/GeV.
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Figure 5.21: Opposite-sign  leptons production, short-distance 2v1
contribution. On the left: central rapidities (0,0), on the right: large rapidities
(3,3). The result is presented in the units of abarn/GeV.
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5.5.2 Dependence on the angle Z(qi,q>)

As discussed in Chapter 4, the angular correlations between the distances z; and z
at the level of DTMDs lead to nontrivial angular dependence of the differential cross-
section on the angle ¢, between the transverse momenta q 5 of the produced W bosons.
As described in Section 5.1, Eq. (5.19), the short-distance part of the differential cross-
section can be expanded as a series in cos(ng,) for integer n > 0, where ¢, is the angle
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between the momenta of W bosons:

¢ = Z(d1,q2) - (5.128)

The differential cross-section can be expanded as:

do do(n,)
1) cos (nedq) - 5.129
dg [Ty 5 dgidY; Z M- quzdy( )" cos (1q0,) (5.129)

As it turns out, for the 1v1l and 2v1+1v2 channel without subtractions, the expansion
converges slowly so that the full description of the angular dependence is a difficult task.
A better choice of integration variables would be y,z.,z_, since the enhancement of
the integrand occurs at small z_. However, this would lead to expressing the differential
cross-section in terms of combinations of the transverse momenta:

1
q: = 5(@[1 + ), (5.130)

see App. F. Such form would make the comparison with the large-y part more difficult,
therefore we do not change the integration variables in this work. However, we want to
note that the integration algorithm presented in Section 5.4.1 can be straightforwardly
adapted to integrate over (¢, [y|, |z+|, |z—|), and the angle between z,z_. In Figs. 5.24
and 5.25 we show the first 6 Fourier modes defined in Eq. (5.129) for the 1vl and
2v1+1v2 channels, obtained using the central value of the cut-off yeus = 2bo/My,. We
see that the convergence with higher modes n, is slow, making it difficult to provide
the angular dependence in terms of momenta qq, qs.

(Y1,Y5) =(0,0), ¢ €[5 GeV, 20GeV], ¢ =10 GeV, 15 GeV . (5.131)
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Figure 5.24: First 6 Fourier modes of the 1v1 part of the differential cross section of
production of opposite-sign W pair decaying into [{l; leptons, see Eq. (5.129).
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Figure 5.25: First 6 Fourier modes of the 2v1+1v2 part of the differential cross section
of production of opposite-sign W pair decaying into ]I, leptons, see Eq. (5.129).

Because of a large number of the Fourier modes, plots in Figs. 5.24-5.25 were
obtained using grids with a doubled number of points in ¢, integrals, see Eq. (5.109),
and z;-grids with the same limits as in Eqs. (5.124)-(5.123), but with (24,24, 24, 24)
points for 1v1, and (24, 32) points for 2v14+1v2.

To obtain the estimation of the model uncertainties in this channel, we perform
the analogous analysis as for the angle-integrated case. For n, = 1,2 we compute the
corresponding Fourier modes, and integrate the result in momentum ¢, up to 20 GeV:

/20 GeV p /2# ( ¢ ) do (5 132)
cos (n . .
0 b 0 o dyg Hi:LQ dg;dY;

We apply the same uncertainty analysis as in Section 5.5.1. This provides a
straightforward comparison of the impact of different model uncertainties at the
considered Fourier modes.

In Fig. 5.26 we show the Fourier modes of 1v1 term for 3 considered values of the
short-distance cut-off at central rapidity. As in the previous case, we observe a strong
cut-off dependence of the result, cf. Figs. 5.22-5.23. In Fig. 5.27 we compare the same
Fourier modes in the case of 2v1+1v2 channel for ye,, = bo/Mwy and yew = 2bo/ My .
Contrary to the 1v1 case, the cut-off dependence in this channel is much weaker but
still visible. In both cases, the dominant contribution to the uncertainty estimate is due
to the matching scale variation. However, the interpolation dependence seems weaker
than in the angle-integrated cases, which should not be surprising, as in the limit y > z;
the dependence of DTMDs on the angle ¢, vanishes. The presented behavior holds also
for other studied pairs of rapidities (Y7, Y3).

Let us notice that in the 2v2 channel we find the considered Fourier modes to be of
order 107! zbarn/ GeV, which is completely negligible compared to the total large-y +
short-distance contribution. We observe strong oscillations due to the Bessel transform,
therefore our only claim in that channel is that the angular dependence in the discussed
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channel, and — what follows — the angular dependence at NNLL like-sign W pairs
production is a suppressed effect. This might be modified after including higher-order

PDF-DTMD splitting.
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Figure 5.26: First (left) and second (right) Fourier mode of 1v1 contribution to the
differential cross section. Presented are the results for 3 different cut-off values: ye =
bo/ My (top), Yeut = 2bo/ My (middle), and yeun = 4bo/ My (bottom).
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Figure 5.27: First (top) and second (bottom) Fourier mode of 2v1+1v2 contribution to
the differential cross-section. Left: the result at the cut-off value yeus = bo/My,, and
on the right: for ye, = 2by/Myw . Solid black lines indicate the result for the default
settings at a fixed cut-off. The dashed black line on the left (equal to the solid line on
the right) is the result for a larger cut-off, added to show more clearly the difference
between the results at different cut-offs.

5.5.3 Precision estimation for numerical integration

In this part, we discuss the integration precision of the results presented in the previous
section. We show that the integration errors of 1vl and 2v1+41v2 contributions, which
tend to be especially difficult in numerical integration due to the 1/y.-singularities,
the numerical errors are sufficiently small, and should not affect the results concerning
the sizes of the results at different cut-offs, or the relative sizes of our estimates for the
model uncertainties.

First, we estimate the integration error by doubling the number of gridpoints in the
integrals over d*y and dy, and computing the relative difference between such a result



Short-distance contribution to the cross-section 121

and the one obtained using the nominal grids described in Section 5.5.3: Eq. (5.109),
Table 5.1, and Eq. (5.122).

Since the computation of the 1vl term is already quite expensive due to many
points in the z;-grids, for this test, we compute the 1v1 terms (both with standard and
enhanced precision in d*ydyp,) using smaller grids in z;, namely:

[0, 0.1 GeV ™', o] for 21, [0, 0.1 GeV ™', o] for 2 . (5.133)

(32,24) (32,26)

The z;-grids used to test the precision of the 2v14+1v2 term are identical to the nominal
ones in Eq. (5.123).

To estimate the precision of the Hankel transforms, we use denser grids in 2z, 2o:

{32,32,32,16} points for 1v1,

5.134
{24, 32} points for 2v1 + 102, ( )

and compare with results obtained with the grid settings in Eqgs. (5.123)-(5.124). As
shown in Section 5 of [1], the precision of the Bessel integrals computed using the
method described therein grows rapidly with the number of gridpoints, and based on
that we expect the described upgrade of the grids to give a sufficiently good estimate.

In Fig. 5.28 we show the error estimates for the results for the 1v1 channel presented
in Section 5.5.1 for 3 different values of the cut-off parameter ... The precision for the
first two Fourier moments of the 1v1 term, defined in Eq. (5.132) and shown in Section
5.5.2, is shown in Fig. 5.29, in this case only for ye, = 2by/ My .

We find that the error estimates for dydyp, integrals are indeed small — in most
cases about 1073, with a single exception at the smallest cut-off value, on the upper-left
plot in Fig. 5.28, and lower-right plot of Fig. 5.29. A comment should be made on the
peak of the error estimate for np = 2 at (Y1, Y2) = (3,0) — we found that for the z; grid
settings given in Eq. (5.133) there is a zero-crossing in the result, which leads to large
relative errors.

The precision of the Bessel integrals is worse by about one order of magnitude and
goes up to around 10% for the most problematic rapidity pair, see the (Y;,Ys) = (3,0)
results. At larger cut-off values the precision improves, and the error estimate drops
below 1%.

Finally, in Fig. 5.30 we present the precision estimates for the 2v1+1v2 part, for a
single value of the cut-off y... = bo/Myw, which is the most challenging cut-off value
in this channel. For the angle-integrated cross-section the precision deteriorates at
larger values of ¢, but for ¢; < 12 GeV remains at around 1% level. For the Fourier
modes n, = 1,2 the precision estimate is at the level of a few %. Based on our
experience with the 1v1 part, modification of grids in z;, as well as optimization of the
variable transformation parameters of Section 5.4.1 would improve the errors, however,
given a rather small contribution of this term, we decided that the current precision is
satisfactory.
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Figure 5.28: Integration precision, cross section integrated over the angular part of q; .
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5.5.4 Color-singlet vs color-nonsinglet part

The distinction between different color channels in the short-distance region is not clear
due to color-representation mixing under the rapidity evolution, see Section 4.2. Trying
to define a contribution from a given color representation, as it was done in the large-y



Short-distance contribution to the cross-section 125

case, one runs into a problem of the mixing between singlet and octet terms in the
product of evolved DTMDs.

However, to gain some insight into the dependence of the total result on the color-
nonsinglet part, we will make the distinction at the initial scales, where one formulates
the Ansatz for DTMDs — in this way, we will assess the model dependence of our
nonperturbative model for parton distributions in the color-nonsinglet channels. As seen
from Eq. (5.4), the product of DTMDs in the cross-section contains 4 combinations of
parton distributions at initial scales: ' F 1 F 1L 88 p 88 pll [ 88 88 [ For simplicity,
we compute only the 11,11 part and the total result, and compare their relative sizes.
The individual contributions for the 2v2 term are given in Fig. 5.31, and for 2v141v2
in Fig. 5.32. The qualitative behavior for all combinations of leptons [, [y charges is
the same, hence we present only the result for the production of like-sign lepton pairs.

It is clearly seen that the color-singlet part dominates over the remainder term. The
error bands correspond to the combined uncertainties due to the initial scale variation,
Fxp parametrization, and the interpolation function.
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Figure 5.31: Comparison of the contribution of different color channels to the short-
distance 2v2 part for the production of like-sign lepton pair. Left: central rapidities,

right: (Y1,Y2) =

(3,0). The ‘remainder’ is the difference between the total result and

the singlet part. On all of the plots, the value of 0 is indicated with a black line.
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Figure 5.32: Comparison of the contribution of different color channels to the short-
distance 2v1+4+2v1l part for production of opposite-sign lepton pair. Left: central
rapidities, right: (Y71,Ys) = (3,0).

5.6 Total cross-section

In Sections 5.3 and 5.4 we have studied the individual contributions to the differential
cross-section of W boson pair production via double-parton scattering in both “large-y”
and “short-distance” regions. We discussed the theoretical aspects of the computation,
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such as the choice of the intermediate scales, the rapidity evolution, in particular, the
treatment of the corresponding short-distance singularities, as well as the numerical
part of the computation. We compared the relative sizes of contributions from all DPD
channels ‘n vs m’, for partons in the color-singlet and color-nonsinglet representations.

In this Section we combine the previously obtained results, allowing us to present
a discussion of the size of the predictions and the error estimation for the considered
process. It should be noted that the large-y part is computed at NNLL, and the short-
distance part at NLL accuracy, see Table 3.1.

5.6.1 Combining the short-distance and large-y terms

Both large-y and short-distance terms require the non-perturbative input. In the
previous part, we estimated the uncertainty of individual terms by varying these
parameters and finding the resulting minimal and maximal value at each point. A
similar approach will be applied to the sum of both contributions, but two points should
be addressed beforehand. First, as stated in Section 5.4, in the short-distance part, we
consider only a single parametrization of the Collins-Soper kernel given in Eq. (5.53).
However, we combine it with the large-y term with different choices of K, since that
contribution, by construction, is more sensitive to the rapidity evolution kernel.

Secondly, care is needed for the choice of the matching scales. Although the choice
of the DTMD-DPDF matching scales (g1, fto2), and the short-distance matching scale
o look very similar, they should not be regarded as equivalent, hence we combine the
large-y and short-distance scales using the 7-point variation for the matching scales in
both terms. Recall from Eq. (3.56) and (4.23) that the choice of the matching scales
is parametrized by a single parameter denoted as x, meaning that for a perturbatively
small distance b the corresponding scale is

bo
po(b, k) ~ K x b (5.135)

the “~” is used since we omit the constant term that ensures that at large distances
the matching scale approaches the same value independently on . For each term
we consider k € {1,2, %} — using the 7-point rule means that while we consider
combinations of the large-y and short-distance terms with different respective values of
k, we disregard the combinations with extreme values on the parameter.

To formalize, for possible choices of the matching scales parametrized by k1, ks,
the nonperturbative part of the Collins-Soper kernel JK, see Egs. (5.56)-(5.53), the
parameter r describing the large-z behavior of DTMDs, and the interpolating function

2y-, we consider the combinations:

O_large—y (K/l, 5K’ T, Zyz) + O_Short—dist (/ig, DPT24, T, 2yz> ’
such that (k1,k2) # (2,3) or (3,2) . (5.136)

29



Total cross-section 129

The combined results in the 2v1+1v2 channel for opposite-sign W production are
presented in Fig. 5.33. Recall that the corresponding contribution to opposite-sign
W production only has the large-y part at the considered accuracy. In Fig. 5.34
we show the combined 1v1 large-y term plus the short-distance one with the largest
considered cut-off ye,, = 4by/My, . In this channel, we see significant cancellations of
the interpolation uncertainties at smaller rapidities — for large and asymmetric values
of (Y1,Y3) the splitting short-distance part is strongly suppressed compared with the
large-y part. We see that also for smaller values of the cut-off, however, in that case the
short-distance splitting part completely dominates the result, and hence one cannot see
the cancellations on a plot. In Fig. 5.35 we provide the comparison of the interpolation
uncertainties for two extreme values of the cut-off, and show that in both cases they
are almost identical (as it should be, since the cut-off does not affect the interpolation
region), and the cancellation works independently of the cut-off value.

Since for the 2v2 channel, the large-y part is 2 orders of magnitude larger than the
short-distance part for all boson channels, we do not show the individual and combined
plots with the error band for that part.
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5.6.2 Opposite-sign IV production — summary

Let us summarize our results concerning the production of opposite-sign W boson pair
in double-parton scattering. Due to the lack of subtraction terms, we cannot present
the full result, but the analysis performed in this work allows us to describe which DPD
channels and regions of the phase space should give the most significant contributions.

In the large-y region, all 3 kinds of ‘nvm’ terms give contributions of comparable size.
We see that the color-singlet contribution strongly dominates over the color-nonsinglet
part in the large-y part. In the color-nonsinglet sector, the 1v1 term visibly dominates
over the remaining channels.

In the short-distance region, we observe a large cut-off dependence of the unsubtracted
1v1 term. As noted in the summary Section of [69], the variation of this term with the
cut-off value y.,; can be used to estimate the size of higher-order corrections to the
corresponding SPS process. In Figs. 5.36-5.37 we present the comparison of the 1vl
short-distance contribution at 3 different values of y.,; versus the sum of the large-y
+ short-distance contributions at the largest considered values of the cut-off (that is:
4by /My, for 1v1, and 2by/My for 2vli+1v2). This allows us to compare the sizes of
the DPS terms with the perturbative corrections to SPS. We observe that for central
(0,0), and large but symmetric (3, 3) rapidities the difference between 1v1 contributions
at different cut-offs dominates over the estimate for the DPS contribution, so that in
that region the perturbative corrections to the SPS should be more important than the
contribution of double-parton scattering. For (Y3,Y;) = (1.5,0) we observe that both
values become comparable in size, while for (Y7,Y2) = (3,0) the 1v1 short-distance
terms are smaller than the large-y contribution, signaling that for the corresponding
kinematics the DPS corrections may become more important than the higher-order SPS
corrections. For large and asymmetric rapidities (Y7, Y3) = (3, —3) the large-y part is
10* larger than the short-distance 1v1, see the bottom plot in Fig. 5.36.

To better understand the rapidity dependence, recall the discussion from Section
5.5.1. The momenta fractions x1,p of parent gluons of left/right hadron in the 1vl
channel are

T = Xo (eY1 + eYZ) , TR = T (e’y1 + e’Yz) . (5.137)

For large absolute values of Y;,Y,, the size of xp/r is determined by the largest
exponents. Without loss of generality assume Y; > 0. If the rapidities are such that
Y] =~ Y,, the momentum fraction x;, is enhanced by a factor of ~ €Y1, and x is reduced
by ~ e~*1. The corresponding decrease of the gluon density f,(z) is then compensated
by the enhancement of fg(x r), as long as x and z, are in the region where f, has an
approximate power-law behavior. If Y} > Y, > 0, then ' is reduced only by ~ e,
and the compensation in the product of two gluon PDFs is incomplete, resulting in an
overall smaller result. For negative Y5, both PDFs are strongly suppressed, hence the
strong diminishing at (Y, Ys) = (3, —3).
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Figure 5.36:  On the left: total (large-y + short-distance) contribution to DPS
(in purple), and the (total - 1vl at short-distance) part (orange). Right: the 1vl
short-distance term at 3 different values of the cut-off. Bands on all plots represent
the total uncertainties of the corresponding terms. Presented rapidities: (Y3,Y;) =
(0,0), (3,3), (3,—3). Notice that the 1v1 short-distance term for (3, —3) is in units of
zbarn/GeV, and is O(107*) times smaller than the corresponding large-y contribution.
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Figure 5.37: The same as in Fig. 5.36, but for rapidities (Y1, Y5) = (1.5,0) and (3,0).

5.6.3 Total transverse momentum-dependent cross-section of
like-sign W production

In the remaining part of this work we focus on the production of like-sign W boson
pairs. Results presented in the previous Sections show that the large-y color-singlet
contribution completely dominates the cross-section of this process. That part is
dominated by the 2v2 contribution, however, the 2vl+1v2 and 1vl terms contribute
about 20% of the total result. We found that the remaining terms (large-y color-octet
and short-distance part) contribute at the level <1% of the total. In Fig. 5.38 we
present the differential cross-section integrated over the transverse momentum g, up
to 20 GeV for different values of the rapidities. We find that the general properties
of the (¢, Y1, Y2)-dependent cross-section, such as its shape in ¢; or the relative sizes
of uncertainties remain the same for both W*TW* and W~W~ channels, as well for
all considered rapidity values. However, we see that the differential cross section of
production of negative-sign W pair production diminishes faster at larger rapidities
than in the positive-sign W case. To understand this, we note that at larger rapidities
one combines partons with small and (relatively) large longitudinal momenta — for two
protons colliding, only the sea quarks, suppressed at large x;, can produce W~W~—
pairs. On the other hand, in the process of WTW™, one can have active valence up
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quarks, whose densities decrease less fast at larger momenta fractions.

Combining the short-distance and large-y allows us to provide a full discussion of
the estimation of uncertainties, as now we have a complete interpolation error. It needs
to be emphasized, however, that this is still not the total uncertainty of the prediction,
and in this work, we are focused solely on the description of the transverse momentum
dependence. Owing to the approximations presented in Chapters 3 and 4, we can
separate it from the modeling of the collinear DPDs, which we consider to be given.
Owing to the implementation of DTMDs in ChiliPDF', one can reproduce the predictions
for other models of the collinear DPDs, allowing to include the corresponding error
estimates in the studies.

The largest contribution to the uncertainty is due to the matching uncertainty,
estimated by the variation of the matching scale. The uncertainty due to the Collins-
Soper kernel (in orange) is visible only at small momenta, corresponding to larger
transverse distances. It is strongly asymmetric, since the largest outlier within the
considered kernels, ART23 [88], see Eq. (5.54), is visibly larger than the remaining fit
results, see Fig. 5.8. The error estimation due to the unknown large-distance falloff,
estimated as described in Section 5.2.3, extends to larger momenta, but also diminishes
at larger values.

5.6.4 Rapidity dependence of cross sections partially integrated
over transverse momenta

Finally, we discuss the rapidity dependence of the differential cross-section partially

integrated over the transverse momenta:

dO'DPS

, max € {10 GeV, 15 GeV, 20 GeV } . (5.138)

dY1 jai],az|<gmax
Since it was shown that the short-distance and color-nonsinglet contributions are much
smaller than the total result, to obtain these results we use only the color-singlet large-
y contribution. We compare them with the collinear limit obtained by replacing the
DTMDs in Eq. (5.90) by collinear DPDFs, and removing the [ d?z;/(27)* and the
associated Fourier exponentials. We emphasize that such a formula does not give the
total collinear double Drell-Yan cross-section at NLO (which in this work has been
implemented only at LO ?), since the NLO corrections to the hard cross-sections in the
collinear limit differ from those used in transverse-momentum dependent cross-sections
— compare Appendix E here and Section 9 in [110]. This exercise is used to assess how
fast the Fourier transforms in Eq. (5.90) integrated over the momenta approach the
z; — 0 of the integrand, rather than to provide a full comparison with the full NLO
collinear cross-section.

2To compute the required Mellin convolutions of the hard scattering kernels with collinear parton
distributions would require significant additional numerical work.
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Figure 5.38: Total (large-y color singlet + color octet + short-distance) cross-section
differential over transverse momentum g;.
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The ratio between the partially integrated cross-section and the collinear limit
remains approximately constant for |Y;| < 4, however, a small enhancement of the
partially integrated ones at larger Y is visible. The differential cross-section integrated
up to 10 GeV constitutes roughly 15% of the collinear limit value; up to 15 GeV about
30%, and around 45% for ¢umax = 20 GeV. In order to assess how realistic the model
of collinear double parton distributions used in this work is, we also present a fully
integrated collinear cross-section computed using LO hard scattering cross-section, and
DPDFs modeled with NLO PDFs. The cross-sections integrated over Y] » € [—5,5] and
over |qi2| < ¢max for all DPD channels are given in Tables 5.2 and 5.3. It is clearly
seen that the splitting part contributes more at large transverse momenta, what one
can attribute to the short-distance enhancement of that part.

We conclude that the phase-space region that can be described using the presented
formalism, that is transverse momenta perturbatively large, but still much smaller than
the hard scale My, has a significant size. The plots of the described ratios are given
in App. G.5. The region of transverse momenta |q;| ~ @ cannot be treated within
the transverse momentum-dependent factorization — it requires a computation in a
fixed-order perturbative expansion, which is not analyzed in this work.

115", total I, 2v2
F T . T . T . T . T 5 ; : ; : ; ;
—— Qmax=10 GeV F—— Qmax=10 GeV
0.16 - —— Qgmax=15 GeV. 0.10 F — Gmax=15GeV
—— Gmax =20 GeV ’ —— Gmax =20 GeV
[ — collinear ] [ — collinear
— 0.12 _ 0.08 -
£
8 e} 0.06
o.0.08 e
3k 3K o
0.04 -
0.02
0.00 0.00 L
-4 -2 0 2 4 -4 -2 0 2 4
Y1 Y1
I 15, 2v1 IF 15, 1vl
T . T . T . T . T T . T . T .
—— Gmax=10 GeV 0.025 F — Gmax=10 GeV
[ — Gmax=15GeV 1 —— Qmax =15 GeV
—— Qmax =20 GeV [ — QGmax=20 GeV
0.03 F— collinear 1 0.020 F — collinear
E E‘ 0.015
] 5 0.015f
é 0.02 é |
8 8k o010}
0.01 [
0.005 -
0.00 \ . , . , . , . ) 0.000
-4 -2 0 2 4 -4 -2 0 2 4

Yy Y1

Figure 5.39: Differential cross section partially integrated over the transverse momenta
vs the collinear limit for I]1; .
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4T max 2v2 2v1i+4+1v2 1vl total

10 GeV || 0.16470053 fb 0.03210:007 fb 0.006670 0090 b 0.203*0:035 fb
15 GeV | 0.3051005% b 0.071159:% b 0.018500 fb 0.394700% b
20 GeV || 0.426%059 tb 0.112799% b 0.0347995% fb 0.57279 055 b

Table 5.2: Partially integrated cross sections of W+W™ production for different DPD

channels.

The total differential cross section (with LO hard scattering part) obtained using the
considered DPDF model presented in Section 3.3 is

1Tt coll.
opps  ~1.081b.

(5.139)
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Figure 5.40: Differential cross section partially integrated over the transverse momenta
vs the collinear limit for /7[5 .

4T max 2v2 2v1+1v2 1vl total

10 GeV || 0.09570:0%5 fb 0.01975:00% fb 0.0038*0:0015 b 0.1175:0%% fb
15 GeV | 0.179700% b 0.04270 006 th 0.011%9005 fb 0.23270 050 th
20 GeV || 0.25270:0%2 fh 0.0670:066 b 0.02015:008 fb 0.339%0 031 tb

Table 5.3: Partially integrated cross sections of W~W ™ production for different DPD
channels.

The total cross-section (with LO hard scattering part) for production of a fixed {71~
pair:

ol b~ 0.64 fb . (5.140)
Adding the total cross sections for both I l; and I [, , and including all combinations of
the produced leptons: e, u, 7 (treating all generation the same), we get the cross-section
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of production of two like-sign W bosons decaying into a lepton pair equal to
o (W*W=* — leptons) ~ 10.3fb . (5.141)

Comparing this with the CMS results [48], which give %% = 80.7 4 11.2 fb, we see
that the predictions obtained using the considered DPDF model are about a factor of
8 smaller. They were obtained using NLO PDFs in the DPDFs model, and LO hard
scattering cross-section. The NLO corrections to the hard part in the collinear cross-
section are not likely to account for this discrepancy, as suggested by the size of the
relevant corrections in a single Drell-Yan process [111]. According to results presented
in Section 6 in [111], see Figs. 10 and 13, the NLO corrections are of the size of 45%
of the LO result at central rapidity and about 25% at larger rapidities. In the case of
the double Drell-Yan, this would correspond to about 50-90% enhancement at higher
order (since the hard factor is squared there). A more recent work [112] predicts an
even smaller difference between LO and NLO, see Section 3 there. We were not able
to pinpoint the source of the difference in results between the two works. We note that
our predictions are also smaller than the ones of the previous works on DPS [50,52].

To discuss this difference, let us recall that in the simplest model of double-
parton scattering, the product of two DPDF's integrated over the transverse plane is
approximated by a product of the corresponding PDF divided by a constant o.g, called
the effective cross-section:

_ B 1
/de Foray (23, ) oy, (74;0) =

Oeff

(fal<x1>fa2<x2)fbl(fl)sz(j;?)) : (5'142)

The DPDF model considered in this work takes a more complicated y-dependence of
DPDs, and one cannot assign to them a scale- and process-independent o.q. However,
if the DPDF model was initialized at the hard scales of the process so that there
was no DGLAP evolution of DPDs, it would be possible to assign the effective cross-
section parameter to the 2v2 intrinsic color-singlet part. According to the definition in
Egs. (3.27) and (3.33), the corresponding effective cross-section would be

Oett = 8Thyy ~ 68.5mb | (5.143)

while the studies, e.g. [50,52], assumed o.g = 14.5 mb, and the value extracted by the
CMS experiment is oo = 12.2729 mb.

We notice that the model of DPDFs in this thesis was not motivated by the results
concerning generalized parton distributions, see Section 4.1 in [113], rather than the
double-parton scattering measurement. As the results show, the parameters in the
model should be adjusted. The code implemented in CHILIPDF is independent of the
model of the collinear parton distributions, which are provided as an input argument —
for this reason the study of transverse momentum-dependent double-parton scattering
for different DPDF models will be a straightforward task, which we leave for future
work.



Chapter 6

Conclusions

In this work we presented a detailed study of transverse momentum-dependent double-
parton distributions (DTMDs), and the corresponding differential cross sections of W
boson pair decaying into lepton pairs.

We distinguished two regions of the phase space, where DTMDs can be described
using approximate methods. The first one, called the “large-y” region, corresponds
to the distance between parton pairs much larger than the difference of the parton
transverse positions on both sides of the cut. In that case one can apply the operator
product expansion to operators defining DTMDs, obtaining the matching relation
between the collinear parton distribution and the transverse position-dependent DPDs.
In the “short-distance” region, where all distances are perturbatively small, we combine
the intrinsic part of DTMDs with the part obtained from perturbative splitting of
a single parton into two (PDF-DTMD splitting). In both cases we studied, how to
extrapolate perturbatively obtained DPDs to large distances.

We studied DPDs obtained using both approximations, and used them to obtain
the differential cross section of the process of W pair production. We developed an
interpolation method allowing to combine both DTMD approximations in a consistent
way. We identified the necessary nonperturbative input, and the corresponding sources
of theoretical uncertainties.

After that preparation, we computed the differential cross section of the pp —
W (= IF1)W* (= [F15)+X process. Since the considered double parton distributions
are decomposed into 2 terms, intrinsic and splitting part, and there are different color
representations involved, we studied each resulting contribution independently. We
identified the terms that give the most important contributions, and analyzed the size of
the corresponding model uncertainties. We found that it is the error due to perturbative
matching that contributes the most to the overal error estimate.

Because of the absence of components necessary to remove double counting between
double- and single parton scattering in the splitting part at small distances, we are not
able to provide the total result for the differential cross section of opposite-sign W
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bosons production. The obtained results show that if rapidities Y7, Y5 of the produced
boson have similar values Y, ~ Y,, the splitting short-distance part should dominate
the result. If the rapidities are larger and not symmetric, the large-y part gives a
larger contribution than the short-distance terms. The variation of the ‘1v1l’ short-
distance contribution with the short distance cut-off imposed in the integration allows
to estimate the size of higher order pQCD corrections to the corresponding SPS process
— our results suggest that for large and asymmetric rapidities the DPS contribution
should be of similar size, or even dominate over higher order corrections to the SPS.

In the case of like-sign W pair, we are able to provide a full description of DPS
at NNLL accuracy. The SPS process is initiated by Feynman graphs suppressed by
the second power in coupling compared with the DPS, and does not contribute at the
considered order. We found that the result is completely dominated by the large-y
color-singlet part. Integrating the cross section differential with respect to transverse
momenta of the produced W bosons we find that the momenta, which are large enough
to be considered perturbative, but also much smaller than the hard scale, contribute
to about 40% of the total cross section. The comparison with the experimental results
concerning like-sign W boson pair production [48] shows that the considered DPDF
model leads to underestimated cross sections, which suggests that the parameters of
the model need to be adjusted. Further studies of transverse momentum dependence
in the considered class of processes utilizing a larger variety of DPDF models will be a
subject of future research.



Appendix A

Color algebra

A.1 Projecting on definite color representations

Useful definitions can be found in
A. J. Macfarlane, A. Sudbery, P. H. Weisz, On Gell-Mann’s \-Matrices, d- and f -
Tensors, Octets, and Parametrizations of SU(3), Commun. Math. Phys. 11 (1968) 77.

Recall that DPDs in definite color representations are obtained using projection
matrices Pr,p,:

Bl 0 = €a,(R1)ea, (Ry) °1% [0s15, (A1)

NalNa2 \/7 Rle @

where s, are the color indices. In general, any color matrix can be decomposed according
to

85189 1 5152 172 T1To
M= = }; iy Fs (PR3 M=z | (A.2)

Let us use indices ¢ for fundamental representations, and a,b,c¢ in the adjoint
representation. Depending on the parton type, we have the following projection
matrices:

e quark-quark — fundamental representation of SU(3):

614! i 1

Pli 1820 N(Szllll(swlé s (A?))
014! i 1 . .

Pgé 1,%2%9 Nt“z,ltml , <A4)
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e gluon-gluon — adjoint representation:

1

ajal,azal
Pll N2 15a1a’15a2a’2 ) (A5)
aiay,aza; 1 aja’ by pasalb
Py’ 2:Nf111f221’ (A.6)
i i ’ ’
Psaga1,a2a2 _ N2 — 4da1a1b1da2a2b1 ’ (A?)
aiay,azxah 1 aial by jasalbby
PAS - \/mf 122 ) (A8)
ala/17a2a,2 _ 1 ayah by pasabby
Pga = Ae e (A.9)
Pa1a/1,a2a/2 . 1 5 5 5 5 1Pa1a/17a2a'2 i dalagln ajabby a1a2b1da’1a’2b1
10 10 - Z araz%afal, = Yaral%az ) — § AA - Z f + f N
(A.10)
aiaj,a2a’ 1 aia’,azdl b b b 'b
Pl = 3 (Buendgus — ayfigan ) — 5 Pgs s 4 (e oieion . poesh gieiv)
(A11)
aia},azal 1 aya,azal aalazal
Pz oz — 9 5a1a25a’1a’2 - 5a1a/25¢1’1a2 — Pgg — Py : (A.12)

e quark-gluon and gluon-quark — mixed fundamental and adjoint representations:

A =BT = ey e (A13

P P [ Rd p (A 19

Ly P 2 ,
Pl = P =\ thd. (A.15)

A.2 Color representations in t-channel and s-channel

Due to simpler evolution, in this work we were using the color representations in the
t-channel. As described in [58], before renormalization the DPDFs in the s-channel
admits an interpretation as probability densities, and can be used to obtain positivity
bounds in color space. Let us denote DPDF's in color representation By R, in s-channel
as:

RiR
Falibg 2 Y (A16)
For ¢g the definite color representations in the s-channel are Rl, R2 ) € { 1), }

for gq distributions: (Ry, Ry) € {(3,3),(6,6)}, and for gg: R1R» € {(3,3), (6, ) (15 15)}.
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Definite representations for gg distributions are in the s-channel the same as in the t-
channel.

There is a linear relation between DPDs in t-channel and s-channel:

Pbep, = Kpoe phil (A.17)
The matrices K, read:
Kl =KMY=3 ( L2 ) : (A.18)
—V2 V2
K4 = K1 = ( L § ) : (A.19)
s s 2\/§ _2\/5
1 2 5
K9 = K97 =3 \/g —/10 \/g , (A.20)
=3/V2 V2 5/V2
1 2 5
KY = K97 =3 2 V10 2, (A.21)
3/V2 V2 —=5/V2
1 8 8 10 10 27 0 0
2v2 -2 8y2 —8y2 M2 0
—2v2 —8/2 —8/2 0 0 18v/2 0 0
0 0 0 410 —4V10 0 0 16v/2
KZ=1 o 0 0  4/10 —4V10 0 0 —16v2 | (A22)
VIO —164/2 0 2V10 210 -9¢/2 0 0
0 0 0 0 0 0 16v2 0

3v3 B 8y3 —2v3 23 HAB 0

A.3 Color nonsinglet intrinsic DPDF's

According to the model of intrinsic DPDFs in Eq. (3.33), the relation between color-
singlet and color-nonsinglet collinear DPDs is:

BB i = Taas(R1R2) M oy, - (A.23)
Factors r( Ry Rz) are obtained by saturating the positivity bounds for DPDFs in definite
color representation in the s-channel, that is: assuming that for each flavor pair a4, as,

RiRy ;
only one F;'L" is non-zero, see Eq. (A.16).
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In the considered model the non-vanishing color representations in the s-channel are

taken as:
* (99), (q9) : (8,8),
* (q9),(q9) : (3,3),
* (79),(q9) : (3.3) ,
* (9,9) (4,4).

The resulting color factors are:

qu(88) = qu(88) = _\/57
1
ﬁ )
85) = 144(8S5) = 144(S8) = 144(85) = \/5/2 ,
) ( =144(84) = —3/V2,

74g(88) = 14,(88) = —

<
<
Q
oo
s
I
<
S
oo
N
S~—r
I
<
Q
<
~—~
s
oo
S~—

For reference see Section 3.2 in [67].



Appendix B

Two-loop Collins-Soper kernels and
anomalous dimensions

Collins-Soper kernels relevant in the evolution of DPDFs and DTMDs in the large-y
approximation up to a% can be written using a single kernel:

1
Ko(bs ) = C—Fqu(b;M) 7 (B.1)
so that

Defining

b2u2

bo

ag

4’

and using Eqgs. (4.10)-(4.11) in [102], we can write
Ky(b;p) = —4asL(b, p)

L(b, 1) = log

asg =

404 56
—2G§Q%L%bJU%—ﬂELGLu)+CM<Eﬁ-—14@)——57”), (B.4)
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where I'y = Cy (%7 - %2) - %nf, Bo = 13—10,4 - %nf, and (3 is the value of the Riemann

zeta function at 3, not to be confused with the rapidity parameter (.

Kernel 'K, is equal to the TMD quark Collins-Soper kernel. Its RGE reads:

d
We have
YKq — 8CF ag + CL? SCFFQ . <B6)

The anomalous dimension of the gluon kernel 7 4 is obtained from the linear relation
between ' K, and 8K,

The RGE of transverse position-dependent DPDs reads:

d R1R2

) ) ; ) = 2 . . . .
dlogul Fa1a2 (xl?zlayaﬂzaC) 7F7a1<:u?x1<) Fa1a2 (xzazza}InuzaC) ) (B?)

where

€T
i (1, 52€) = oy (1) — 7K, a1 log f (B.)

analogously for the scale p5. The kernels v, are defined above, and the non-cusp
anomalous dimensions are:

Vg = 6CF ag
+ da? [C%(Z e 12@,) + OpCla (% + 1—;79 _ 13@,) ~ Oy (g_i n %”Qﬂ ,
(B.9)

Yg = 25y a,
+ 4a? [C’i (% - %ﬂ'z — Cg) + CAnf( — 2_471 + %Wz) — C’an] . (B.10)



Appendix C

Matching kernels

Taken from [56], Sections 7.3.4 - 7.3.5.

At the rapidity scale 22¢ = u?, the color-singlet matching kernels in the parton basis
are given by

Ciyy =0Crgpng=6(1—y)+asCr {23/ +2510(y) — L(i +2(y — 2))] : (C.1)

Y+
= as Tr [4y(1—y) — Lx 2((1 = y)* +47)] (C.2)
Cagng = as Tr [4@/ L x 2 —y)? - yQ)], (C.3)
— a5 Cp [2 21;1?5}, (C.4)
Cagng = as Cp [ 4y — L x 2 Zj], (C.5)
Cog =01—y)+asCy [25L6(y) — L x 4<i -1+ vl +1<i ; v’) )} ., (C.6)
Cagng =01 —y)+as Cy [2SL(5(y) — 8y — L x 4<i -1+ 2y>} : (C.7)

where y = 1 — 2/, and L, S, are defined as

2,2 2
Wz 1 o, m

Sp=—-L"——. C.8
L (C.8)

L =log
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= —L_ denotes the plus-distribution.
(1—a’)+

1
yr
A plus-distribution of a function f(z') is defined by:

[ s o = [ @) (o) - o)~ o) [ 1), (€9

for any smooth test function g(x), z € [0, 1].

There is a simple scaling for different color representations:

R1R2Cab = 5ab5(1 — y) + Cab(RlRQ)Cab, (ClO)
where the representation-dependent factors are:
1
Cgq(11) =1, Cqq(88) = TNZ_T
N2 N2 —4
Cag(8A) = ¢gq(84) = m, Cg(85) = cgq(85) = — m,
Cag = Cqqy  Cqqg(8S) = cqq(8S), cgg(8A4) = —cyq(8A). (C.11)

At the order o}, each kernel can be expressed using terms proportional to at most 3
different kinematics-dependent factors:

Cup = ag [c;b +LxCL+ S, x qf;] . (C.12)

C.1 Massive quarks

As discussed in Section 3.2, we consider matching of collinear DPDFs with ny = 4
active flavors onto DTMDs with ny = 5. Therefore, one needs to account for the effects
of the bottom quark mass in the relevant matching kernels. They can be obtained using
the results for single parton TMDs [96].

Using terms C*, Ct, C¥ defined in decomposition (C.12), we write the matching kernel
for a massive quark Q:

HCqy =4 Cgy + ¢4 CL (C.13)
HOAQAQ = C(g Oiqg + Cé Oﬁqg . (C.14)

At the considered perturbative order, the massive quarks mix only with gluons. The
coefficients cq, are

cé = (|z|mg)K1(|z|mg), Cé = 2Ky(|z|mg) , (C.15)

where my is the quark mass, and K; are modified Bessel functions of the second kind.



Appendix D

DPD splitting kernels

Presented formulas are taken from [56].

DTMD-PDF matching formula reads:

Yy as(i) gy,

Ry RQF —
yiy? 272

aiaz,spl. (33'@', Z;,y; :u)

T )fao(xl +x2;u) (Dl)

a0~>a1a2<
T+ X9 T+ X9

where y. =y + (21 — 22). Let us denote u = x1/(zy + x2) and @ = 1 — u. The
leading-order splitting kernels used in this work are:

nplt o= N7 g = Te(u® + a?)o (D.2)
Nl = O T (u— a) (D.3)
AR )
NI = (1 )" (03
HTg”;gg — 20, (% + g + uﬂ) : (D.6)
uplt =20, (% + g + ua) , (D.7)
NTY ong = 2C4(2 — ua)™ . (D-8)

The result for color-nonsinglet channels is obtained by multiplication by color factor:
R1R2Tao—>a1a2 = Ca0—>a1a2(R1R2) 11Tag—>a1a2 . (Dg)
We have:

Cgrqq(88) = — ) (D.10)

N2 -1
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N N2 -4
Cqrgq(AB) = —Cqrgq(AB) = _ﬁ ’ Cqrgq(S8) = Cqgq(S8) = 5 (D.11)
N2 -1
Cgrgg(SS) = —Cgsgg(AA) = 5 Cgrgg(AS) = Cg399(SA) =0, (D.12)
cg_>gg(27 27) = —\/g, cg_mg(lo 1_0) = cg_>gg(1_0 10)=0. (D.13)

At LO the matching between DPDFs and PDFs is obtained by taking z; = 0, which
effectively means replacing y. — y in Eq. (D.1).



Appendix E

Hard scattering factors

For reference see Section 7.1 in [56], and Appendix A.1 in [53].

The factor K, g, used in Section 5.1, including 1-loop QCD corrections reads

as 2 @ Q? [ (0)
KQ162(Q): (14‘%0}“[—108; F+310gﬁ—8+?:| X qu(b(@)’
where the LO part is:
_ o Vol Q°
AN (2sin Qw)4 (@2 — ]\/[5[,)2 + M2 T%, ’
¢1 up-type, g2 down-type .

Ky (Q)

(E.2)

a is the fine structure constant, N = 3 is the number of colors, V,,,, denotes the CKM

matrix element, #y, is the weak mixing angle.

One has the analogous K,,,, factor in the case of W~ production, only with ¢; of

down-type and ¢; up-type.
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Appendix F

Alternative integration variables in
the short-distance part

The integrals defining the transverse-position dependent differential cross-section have
the form:

/d2y /d2z1 /d2Z2 e~ imtaz) (7, 7, y) . (F.1)

One can instead use the variables

1
Zy = 5(21 + Z2) ; Q1z1 + Q22 = 21 (q1 + q2) +2_(q1 — q2) , (F.2)
so that the integrand is

e At ia) (7 25, y) q+ =q1 £ Qqy. (F.3)

Recall from Section 5.4.1 that the short-distance splitting part integrated over d*y is
enhanced at small values of |z_|, due to small separation between the singularities at
|ly+z_| — 0on the y-plane. In (z;,zy) variables it corresponds to specific configurations
of these two vectors, while in variables (z_, z, ) it is simply controlled by a single variable
z_ = |z_|. However, to make a close comparison with the large-y part, we continued to
use (y,z1,22) also in the short-distance region.

It is tempting to further simplify the problem of singularities at y. — 0, by using the
variables y.,y_,z, in the integration. Using y, —y_ = 2z_, we would get a Fourier
factor involving all 3 vectors:

ellaizitaezs) _ i (Z+q+ + %ymf - %yqu) _ (F4)

Expressing the resulting integral in terms of Bessel integrals would require expanding
the integral in terms of discrete double Fourier transform with respect to 2 angles, and
the obtained double series involves a triple Hankel transform, which makes this form
rather difficult for numerical computation.
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Appendix G

Complementary plots

(u, U), color-nonsinglet, unpolarized, intrinsic part
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Figure G.1: Example of color-nonsinglet DTMD, for which the initial conditions
(intrinsic vs splitting DPDF form) change the qualitative behavior at large zo = |zo].

156



DTMDs in short-ditance approximation 157

G.1 DTMDs in short-ditance approximation

(b, b), color-singlet, unpolarized, splitting part, ¢,= 0.1 1 (b, b), color-singlet, unpolarized, splitting part, ¢,= 0.5 1
T T T T T T T T T T T T T T
— ;=0 — ¢:=0
— ¢,=05n — ¢,=05nm
— ¢;=Tn — ¢z=n

x1x2|1F| [GeV?]
x1%2|M1F| [GeV?]

0.3 0.4 ‘ 0.5 0.3 ‘ 0.4 ‘ 0.5
ylGev1] y[Gev]

Figure G.2: Absolute value of the unpolarized splitting part of bb distribution at
|z1| = |z2| = 0.1 GeV ™. Solid lines correspond to the region where the distribution is
positive, and dashed lines indicate negative value. Compated to the results for a pair
ut presented in Fig. 4.7 one observes much faster vanishing of the splitting part of a
massive quark pair compared to the massless case.
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Figure G.3: The same as in Fig. G.2, but for color-nonsinglet representation.
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Figure G.4: The same as in Fig. G.2, but for non-symmetric values of |z;|: |z;| =
0.1 GeV™!, |zy] = 0.5 GeV ™.
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Figure G.5: The same as in Fig. G.4, but for color-nonsinglet representation.
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0.1 GeV™!, |zy] = 0.5 GeV ™.
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Figure G.7: The same as in Fig. G.6, but for color-nonsinglet representation.
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G.2 NLL vs NNLL results the large-y part
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Figure G.8: Large-y region, singlet sector contribution to the differential cross-section
of production of two W bosons scattering into a pair of leptons. Considered are two
values of rapididies of the bosons: (Y1,Ys) = (1.5,0) (left), and (Y1,Y2) = (3,0)
(right). Presented are the results and the estimation of the error due to the perturbative
matching at NLL (green) and NNLL (blue) accuracy.
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Figure G.9: Large-y region, nonsinglet sector contribution to the differential cross-
section of production of two W bosons scattering into a pair of leptons. Considered are
two values of rapididies of the bosons: (Y1,Y2) = (1.5,0) (left), and (Y3,Y2) = (3,0)
(right). Presented are the results and the estimation of the error due to the perturbative
matching at NLL (green) and NNLL (blue) accuracy.
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Figure G.10: Large-y region, singlet sector contribution to the differential cross-section
of production of two W bosons scattering into a pair of leptons. Considered are two
values of rapididies of the bosons: (Y1,Ys) = (3,3) (left), and (Y1,Y3) (3,-3)
(right). Presented are the results and the estimation of the error due to the perturbative
matching at NLL (green) and NNLL (blue) accuracy.
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Figure G.11: Large-y region, nonsinglet sector contribution to the differential cross-
section of production of two W bosons scattering into a pair of leptons. Considered are
two values of rapididies of the bosons: (Y1,Y2) = (3,3) (left), and (Y1,Y2) = (3,—3)
(right). Presented are the results and the estimation of the error due to the perturbative
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G.3 Combined uncertainties at large-y
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Figure G.12: Large-y region, singlet sector contribution to the differential cross-section
of production of two W bosons of rapididies (Y7, Y3) = (0,0), scattering into a pair of
leptons.
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Figure G.13: Large-y region, nonsinglet sector contribution to the differential cross-

section of production of two W bosons of rapididies (Y7, Y5) = (0,0), scattering into a
pair of leptons.
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Figure G.14: Large-y region, singlet sector contribution to the differential cross-section
of production of two W bosons of rapididies (Y7, Y2) = (1.5,0), scattering into a pair of

leptons.
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Figure G.15: Large-y region, nonsinglet sector contribution to the differential cross-
section of production of two W bosons of rapididies (Y7, Ys) = (1.5,0), scattering into
a pair of leptons.
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Figure G.16: Large-y region, singlet sector contribution to the differential cross-section

of production of two W bosons of rapididies (Y7,Y2) = (3,0), scattering into a pair of
leptons.
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Figure G.17: Large-y region, nonsinglet sector contribution to the differential cross-

section of production of two W bosons of rapididies (Y7, Ys) = (3,0), scattering into a
pair of leptons.
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Figure G.18: Large-y region, singlet sector contribution to the differential cross-section
of production of two W bosons of rapididies (Y7, Y2) = (3, —3), scattering into a pair of
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G.4 2v1+1v2 short-distance result at different cut-

offs
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Figure G.22: Comparison of 2v1+1v2 short-distance contributions at cut-offs by /My,

and 2by /My, for rapidities (Y7,Y2) = (0,0), (1.5,0), (3,0).



176 Complementary plots

IF Ly, 2v1+1v2, (Y1, Y2) = (3, 3)
Yeut = bo/Mw Yeut = 2bo/Mw

0.030¢ -=== Ycut = 2bo/Mw t

0.025

e
0.020 %, N

[abarn GeV~1]

0.015 "

. do
dq1dv.dy;

o

(e}

—

(=}

L 224 Zy+r+ Uo
[ B r+ o
LB o

0.005 |

5 ‘ 10 ‘ 15 ‘ 20 5 10 ‘ 15 ‘ 20
g1 [GeV] q1[GeV]

115, 2v1+1v2, (Y, Y2) = (3, -3)
Yeut = bo/Mw Yeut = 2bo/Mw

==== Ycut = 2bo/Mw

[abarn GeV~1]
=)
o
S
S
o

Zyz+r+ Uo
BT r+ o
o

__do
dq1dv.dv;

(=}

(=3

(=3

j=)

—

5 ‘ 10 ‘ 15 ‘ 20 5 10 ‘ 15 ‘ 20
g1 [GeV] g1[GeV]

Figure G.23: Comparison of 2v1+1v2 short-distance contributions at cut-offs by /My,
and 2by /My, for rapidities (Y1,Y3) = (3,3), (3,—3).



Ratios for partially integrated cross-sections 177

G.5 Ratios for partially integrated cross-sections
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