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ABSTRACT: We give a description of double parton scattering with measured transverse
momenta in the final state, extending the formalism for factorisation and resummation
developed by Collins, Soper and Sterman for the production of colourless particles. After a
detailed analysis of their colour structure, we derive and solve evolution equations in rapid-
ity and renormalisation scale for the relevant soft factors and double parton distributions.
We show how in the perturbative regime, transverse momentum dependent double parton
distributions can be expressed in terms of simpler nonperturbative quantities and compute
several of the corresponding perturbative kernels at one-loop accuracy. We then show how
the coherent sum of single and double parton scattering can be simplified for perturbatively
large transverse momenta, and we discuss to which order resummation can be performed
with presently available results. As an auxiliary result, we derive a simple form for the
square root factor in the Collins construction of transverse momentum dependent parton
distributions.
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1 Introduction

Proton-proton collisions at high energies are sensitive to regions of phase space where par-
tons have small momentum fractions. This implies high parton densities and thus increases
the importance of events in which two or more partons in each proton take part in a hard
interaction. The most frequent and best studied case of such multiple hard interactions
is double parton scattering (DPS). This mechanism can be especially prominent in cross
sections depending on transverse momenta in the final state. Its theoretical description
involves double parton distributions (DPDs), which quantify the joint distribution of two
partons inside a proton and contain a wealth of information on correlations between the
proton constituents.

Experimental measurements of double parton scattering contributions to different final
states dates back to experiments at the ISR [1] and SPS [2]. A wide range of DPS processes
has been investigated at the Tevatron [3-11] and in run I of the LHC [12-21]. An overview
of most of these measurements can be found in figure 14 of [19]. The importance of such
processes will be even more pronounced at the full LHC energy (first results from run II
are reported in [22]) and at future hadron colliders.



Theoretical and phenomenological analyses of DPS have a long history; an overview of
early work can be found in [23]. Following the seminal papers [24] and [25], significant effort
has been invested in recent years to achieve a systematic theory description of DPS [26—
29], aiming at the same level of rigour as has been achieved for the familiar single parton
scattering (SPS) mechanism. A formalism for combining the single and double parton
scattering contributions to the physical cross section without double counting was recently
presented in [30] — a different scheme was proposed earlier [31]. However, there remain
several gaps in our understanding, and the present paper aims at closing some of them.

A crucial aspect for understanding DPS are correlations between the two partons that
are probed in the reaction. Correlations in spin and in colour have been classified sys-
tematically [27, 28, 32] and will play an important role in the present work. Their size
is poorly known, but can be limited by positivity bounds [33, 34], which have similar
theoretical status as positivity constraints on single parton distribution functions (PDFs).
Quark model calculations [35-42] typically yield strong correlations in the valence region,
but for the region of small momentum fractions x there is little guidance from models so
far. The decrease of spin correlations under evolution to higher scales has been studied
in [43], and their influence on final-state distributions has been investigated for several pro-
cesses (28, 44, 45]. The generation of parton correlations by the splitting of a single parton
into two has been investigated by several groups [27, 46-50]; a simplified implementation
into the event generator Pythia is described in [51, 52].

At the level of integrated cross sections, double parton scattering is suppressed by
A?/Q? compared to single parton scattering, where ) denotes the scale of the hard scat-
tering and A the scale of nonperturbative interactions [26, 53]. However, there are situations
where DPS can nevertheless compete with SPS, for instance when the latter is suppressed
by higher powers in coupling constants. A prominent example is same sign W pair pro-
duction [54-56], which is an important search channel for physics beyond the Standard
Model. A generic mechanism enhancing DPS over SPS in processes involving small par-
ton momentum fractions x is the fact that with decreasing = the density of two partons
increases roughly like the square of the single parton density.

If the transverse momenta g of the particles produced by a hard scattering are small
compared with @, then DPS has the same power behaviour in 1/Q as SPS [26, 53]. If ¢p
is of order A, then one needs information about the nonperturbative “intrinsic” transverse
momentum of partons. However, in the region A < ¢r < @ one can reliably compute
the g7 spectrum in perturbation theory, provided that one resums the large logarithms
of Q/qr that arise in this regime. This resummation is intricately related with evolution
in the rapidity of emitted gluons. For SPS processes producing colourless particles, like
Drell-Yan lepton pairs or a Higgs boson, a powerful theoretical formalism has long been
established [57, 58] and been pushed to high perturbative accuracy, see e.g. [59] and refer-
ences therein. Formulations using soft-collinear effective theory (SCET) have been given
in [60-62]. A precise theory for DPS at small measured g7 is of obvious interest. In [51, 52]
the DDT formalism [63] has been extended to DPS processes. The analysis in [26, 27| was
based on transverse-momentum dependent (TMD) factorisation in the original formulation
of Collins and Soper [64], which also underlies the CSS resummation formalism [57]. Since



then, an improved version of TMD factorisation for SPS processes has been formulated by
Collins [65]; a brief review is given in [66, 67] and the differences between the old and new
versions are described in [68].

The aim of the present paper is twofold. Firstly, we complete the formulation of DPS
in [26, 27] and adapt it to the new factorisation formalism of [65], providing a system-
atic analysis of soft-gluon effects, rapidity evolution and colour correlations. Secondly,
we show how the theory simplifies for intermediate transverse momenta A < qr < Q,
where transverse-momentum dependent DPDs can be matched on transverse-momentum
integrated distributions, with the transverse-momentum dependence being computed in
perturbation theory. This significantly increases the predictive power of the theoretical
framework. Some of our main results have been reported in [69, 70].

TMD factorisation in proton-proton collisions can be established to all orders in per-
turbation theory for the production of colourless particles such as a Higgs boson or elec-
troweak gauge bosons [65]. Because of serious complications from soft gluon exchange, it
is not known if and how the formalism could be extended to hard-scattering processes with
coloured particles in the final state, such as jets or heavy quarks [71]. We will therefore
limit our discussion of TMD factorisation in DPS to colourless final states as well. Impor-
tant channels are the production of two electroweak gauge bosons (often called the double
Drell-Yan process), of a Higgs boson and an electroweak gauge boson, or of a Higgs boson
pair. Instead of a heavy boson, one may also consider a photon pair of large invariant mass.

This paper is organised as follows. In section 2 we recall some of the concepts and
results for TMD factorisation in single parton scattering. In section 3 we discuss properties
of collinear matrix elements and of the soft factor, which are the ingredients in the definition
of transverse-momentum dependent and transverse-momentum integrated DPDs, which
we will call DTMDs and DPDFs, respectively. Our definition generalises the combination
of collinear and soft factors in [65] to double parton distributions, and it provides an
alternative form of this construction for single parton TMDs. The colour structure of
DPS is significantly more complicated than the one of SPS, and we show in section 4
how this structure can be handled in a general and efficient way. We find significant
simplifications for transverse-momentum integrated quantities. In section 5 we present the
general factorisation formula for DPS at low ¢r, its combination with SPS, as well as the
evolution equations for DTMDs and DPDF's and their general solution. Section 6 is devoted
to the region A < gr < Q). We establish the matching of DTMDs onto different types of
transverse-momentum integrated distributions. The multi-scale nature of the problem leads
to different matching regimes, which we combine in a consistent way using a subtraction
formalism. In section 7 we give one-loop expressions for perturbative quantities that appear
in the DPS cross section, extending previous work in the literature and discussing several
technical aspects of the computation. We summarise our main results in section 8. A
variety of technical details and results are given in the appendices.



2 Reminder: single TMD factorisation

To begin with, let us recall a few results from TMD factorisation, as laid out in [65].
The cross section depends on TMDs that describe the distribution of partons inside the
proton in both longitudinal and transverse momentum. Throughout this work, we consider
unpolarised protons. The factorisation formula for Drell-Yan production then reads

dvdzd’q (27)2
where 6,44 is the cross section for ¢g annihilation into an electroweak gauge boson and

quj(xvjvz;:u’) :fq(x)z;ﬂag)fQ(jvz;Mvg) (22)

is the product of a quark and an antiquark TMD. The invariant mass of the boson is () and

do . d’z i _ _
S 4@, 1) / e W, Tz ) + g o @ty (21)
q

its transverse momentum is q. The TMDs depend on longitudinal momentum fractions
(x or z) that are fixed by final-state kinematics, and on a transverse distance z that is
Fourier conjugate to the transverse parton momentum (and often denoted by b in the
literature). They also depend on an ultraviolet renormalisation scale p and on a rapidity
parameter (¢ or ¢) as we will review later. Notice that the rapidity parameter dependence
cancels in Wy. The parton-level cross section 64 and the overall cross section may be
taken differential in additional variables if more than one particle is produced in the hard
scattering. An example is the angular distribution of the leptons into which the electroweak
gauge boson decays in Drell-Yan production. In this case one must include the TMDs for
transverse quark and antiquark polarisation in (2.2).

The dependence of a TMD on the renormalisation scale is given by [65, 66]

0

dlog fal@, 231, Q) = vRa(n, ¢) falz, 2311, C) (2.3)

where a = ¢, ¢, g labels the parton type. The rapidity dependence of the anomalous di-
mension g, is given by

7F,a(ﬂ7 C) = - %’YK@(M) ) (2'4)

dlog ¢

where vk, is called the cusp anomalous dimension. It depends on p via cs(), i.e. Vi o(pt) =
YK ,a(s(1)). From (2.4) one readily finds

V¢

VFa(tt:C) = Ya(1t) = VK .a(pt) log m (2.5)
with
Yal1t) = Yra(p, 1°) - (2.6)
The evolution of TMDs with the rapidity scale ¢ is governed by the Collins-Soper equation®
0 1
a7 Jalz, 231, Q) = - Ko(z3 ) falz, 2710, C) 2.
81Oggf(fﬁzuo 5 Ka(zi 1) falz, 231, C) (2.7)

'We generally follow the notation of [65, 68] in the present paper. We do however not use a tilde to
denote quantities in transverse position space, thus writing f and K instead of f and K.



whose kernel satisfies

Dlog i Ko(zip) = —vka() - (2.8)

If the transverse boson momentum gq is large compared with the scale A of non-perturbative
interactions, one can use a short-distance expansion that connects a TMD f,(z, z) at small
z with a conventional collinear PDF f,(z) according to

falw, 25,0) = Y Cap(a', 251,0) @ fola's ) (2.9)
b

with the convolution product defined by

Uda! x
e ) = [ 5 o) f<x> . (2.10)
The expansion (2.9) has power corrections in the parameter A|z|. Combining it with the
solution of the evolution equations in p and (, one obtains
By JC
ot zin.0) =exp{ [ Laatul) = mcalot) o Y|
m

0

+ Ka(2; po) log Ve }
Ho

x ;Cab(x’,z;uo,ué) ® fola's o) (2.11)
The short-distance coefficient C' and the Collins-Soper kernel K should be evaluated with
a scale choice that avoids large logarithms, so that they can be reliably calculated in fixed-
order perturbation theory. In the non-perturbative region of z one needs a model ansatz
for f,(x,z). The so-called b* prescription [57, 72] can be used to smoothly interpolate
between such an ansatz and the perturbative result (2.11).

In the following sections, we will show how these results can be extended to the case
of double parton scattering. There are several aspects that make this extension far from
trivial. One is the larger number of coloured particles involved in the process, which leads
to a non-trivial colour structure of DTMDs and DPDFs. As a consequence, even DPDFs
depend on the rapidity parameter ¢, unlike PDFs for a single parton [27, 28]. A second
aspect is that DPS involves several transverse distances, which makes the analogue of the
short-distance expansion (2.9) more complicated.

3 Defining double parton distributions

As reviewed in [29], factorisation of DPS processes involves separating the leading graphs
for the cross sections into subgraphs that are hard, soft, or collinear to one of the two in-
coming protons. The treatment of the soft subgraph is intimately related with the rapidity
parameter ¢ mentioned in the previous subsection.

There are in fact different alternatives for such a treatment. The analysis of the
double Drell-Yan process in [27] followed the original procedure for TMD factorisation by
Collins and Soper [64] and did not work out all relevant aspects of the problem. In the
present paper, we perform a systematic analysis of DPS in the factorisation framework of
Collins [65]. We explicitly show how the soft factors relevant for the cross section can be



entirely absorbed into DTMDs or DPDF's, and we derive the resulting evolution equations
in ¢, as well as the ones in p. Other schemes to handle soft factors and rapidity dependence
will briefly be discussed in section 8.

The starting point of our discussion is an intermediate expression of the DPS cross
section, given in section 2.1 of [29]. The cross section for the production of two sets of
colourless particles involves a term

Hqu H27qq Fg;qq(vg) Sq_ql (’UL, UR) Sqq(UL, UR) Sq_ql (’UL, ’UR) Fus7qq(1}L) (3.1)

for the annihilation of two quarks in one proton with two antiquarks in the other proton,
and corresponding terms for the other parton combinations. For definiteness we have only
written down the DPDs for unpolarised partons; polarised terms have the same soft factor.
H; ,; denotes the squared hard-scattering amplitudes, with appropriate spin projections
(see section 2.2 in [27]) but with the colour structure removed as specified in (4.55) below.
F,s denotes unsubtracted collinear matrix elements, and S is a soft factor. The inverse
of this factor removes contributions of soft gluons from the unsubtracted collinear matrix
elements, so that S~!Fy receives only contributions from collinear gluons. For brevity
we have omitted momentum fraction and position space arguments in (3.1), as well as
renormalisation and factorisation scales and colour indices. F,g is a row vector in colour
space (with one index for each of the four parton legs), and S is a matrix with two times
four indices. The spacelike four-vectors vy, and vg denote the directions of Wilson lines
and will be specified later. As discussed in [29, 65, v;, and vr have to be chosen such that
the effects of so-called Glauber gluon exchange on the cross section can be subsumed into
the soft and collinear factors in (3.1).

The aim of the following sections is to combine soft factors and collinear matrix ele-
ments in such a way that the product (3.1) takes on a simple form. After introducing
the necessary notation, we derive a number of symmetry properties of soft factors in
section 3.2 and then discuss our central hypothesis for their rapidity dependence, given
in (3.24) and (3.25). This leads us to the definition (3.29) of DPDs and to their rapidity
evolution equation (3.34) in section 3.3. We discuss renormalisation in section 3.4 and
derive the basic evolution equations (3.43) and (3.44) relevant for DTMDs. Applying our
construction to TMDs for a single parton in section 3.5, we are led to the definition (3.49)
and see that it is equivalent to the definition of Collins [65] by virtue of the relation (3.48).

3.1 Collinear matrix elements

To begin with, let us recall the definitions of unsubtracted DTMDs and DPDF's in terms of
proton matrix elements. These will later be combined with soft factors in order to define
the double parton distributions that appear in the cross section formula.

For two partons a; and ao, the unsubtracted DTMDs are defined in terms of matrix
elements as [26, 27]

+

_ B dzy dz,
Fusaras (1,2, 21, 22,9y) = 2pT (z1p7) ™™ (22p™) n2/2; Tidy

X <p’ Oa1 (y7 Zl) Oa2 (07 32) |p> ) (32)

— i@z +2925)p



where n; = 1 if parton number 7 is a gluon and n; = 0 otherwise. We use light-cone
coordinates w* = (w® +w?3)/v/2 and the transverse component w = (w', w?) for any four-
vector w. The definition (3.2) is natural for a proton moving to the right, i.e. for p? > 0.
For a left moving proton, i.e. for p? < 0, one would interchange the roles of plus and minus
coordinates. It is understood that p = 0 in both cases, and that the proton polarisation
is averaged over. Setting z; = z9 = 0 in (3.2), one obtains DPDFs, which are relevant for
collinear factorisation. As we will discuss later, this changes the ultraviolet behaviour of
the operators.

The operators for quarks in a right moving proton read

1 1 1 1
Oa(ya Z) = Q<y - 2Z> er <y - §z7 UL) Fa W<y -+ 52’ UL) Q<y =+ 22> st=yt=0 (33)
with spin projections
1+ 1 J 1 i+ ;
Lo=37", Fag=357", [ =50 (1=12) (34

onto unpolarised quarks (¢), longitudinally polarised quarks (Agq) and transversely po-
larised quarks (6¢). We do not explicitly display the transverse index j of the operator Oy,
and of the corresponding DPDs, unless it is needed. The field with argument y + %z in
Oy (y, z) is associated with a quark in the amplitude of a double scattering process and the
field with argument y — %z with a quark in the complex conjugate amplitude. The Wilson
lines are defined as

0
W(&,v) =Pexp [igt“/ dsvA*(& + sv) |, (3.5)
—0o0

where P denotes path ordering, such that fields t* A*({ 4 sv) with smaller s stand further to
the left in the expanded exponential. Our convention for the strong coupling ¢ is specified
in appendix D. Throughout this work, we only consider the case v = 0. In the matrix
element (3.2) for a right-moving proton, one takes a direction vz, with v; > —v} > 0, and
in its analogue for a left-moving proton one has a direction vy with UE > —vp > 0. In both
cases, the Wilson lines are past-pointing. Analogous operators are defined for antiquarks,
with some sign changes as specified in section 2.2 of [27]. For gluons, one has

- , 1 1 1 ; 1
Ouly,z) =17 G (y - 2z> wi <y — 2Z,UL> W(y + z,vL> G <y + 2z>

2 zt=y*t=0
(3.6)
with spin projections
" = 677", 1y, =i, T35 ] 77" = 7775 (3.7)

onto unpolarised gluons (g), longitudinally polarised gluons (Ag) and linearly polarised
gluons (dg). The indices j,j',k, k' = 1,2 run over transverse components, ¢ is the
antisymmetric tensor with ¢'2 = 1, and 797°%*" is defined as

iR _ % (57567 4 3% 57" — 5975+ (3.8)



The Wilson lines in (3.6) are in the adjoint representation rather than in the fundamental
one (see section 3.2). Making the colour indices of the operators explicit, we have

Oy it = @ W T W, i, Oy aw =Gy (W) Wap Gy (3.9)

for quarks and gluons, respectively.

For the discussion of ultraviolet renormalisation and of the short-distance expansion, it
is useful to introduce operators that correspond to a definite light-cone momentum fraction
x of a parton:

—-n dz~ — ixz~
Ou(m,y,2) =2p" (2p™) /277 dy~ e " Ouly, 2) . (3.10)

Using translation invariance, one readily finds that unsubtracted single and double parton
TMDs are then given by matrix elements

2m0(p" — ') 20" fusa(, 2) = ('] Ou(, 0, 2) |p)
27r(5(p+ - p/+) 2p+FuS,a1a2 (xlv T2, 21,22, y) = <p/| Oal (ml’ Yy, zl) Oa2 (1727 0, Zg) ‘p> ) (3'11)

where p’ = p = 0. The corresponding collinear distributions are obtained by setting z, z;
and z9 to zero.

We note that in the DPS cross section, there are also distributions describing the inter-
ference between different parton types in the process amplitude and its complex conjugate,
i.e. between quarks and antiquarks, between quarks and gluons, or between quarks of differ-
ent flavour [27, 28, 33, 34]. At low values of x; and 2, such interference DPDs are expected
to be negligible, because they have no dynamic cross talk with gluon distributions, which
grow most strongly with decreasing x. Although we do not consider interference DPDs in
this work, they can be treated with the methods presented in the following.

Let us remark that an analysis of transverse-momentum dependent DPDs in the small-
x limit has recently been given in [73]. The quantities considered in that work are Fourier
transformed w.r.t. our variable z; and — more importantly — integrated over y. To make
contact with the DPS cross section, one would need to restore the dependence of these
distributions on y, or on the Fourier conjugated momentum.

3.2 Soft factors

Before constructing the final DPDs, we must take a closer look at the soft factor, which is

defined as the vacuum expectation value of Wilson lines. For reasons that will become clear
later, we define an “extended soft factor” with open colour indices of all Wilson lines as
. z17‘l1'L2Z/2’lll/ll2l/2

[Sqq(zh Z2,Y;0L, UR)]jljijzjévklkikzké

iain,lyly
J2d2 Kok

CURIU
I3tk Ry

= (0] [0s,4(y, z1;vL,vR)] [05,4(0, z2; v, vR)] 0). (3.12)

This factor appears in the cross section with two ¢¢ annihilation subprocesses, and the
subscripts ¢ refer to the right-moving parton in each subprocess. The operator

il 1l

[OS,q(yaz;UL7UR)j|jj/’kk/ (313)

1 1 1 1
=W ('!/ + 2Z7UL> W/Il (’!J + 2Z,UR) Wi <y - 2Z,UR) W]-T/i/ <y - 2ZaUL>



Figure 1. Wilson lines and colour indices of the extended soft factor defined by (3.12) and (3.13).
Wilson lines with subscripts 1 are grouped into the operator Og 4(y, z1) and those with subscripts 2
into the operator Og 4(0, z2).

is a product of four Wilson lines, which are defined as in (3.5), but with £t = ¢~ = 0,
so that their position arguments are only in the transverse plane and hence written in
boldface. Primed and unprimed indices j and k in the Wilson lines of (3.13) correspond to
gluon fields A(€) at light-cone zero (€7 = ¢~ = 0), whereas primed and unprimed indices i
and [ correspond to gluon fields at light-cone infinity, A({—oov). A pictorial representation
of (3.12) is given in figure 1.

For right-moving antiquarks instead of quarks, one replaces Wi; with VVZ’; = W]Ti and
vice versa, which corresponds to replacing itf; with (itf;)* = —it{; in the exponential (3.5).
For gluons, one takes adjoint Wilson lines W, obtained by replacing itj; in (3.5) with
fe¢. This reflects the fact that the generators T¢ of the colour group in the adjoint

representation are given by (7). = —if®°. We therefore have
Seq = Sz Seq = Sga» Sag =S¢ Sgg = S99 (3.14)

where we have omitted colour indices for brevity. Note that, by construction, the Wilson
line operators for all representations are unitary, i.e. W (&, v)W1(¢,v) = 1, where 1 is the
unit matrix in the relevant colour space.

In processes producing colourless particles, one needs (3.12) with all index pairs j, k
contracted, i.e.

[Sqq(zlyzmy;vL,vR)]ili%ié’lllilzl’z
= (0][Osq(y, 21; vz, 0m)] N [05,4(0, 2030, v)] 2212 |0) (3.15)
with

[0s4(y. 20z, 0R)]" " (3.16)

1 1 1 1
= |Wly+=z,vL wi Y+ —2z,UpR Wly—=-z,vp wi Yy — =2, .
2 2 il 2 2 i



We simply call this the “soft factor” (without the specification “extended”). Regarding this
as a matrix in the index pairs (iy4}i5i5) and (I;1}15l5), we define the transposed matrix as

[Sia(21, 22, g3 vp,vp)] 2 NIEE < S (21, 25,y wp, vg) | (3.17)
and the Hermitian conjugate as qu = [Sg;] *. Corresponding definitions hold for Sggs Sqq
Sgq etc. There are a number of symmetry constraints on the soft factor:

1. With the restrictions on the directions of Wilson lines in S(vr,vg) specified be-
low (3.5), one can always perform a longitudinal boost such that vy, = («, 3,0) and
vr = (B,a,0). A parity transformation interchanges plus- and minus components
and thus, combined with the boost, exchanges v <+ vr. Parity and boost invariance
therefore give

Sa1a2 (zlv 22,Y;vL, /UR) - Sa1a2(_zla —Z2, —Y,VUR, /UL)

— Salag(thQay; 'UR,'UL) ) (318)

where a1, as denote the parton types, ¢,q,g. In the final step we used that the soft
factor depends on position arguments only via scalar products between z1, zo and y.
This follows from rotational and parity invariance, combined with the fact that the
Wilson line directions vy, and vy are purely longitudinal.

2. A combined parity and time reversal transformation reverses the vectors vy, and vg,
as well as the position arguments. This gives

Salag (zla 22,Y,vL, UR) - Salaz(_zlv —Z2,~Y;,—vL, _UR)

- Sa1a2 (Zl, 22,Y; —UL, _UR) ) (319)
where in the last step we used the same symmetry argument as in (3.18).

3. Since the soft factor is constructed from products [W (z,vr) WT(z, UR)]il for quarks,
(W (z,vr) W(z, UL)Lz’ for antiquarks, and [W (z,v,) WT(z,vg)] 4q for gluons, we have

Smag (zla 22,Y;vL, UR) - Sllag (Zl, 22,Y; VR, UL)

= S(Lag (Z17Z2ay;vLaUR) s (320)

where in the second step we have used (3.18). The soft matrix is thus Hermitian in
the groups of indices for the Wilson lines along the different directions vy, and vg.
Combining this result with the relations (3.14), we find

T T T T
Sqq = Sag Seq = Saq Seg = Sag> Sgg = Sgg> (3.21)

where the matrices on the left and the right hand side have identical arguments. We
can thus identify the product ngyqq 5’(;11 = (qul Fus’qq)T
the analogue of the product S,.'F,

in the expression (3.1) as

$,99°
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From now on we restrict ourselves to spacelike Wilson line directions in S(vr,vg) that

satisfy
vy >0, vh >0, Y, < Yg, (3.22)
where the rapidity Y, of the spacelike vector v is defined as
1 vt

Cases other than (3.22), such as v; < 0, vg < 0, can be realised using the symmetry
relations (3.18) and (3.19). Owing to boost invariance and the fact that the Wilson lines
W (&, v) are invariant under rescaling v — Av, the soft factor depends on vy, and vg only via
the difference of the Wilson line rapidities. We can hence write S(vr,vg) = S(Yr — Y1).

At this point we make an assumption on the properties of the soft factor, which we
cannot fully prove (we specify below what can be proven at present).

For the soft factor S(Ygr — Yz) with Yz — Yz, > 1 (for brevity we omit the indices a1,
az and arguments zj, z2,y), we assume that there exists a matrix function s(Y') satisfying
the following three properties:

Property 1la: The rapidity dependence is given by
0
7
with K = KT independent of Y.

(¥) = s(V)K (3.24)

Property 1b: s(Y) is nonsingular. It is sufficient to establish this property at an arbitrary
value Y7; its validity at any other Y then follows from the solution of (3.24).

Property 1c: One has
S(Y)=s(Y —Yp) sT(Yo) for Y > 1 and arbitrary Yj . (3.25)

It is easy to see that s(Y') is not unique, since properties la—lc remain true if one
redefines s(Y) — s(Y)U and K — UTKU with a Y independent unitary matrix U. Con-
versely, if properties la—lc hold for two matrix functions s(Y) and s'(Y'), one can show
that s'(Y) = s(Y) U(Y') with a unitary matrix U (which is not necessarily Y independent).

In appendix A we will show that properties la—1c are equivalent to the following two
properties:

Property 2a: S satisfies the Collins-Soper equation
0

5y S() = KS(Y) for Y > 1. (3.26)

K is not necessarily Hermitian, and its relation with K is specified in (A.12).
Both (3.25) and (3.26) are meant to be approximations for Y > 1. We can de-
fine a matrix S (Y) that approximates S(Y') for Y > 1 whilst being an exact solution
of the differential equation (3.26) at all Y. This equation is then solved by

S(Y) ="K 5(0). (3.27)
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Property 2b: There is a value Y7 for which S (Y1) is positive definite.

We show in appendix A that S (Y) is then in fact positive definite for all Y. This guarantees
that the matrix S(Y') at large Y has an inverse, which according to (3.1) is needed in the
cross section formula.

Evidence for the properties just discussed comes from perturbation theory, which can
be used to compute the soft factor when the distances z1, zo and y are all small.

e Properties 2a and 2b are easily checked at one-loop order from our explicit calcula-
tions in all colour channels, which are reported in section 7. In this case one finds
S(0) = 1 and, taking U = 1 one has K = K according to (A.12).

e Given property 2a, one can motivate property 2b using the perturbative expansions
S(Y) =1+ O(ay) and K = O(a,). One may worry that the expansion of S(Y) has
poor convergence, because higher orders in a, can come with higher powers of the
large rapidity Y. However, according to (3.27) we have S(0) = exp(—Y K) S(Y) for
sufficiently large Y. If the perturbative expansions of S(Y') and exp(—YIA( ) are valid
at least in a formal sense, we get an expansion S(0) = 1 + O(ay) that is free of any
large parameter. The eigenvalues of S (0) then have a perturbative expansion around
1, which supports property 2b with Y7 = 0, at least for sufficiently small as.

e 5,0 and Sy have been calculated at two-loop order in [74]. The validity of properties
la and 1c can be explicitly verified from the results in sections 4.2 and 4.4 of that
work. This requires a translation between the rapidity regulator used there and the
one used here, which we discuss in appendix B. We note that [74] defines S = s's,
whilst we choose the order S = ss' in (3.25).

Property 1b can then be motivated by the perturbative expansion of s(Y), arguing
along the same lines as in the previous point.

e An all-order derivation of the rapidity evolution equation of the DPS soft factor has
recently been given in [75]. Our equation (3.26) can be obtained from equation (5.17)
in the arXiv version 2 of [75] using the relation (B.1) between the regulator variables
o%,6~ and Yy, Y. However, more work is needed to establish whether the derivation
in [75] holds if one uses either of the associated rapidity regulators.

A few more comments are in order.

e While S(0) = 1 by construction (the Wilson line pairs at equal positions give unit
matrices, WTW = 1), one generally has S (0) # 1. This implies that the evolution
equation (3.26) holds for Y > 1 but not when Y becomes small. We see this already
at one loop: as follows from sections 3.3.1 and 3.2.2 of [27], one has S—1 Y tanh(Y")
for the one-loop soft factor, whilst (3.26) truncated to O(ay) gives S — 1 x Y.

e For the soft factor needed in collinear factorisation, i.e. for z1 = zo = 0, we will see
in section 4.4 that S(Y') is diagonal in the basis of colour representations for all Y.
As a consequence, K is diagonal as well. In appendix A we show that one can then
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also choose s(Y) and K to be diagonal. For the soft factor in collinear factorisation,
all matrix multiplications in colour space thus become trivial.

e The matrix s replaces the square roots of soft factors in the construction of single
parton TMDs by Collins [65], as we will show in section 3.5.

3.3 Definition of DPDs

According to (3.1), the DPS cross section involves a product of soft matrices, which us-
ing (3.25) can be rewritten as

S_l(’UL, UR) S(Q}L, ’UR) S_l(UL, UR> = ST_l(YR — Yc) S_l(YC — YL) s (3.28)

where Yo is a central rapidity, Y7, < Yo < Ygr. Restoring parton labels, we then define
DPDs by

F (Yc) = lim st (YC — YL) F (YL) s

ajas V), 500 aiaz us,a1az
Fb1b2 (YC) = YRH—>I20 Sb_l%)g (YR - YC) FuS,ble (YR) (329)

for the distributions in a right-moving and a left-moving proton, respectively. An analogous
definition in the ¢ regulator scheme was put forward in [74].

From the construction in appendix A it follows that the symmetry relations (3.14) for
Saia, imply corresponding relations

. * . * _ * _ *
Sqq = Sqq> Sqq = Sqq> Sqg = Sag» S99 = Sgg (3‘30)

if the matrices Uy, 4, in (A.11) are chosen such that they satisfy the relations (A.14). In
the expression (3.1) for double Drell-Yan production we can thus rewrite

FT

waa(YR) sggl(YR —Y0) 840 (Yo = Y1) Fig 0q(Y1) = F(Yo) F, (Yo, (3.31)

us,qq

where we have omitted the hard-scattering factors H;,; for brevity. A corresponding
argument leads to the combination F (Y¢o) F,;(Y¢) in the same process. The production
of one Higgs and one electroweak gauge boson involves a term

FT

ws.ag(YR) sig (YR = Yo) sy (Yo = Y1) Fyg (Y1) = Fag(Yo) Fyy(Yo) (3.32)

us,qg

with mixed quark-gluon and antiquark-gluon DPDs, and likewise one obtains the product
F;(YC) F,,(Yc) in double Higgs boson production.

In (3.29) we can take the limit of infinite Wilson line rapidities Y7, and Yz in the unsub-
tracted matrix elements. This means that the Wilson lines in the parton operators O, are
along lightlike paths, which leads to important simplifications as discussed in chapter 10.11
of [65]. Let us see that this limit is well behaved in (3.29). The rapidities Y7, and Y in the
cross section formula originate from Grammer-Yennie approximations (see e.g. [29]), and
one finds that their precise values in (3.31) and (3.32) do not matter as long as |Yz|, |[Yr| >
1. One can thus take the limit of infinite Y7 and Yp in these expressions, and thus also
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in the individual factors in (3.29). By contrast, taking infinite Wilson line rapidities in
individual unsubtracted DPDs or in the soft factor would lead to rapidity divergences.

The dependence of the DPDs on the central rapidity Y is easily obtained from (3.24),
which gives

0

oy sTHY) = —Ks (V) (3.33)
and thus 9
avs Fe) = ~KF(¥e) (3.34)

for DPDs in a right-moving proton, whilst for a left-moving proton one has the opposite
sign on the r.h.s. of (3.34).

The preceding construction can be performed for DTMDs and DPDF's alike. Important
differences between the two types of distributions arise at the level of ultraviolet renormal-
isation. In the next subsection, we discuss this for the case of DTMDs, postponing the
case of DPDF's to section 5.2.

3.4 Renormalisation of DTMDs

The ultraviolet (UV) renormalisation of TMDs arises from vertex and self energy cor-
rections associated with composite operators that contain fields at the same transverse
position. Interactions between fields at different transverse positions do not give rise
to UV divergences: the finite spacelike distance acts as an effective UV cutoff in the
corresponding graphs. Operators that require renormalisation are therefore [W (&) ¢(€)];,
(W (&) GT¥(¢)], and their Hermitian conjugates in the collinear matrix elements, as well as
(W (& vr) WH(E, vR)]ijy W(EvL) WT(E,vR)]ap and their Hermitian conjugates in the soft
factor. Due to colour SU(3) invariance, the corresponding renormalisation factors are all
colour independent. We could in principle choose a different renormalisation scale for each
of the four parton operators in Fys and for each of the four corresponding Wilson line
products in the soft factor. We choose a slightly simpler variant, taking common renor-
malisation scales p; and po for the operators associated with partons carrying momentum
fraction x1 and xo, respectively. Denoting bare quantities with a subscript B, we then have
Ou(z,y,2) = Zus,a OBa(x,y, 2), where Zyg, is the product of renormalisation factors for
the composite operators at transverse positions y — %z and y + %z. Likewise, for the oper-
ator defined in (3.16) we have Og,(y, 2) = Z5,, OBs,a(y, 2), where Zg, is the product of
renormalisation factors for the Wilson line pairs at equal transverse positions.? Both Zus,a
and Zg, are independent of spin and colour, but they differ for quarks and gluons (being
equal for quarks and antiquarks due to charge conjugation invariance). They depend on a
scale 1 and on Wilson line rapidities, and Zys 4 also depends on the plus-momentum ap™
of the relevant parton. We thus have

Fus,a1a2 (xiS i, YL) = Zus,(z1 (Mla YL, $1p+) Zus,a2 (,U27 YL, $2p+) FB,us,alag ($i§ YL) s
Sa1a2 (:uia Y) = ZS,CH (Nla Y) ZS,GQ (N27 Y) SB7a1a2 (Y) (335)

20ur convention for renormalisation factors Z of composite operators corresponds to the one in [65, 76].
Other authors, such as the ones of [77], use Z ' instead.
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with Y = Y — Y7. Throughout this work we use the convention that a function with argu-
ments x; (u;) depends on both z1 and x2 (u1 and p9). In this and the next subsection, we
consider a right-moving proton for definiteness, and we omit transverse position arguments
for brevity.

We now derive the renormalisation properties of the matrix s4,4,(Y). Assuming that
the Y dependence of Sp(Y') is given by (3.26) with a bare kernel Kp and defining

Aa(Y) = 8% log ZS,G(Y), (3.36)
we readily get
A Susas ) = Ry (V) Sara (V) (3.37)
with
Kayay (V) = Aoy (V) L+ Ay (V) 1+ K a0, (3.38)

where we have dropped the dependence on the renormalisation scales for brevity. The
renormalised soft factor hence satisfies (3.26) if A, is independent of Y. This is easily
shown for the MS scheme. Expanding Zg in the renormalised coupling, we have Zg =
14+>0, a?Zén)(e) with coefficients Zén) being a finite sum of poles in € for each n. The
corresponding coefficients in A =) | o A" (¢) are hence pure pole terms as well. Since
S is finite for € = 0, the same holds for K according to (3.37), so that the € poles of A must
cancel those of Kp in (3.38). Since the latter are Y independent, the same holds for A. In
the MS scheme one can repeat the previous argument after rescaling a, in the expansion
of Zg by a factor S (see section 7.3.3 for further explanation).

With A, being Y independent, the solution of (3.36) reads Zs,(Y) = Zg4(0)e¥ .
Using (A.11) and (A.12), one finds that

Kala2 (NZ) = Aal (:Ul) 1+ Aaz (/@) 1+ KB,al(m )
Sayaz (:uh Y) = ZS,al (Ml’ Y) ZS,GQ (M2> Y) SB,a1az (Y) (339)
with Zs o(Y) = \/Z5,4(0) e¥Ae where we have restored the p dependence of the factors.
We thus find that the renormalisation of s(Y') is multiplicative and independent of the

colour channel, just as the one of S(Y). With bare and renormalised DTMDs defined as
in (3.29), we then have

Foyar(@is 10, Y0) = Zpa, (1, Yo, 219") Zpay (2, Yo, 22p™) FB ayay (%43 Y (3.40)
with

Zpo(p, Yo, xp™) = lim Z;; (1, Yo = Y1) Zyg o1, Y, 2pT) (3.41)

YLH—OO

for a right-moving proton, and correspondingly for a left-moving one. Note that, as ex-
plained in chapter 10.11 of [65], one should first take the limit of infinite Y7, in the prod-
uct (3.41) and in Fp(Ye), and then let € go to zero on the r.h.s. of (3.40).
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We can now derive the i dependence of the DTMDs and of their Collins-Soper kernel.
Defining

0
0log

0
’VF,UL(:ua YC) xp-‘r) = IOg ZF,CL(HM YCv .%‘p+) ) ny,a(:u’) = Aa(ﬂ) ) (342)

~ Ologp

we obtain for a right-moving proton

0
m Fayay (is piy, Yo) = VF,a1 (p1, Ye, $1p+) Foyay(Tis iy Yo, ),
0
Tlog iy Ko (#) = = Vi () 1, (3.43)

and analogous relations for the ps dependence, as well as the additional condition

9 +)
% f}/F,a(/% YC7 xrp ) - F)/K,a(:u) . (344)

We note that Zr, and hence yr, can depend on Yo and xzpT only via the boost invariant
combination zpTeYc.

(see (3.50) and (5.8)).
It is easy to repeat the above arguments with four different renormalisation scales for

This will be used to introduce the rapidity parameter ( later on

the four parton legs of F'. One then obtains analogues of (3.43) for each scale, with v 4
replaced by vk ,o/2 and vrq by Vg, OF (VE,0)*, Where Yg o+ (VE,0)* = YFqa- The anomalous
dimension vg , has an imaginary part and is for a parton momentum leaving F', whereas
(VE,0)* is for a parton momentum entering F'. This can be seen in the study of the quark
form factor [68] (see section 10.12.2 of [65] for an explicit calculation at leading order).

3.5 Definition of single parton TMDs

It is instructive to revisit the definition of single parton TMDs in the framework we have
just laid out. The colour structure is considerably simplified in this case. The operator
Oq4(x,0,z) in the matrix element for an unsubtracted TMD in (3.11) must carry colour
singlet quantum numbers, which is achieved by contracting the operators in (3.9) with
djj or 0qq/- Likewise, the soft factor for single hard scattering involves the colour singlet
projection of the operator Og (0, z) defined in (3.16). One can easily adapt the arguments
in the previous subsections to this case: the matrices S, S , s, K and K then become single
real valued functions. One finds K = K, whilst the definition (A.11) simplifies to

s(Y) =e" K 51/%(0), (3.45)
which is positive and satisfies (3.24). This gives
S(V) =8(Y) ="M 5(0) = s(Y — ¥0) s(¥p) (3.46)

for Y > 1 and arbitrary Yy. The ambiguity in the choice of s, due to unitary transforma-
tions in the matrix case, is no longer present. Combining the two previous equations, we
deduce that

s(Y)=+/5(2Y). (3.47)
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The square-root factor in the construction of single parton TMDs by Collins, given in
equation (13.106) of [65], can be rewritten as

\/ S(Yr — Y¢) _ (Yo — Vi) (3.48)

S(Yr = Y1) S(Yo — Y1)
using (3.46) and (3.47). The final TMD is then given by

faYo) = lim s, (Yo = Y1) fusa(YL), (3.49)
Y, ——o0
where we have restored the parton label a to denote quarks, antiquarks and gluons. This
form closely resembles the definition in [60, 78]; we will expand on this further in ap-
pendix B. A related discussion has been given in [79], but the separation into different
factors made there differs from ours.
The renormalisation of single parton TMDs is done with the same factors Zysq, Z5,4
and Zp, as in section 3.4, and hence involves the same anomalous dimensions. Coming
back to our remark after (3.44) and defining

¢ = 2(xp+)2 e Yo (3.50)

for a right-moving proton, we recover the familiar evolution equations given in (2.3) to (2.8).

4 Colour

An essential element in the description of DPS is the colour structure, which is much more
involved than in single hard scattering. To deal efficiently with matrices in colour space,
we introduce projection operators and make use of the fact that certain colour indices must
couple to an overall colour singlet. We derive the combination (4.24) of colour projected
quantities that enters the DPS cross section in section 4.2 and establish a number of
symmetry relations in section 4.3. In sections 4.4 and 4.5 we consider the case of collinear
factorisation. Projector identities such as the one in figure 2 lead to dramatic simplifications
in this case, with soft matrices that are diagonal and depend on only three independent
functions as specified in (4.47) to (4.49). These simplifications also allow us to derive the
structure (4.53) of the DPS cross section for produced particles carrying colour. A reader
who is not interested in technical details may skip the following derivations and will find
the principal results in the equations just mentioned.

4.1 Projection operators

For the fundamental representation of the group SU(N), we introduce the operators

oy 1
P = Néii’ajo
PYT = 218,12, (4.1)
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which project the index pairs 7i’ and jj’ onto a colour singlet or a colour octet, respectively.?
In these and all following projection operators, the four indices are coupled to an overall
colour singlet. We take T = 1/2 throughout this paper and do not distinguish between
upper and lower colour indices. We will make repeated use of the colour Fierz identity

1
2t%/ ?j' = 5ij’6i’j - N(S”/éjj/ . (42)

For the adjoint representation we use [32, 80, 81]

1

aa’ bb’ aa’ cbb’
Pza’ b _ %faa’c]tbb’c ’

aa’ b __ N aa’c 3bb ¢
P — e,

Pg)a’ b _ %(5ab6a’b’ N 5ab’5a’b) N Pza’ bb”
/ / 1 L/ / ’ / / / /
P2a7a bb" 5 (5ab5a b + 5(117 5@ b) - Pga by P{za bb ) (43)

The subscript on P always denotes the colour representation onto which index pairs aa’
and bV’ are projected, with A denoting the antisymmetric and S the symmetric octet.?
Useful relations for calculating with the f and d tensors are given in [83].

The operator Pp = Pyg + P1g projects on the sum of the decuplet and antidecuplet
representations. For any tensor M ad’bl’ that transforms as an overall colour singlet, the
projections on decuplet and antidecuplet are equal (and can hence be added without loss of
information). Following appendix A of [34], one can show this by first decomposing M aa'by/
on P]%b“/b/ with R = 1, A, S,10, 10,27 and then projecting on Pg“/ b This result can be
traced back to the fact that (Pyo)® *" — (P15)% " is odd but all PE?%?" are even under
the simultaneous exchange (a <+ b,a’ <> b').

We will further need projectors for mixed fundamental and adjoint indices:

Y] / Y 1 /
Pfl aa — 1aa K24 - - 6“/5(111 ,
N(NZ_1)
Py = g = \/E ¢ fere,
pyad = pga'iv — % 5 ™. (4.4)

The normalisation factors are chosen such as to yield the simple symmetry and projection
properties to be discussed next.

3We use the term “octet” to denote the adjoint representation, which of course has dimension 8 only
for SU(3).

4For N > 3 a further representation appears when decomposing the product of two octets (see table 9.4
in [82]). This representation is sometimes labelled as R = 0, since it has dimension 0 for N = 3. The
projector Pp7 in (4.3) corresponds to Pa7 + Py in the case of general N [81].
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To ease our notation, we introduce double indices i = (ii'), a = (aa’). Here and in the
following, 7, j,k are in the fundamental representation, a,b,c are in the adjoint, whereas

over, so that for adjoint indices we have
MEE MES = ME" ME's (4.5)

Some care is required for indices of the fundamental representation. In fundamental Wilson
lines W and in projection operators Pg, the first index always transforms as a triplet and
the second index as an antitriplet. For such cases, we define matrix multiplication with a
transposition

M ME = M My (4.6)

In soft matrices S and in the matrix elements giving DPDs, the order of triplet and an-
titriplet indices depends on the parton channel (g or g) and in S also on the direction of the
Wilson lines (along vy, or vg). Contraction of double indices should always be done such
that a triplet index is contracted with an antitriplet one. This ensures proper behaviour
of the result under gauge transformations.

With these definitions, the projection operators have the symmetry

PE* = Pyt (4.7)

and the projection property
PEEPi = pp PR (4.8)

for any pair of projectors Pr, Prs with a common double index s in either the fundamental
or the adjoint representation. In the octet sector, it is understood that dg4 = dag = dgg =
dsg =1 but 45 = ds4 = 0 in (4.8). The normalisation is given by

where

m(R) = Pg" (4.10)

is the multiplicity of the representation, i.e. m(1) = 1, m(8) = m(A) = m(S) = §,
m(D) = 20 and m(27) = 27 for SU(3). Since the projectors above form a basis of the
space of rank-four tensors M that transform as an SU(3) singlet, any such tensor M can
be decomposed as

1
Mt =" PrE (PREM 4.11

%: m(R) R ( R )’ ( )
where the sum is over all representations R given in (4.1), (4.3) and (4.4), as applicable.

The contraction of two colour singlet tensors is then given by
1

MM = 3 L (PREME) (PR (412
R

For representation labels R, we will not use the summation convention, i.e. summation
over R will always be indicated explicitly.
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4.2 Colour structure of the DPS cross section

The projection operators just introduced allow us to rewrite the DPS cross section in a com-
pact way. We start by defining DPDs that are projected on a definite colour representation
R. Using the general decomposition in (4.11), we can write

1
Fila? = RF PR (4.13)
e % €ay (R) €0y (R Na1Na2 vm e
with
1
RFa1a2 = Eay (R) €ay (R) Na1Na2 P}§21§2F511§§ . (414)

vm(R)

Note that the lower indices a1, as denote the parton species and polarisation, not colour.

The factors
i ifaisa gluon and R = A
ea(R) = & (4.15)
1 otherwise
ensure that the collinear distributions 4F,,(z;,y) and “Fy,(x;,y) and their polarised coun-
terparts are real valued (rather than imaginary), as are the collinear distributions in all
other channels. This is shown in the next subsection. The prefactors N, are given by

N, =N;=VN, N, = VN2 -1 (4.16)

and likewise for polarised partons. They ensure that colour singlet distributions 'F, ,,
involve a sum over the colours of the two partons. The definitions here coincide with the
ones in [27, 34], with the notational change

_ 1 _
D __ 10410 _ 10 10
Fgg ’here - Fgg |ref. [34] — \@ ( F!J!J + FQQ) ‘ref. [27] (417)

and its analogues for polarised gluons. For the discussion of renormalisation and the short-
distance expansion, it is useful to project the partonic operators (3.10) on definite colour
representations as well. Introducing

ROL = ,(R) N, P O2 (4.18)

a

and defining unsubtracted DPDs fF 4,4, in analogy to (4.14), we obtain

276 (p" — ') 2p" "Fisarar = | Foz ROz |p) (4.19)

— (s
vm(R)
from (3.11) and the projection property (4.8).

The soft factor for DPS producing colour singlet particles in the hard interactions
carries two times four indices. Its projection on different representations is defined by

ajaz — Eay (R/) 5a2(R/) m(R) m(R,) R ajaz

RR’S 5a1 (R) Eag (R) 1 Pr1r2 Sr1r2,5182 P5152 (420)

R specifies the colour representation for the Wilson lines with positive rapidity, and R’
the one for the Wilson lines with negative rapidity. Notice that the ¢ factors cancel for
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R = R’. In analogy to (4.20) we define projections ER'g and BR'K of the matrix s and

of the Collins-Soper kernel K, as well as projections #%' (S=1) and £ (s=1) of the inverse

matrices S~1 and s~! in colour space. Using the same argument as in (4.12), one can show

that
RRI R/RH RR/ RIR//
z : a1a2 a1a2 Z a1a2 Salag = 5RR” N (421)

We see that matrix multiplication in the space of four colour indices (r;ry) = (117 7r97%)
turns into matrix multiplication in the space of colour representations R. The matrix
decomposition (3.25) can thus be rewritten as

RRNSalaz (Y) = Z RR/3a1a2(Y —Yo) R,R”(S(Tllag (YO)) ) (4.22)
R/

and the definition (3.29) of DPDs in a right-moving proton as

RFalflz (YC lim Z RR alag YL)) Fus,alag (YL) (423)

Y, ——o0

According to (3.1) and (3.31), the cross section for the production of colour neutral
particles involves the product

Hep b
X = Halbl Ha2b2 F;fb? F;"11222 = Naa_l/\;b /\/’aaj\z, Z 77(11@2 Fblb2 RFa1a2 . (4‘24)
1/Vby 2/ Vb

Here we have combined the factors g4, (R) €p, (R) €4, (R) €1, (R) into

1

2 (R)Z,(R) (4.25)

Nayaz (R) =
using that the only channels that produce colourless particles are ¢qg and gg annihilation.
Multiplied with a flux factor, the combinations Hy,/(NyN,) turn into the hard-scattering
cross sections in the final factorisation formula. The factor N, N, is N for ¢g annihilation
and N2 —1 for gg annihilation and ensures that one takes an average over the colour states
of the two colliding partons, as is appropriate for a parton-level cross section.

4.3 Symmetry properties

As already remarked, multiplication of matrices and vectors, S and F', in the space of colour

indices (r;ry) turns into multiplication of matrices and vectors in the space of representa-

tions R. For brevity, we refer to the former as “colour space” and to the latter as “repre-

sentation space”. Note that our representation space only corresponds to the part of colour

space in which the indices (r75) are coupled to an overall colour singlet. We now derive

some important properties of S and of the related matrices s and K in representation space.
In (3.20) we have seen that the matrix S,,4, is Hermitian in colour space,

179,815 __ 5159,T1 g\ *
‘5'0410427 - (‘521,1(1,27 ) . (4.26)

Under Hermitian conjugation, an index pair i = (i,7') in S changes its transformation
properties: if i transforms as an SU(3) triplet in S, it transforms as an antitriplet in ST
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and vice versa. The colour projectors satisfy Pgljj/ = (Pjiéij/j)*, P}g’ ad’ (P}éia“,)* and
PI%“/ b — (Pla%a/ W% so that the rule for contraction with the colour projectors stated
below (4.6) is satisfied if S is contracted with P and ST with Pj;. We thus find that

RRG (R’RSMQ)* : (4.27)

i.e. S is also Hermitian in representation space. In analogy, the fact that the Collins-Soper
kernel Kg, 4, is Hermitian in colour space implies that it is Hermitian in representation
space as well.

We now turn to the relations between soft factors for quarks and antiquarks. The
relations (3.14) imply that

RR' Nayaz (R/) RR' * Nayaz (R/) R'R
Satas = — v Saia = ————== "5 a0 4.28
n Nayaz (1) ( ' 2> Nayaz (1) o ( )

where a denotes the antiparton of a (with the convention g = g). The complex conjugation
of projection operators implicit in the first step corresponds to the fact that an index 4
transforming as a triplet in Sy, 4, transforms as an antitriplet in 53,5, and vice versa. Com-
plex conjugation of the € factors in the definition (4.20) gives the factors 1 in (4.28). In the
second step we have simply used the property (4.27). We now recall that the relations (3.14)
for S translate into analogous relations (3.30) for s. By taking the rapidity derivative, we
find corresponding relations for K as well. In analogy to (4.28) we can thus derive

RR' Naras (R) prg
Ka1a2 - m K&la2 . (429)
We will use this in section 5.1 when making rapidity evolution explicit in the DPS cross
section. A different way to connect soft factors for quarks and antiquarks is to note that
the operator Og, in (3.16) is related with its analogue Og g for antiquarks by

i

i, Ul
[0s,4(y, z; 01, vR)] = [Os4(y, —2z;v,0R)]"" . (4.30)
Multiplying with colour projectors according to the rule stated below (4.6), one obtains

/
RRS

qq(zb Z2, y) = 1tig

qq(zla —Z2, y)

RR/Sq (—Zl, 2279) =

RR/Sq*(—Zh —22,Y), (4.31)

where the arguments vy,vr are the same in all four expressions. Relations analogous
to (4.31) hold for "'K, ., provided that #7'U, ,, satisfies the requirements (A.15).

Let us finally investigate the consequences of charge conjugation invariance. Charge
conjugation transforms t*A*%(&) — —(t%)* AH?(£), which can be derived from the familiar
transformation properties of quark fields and charge conjugation invariance of the interac-
tion term —gqt®A*%y,q in the QCD Lagrangian. As a result, a fundamental Wilson line
transforms as
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For soft factors /'S involving gluons, we rewrite all adjoint Wilson lines as [84]
W = 2tr(t*W'WT), (4.33)

where the Wilson lines on the r.h.s. are in the fundamental representation, express f@°
and d®¢ as traces of products of matrices t, t*, t¢ and then eliminate all these matrices
by repeated use of the colour Fierz identity (4.2). After these steps, we have for all parton
combinations a; and ay a representation of ™S, .. in terms of traces of fundamental
Wilson lines W and WT, where thanks to the e factors in the definition (4.20) no explicit
factors of i appear. The transformation (4.32) then readily implies that #S,, ,, is real
valued, and with (4.27) we furthermore obtain that it is symmetric in representation space,

RR'g — RRg , where for brevity we omit the subscripts ajas.

i.e. we have

To show that #%'s and *'K are also real valued, we translate the derivation starting
in (A.7) into representation space, projecting all relevant matrices as specified in (4.20).
It is then easy to see that RR'S and RR'K are real valued. To establish that RRI(? 1/2) is
real valued, we note that RR'G has positive eigenvalues, which is readily seen by projecting
the eigenvalue equation Sv = v from colour space to representation space and recalling
that in colour space S is a positive matrix. According to the discussion below (A.10), the
square root of a positive real matrix is real. Choosing the matrix U in (A.11) and (A.12)
such that BRU is real, we find that both £#%’s and #'K are real. Since RRE ig Hermitian,
it is also symmetric: FRK = FRE

Combining the symmetry relations (4.28) and (4.31) with the fact that %S is sym-
metric in R and R/, we obtain

/
RRS

w(z122,y) = Sy (—21,—22,9). (4.34)

An analogous relation holds for RR/qu.

The quark and gluon operators in (3.3) and (3.6) satisfy [(’)g”l]T(y,z) = 0" (y,—2),
where the colour index r pertains to the fields at y + %z and 7’ to the fields at y — %z For
colour projected unsubtracted DPDFs this yields the relation

*

[RFus,alag (miy y)} = RFus,alag (xia y) . (435)

Let us explicitly show this for AFys 5. Using that g,(A)e,(A) = i and (Pfljl aa’ys —Pf{j aa
we have

[AFus,qg (l'ia y)] '

e / dep dzy dy~ [iPY el eeHem)r () 017 (4, 21) 047 (0, 2) [p)]
—c / dey dey dy~ i Py et @t mn et (5] 05 (y, —21) 020, —22) |p)
= AFus,qg(xiy y) ) (436)

where in the last step we used that z1 = zo = 0. Here ¢ = ¢* is a product of kinematic
and numerical factors not essential for the argument. We see that the factor ¢,(A4) = ¢
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Figure 2. Graphical representation of the relation (4.38). The Wilson lines are understood to be
interacting, i.e. any number of gluons may be attached to them in a Feynman graph.

compensates the behaviour of Pij "9 nder complex conjugation. One easily checks that
[€a, (R)€as (R) Pgl 35/] " =4, (R)eq,(R) Pgr 5 for all projectors, which ensures the general
validity of (4.35). Given that #%'s is real valued, we finally find that

[RFGWQ (xi) y)} - RFalag (xiv y) . (4.37)

In all colour channels and for all parton combinations, DPDFs are thus real valued.

4.4 Simplification of soft factors in collinear factorisation

In the soft factors relevant for collinear factorisation, one should set z; = zo = 0 in the
definitions (3.12) and (3.15). Corresponding Wilson lines in the scattering amplitude and
its complex conjugate are then at the same transverse position. This simplifies the colour
structure significantly, as we will now demonstrate. In the remainder of this subsection, it
is understood that all soft factors are taken at z1 = z9 = 0.

The projection operators on Wilson lines obey the relation

Wy, PR W, = W PRI W (4.38)

for R = 1,8, where it is understood that the Wilson lines W and W' are in the same
direction and at the same position. For R = 1 this is trivial, and for R = 8 it readily
follows from the colour Fierz identity (4.2). A graphical representation of (4.38) is shown
in figure 2. Remarkably, an analogous relation holds also for adjoint Wilson lines

W, PR Wi = wy, Pt Wi (4.39)
and for the mixed case
W, PREE W = W PRI W (4.40)

in all relevant representations R. This can be shown by following the steps in and af-
ter (4.33). For the extended soft factor, the relations (4.38), (4.39) and (4.40) imply

PE (Saras) 57 = PE* (Saray) 500 (4.41)
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179,737y
5189,58384

for better readability, the other three pairs remaining untouched. Instead of making a

where we have displayed only one of the four double index pairs (r,,s;) in (Sg;a,)

colour projection for the fields at £ = ¢~ = 0, one can thus make the same projection for
the fields at infinity. This yields an important relation between a specific projection of the
extended soft factor in (3.12) and the basic one in (3.15). With (4.41) and the projection
property (4.8) we have

S1l1 pSots TTo,U s DSV pli¥; pSals plals T1T9,U Uy
PR P2 (Sayay) = Pt ppt p2t p2ta(g

8189, 1ty Ry Ry Ro Ro 8189ty
_ plist pUity prasy plslsy 5180t 1t
= Pp™ Pg Pp2 Pp, (Saraz)vy 0,2, - (4.42)
where 7, s,...,v can each be in the fundamental or adjoint representation. Projecting this

on the remaining open indices, we obtain

71T pUIUy HS1t pSaty r1T9,U Uy S185 ptits 8189,t11o
PR PR/ PRI PR2 (SauzQ) - 5RR1 5RR2 6RR’ PR PR (Sa1a2 >21227E122

§1§27£1§2
= 6RR1 5RR2 5RR/ m(R) RRSa1a2 s (443)

where in the last step we have used the definition (4.20). We furthermore have

RR’ Eay (R') €0, (R) Ty plil 74Tt
Suen 2 (yecs(qy. VIO = PR PR (S RS,

_ prass plasy 7715t t
- PR PR’ (Sa1a2 )§1£2:§1§2

= Sppy PR (Sayay) i (4.44)

8179,8115 7

which shows that at z; = z9 = 0 the soft matrix is diagonal in the colour representations
R and R’. Note that this is not the case for nonzero z1, z9, as follows immediately from
the explicit one-loop expressions in section 7.2.

The soft factors discussed so far correspond to the same parton species entering a hard
scattering process in the amplitude and its conjugate. As already mentioned at the end of
section 3.1, there is also interference between ¢ and ¢, between ¢ and g, and between ¢ and
g. The corresponding Wilson line products in the soft factor are then W;i;Wi i, Wi Wy,
etc. The relevant projection operators for coupling colour indices in these cases are given
in equations (9) and (11) of [32]. Relations analogous to (4.38) can be easily derived for
these cases, where again the colour projections for the gluon fields at ¢ = ¢~ = 0 in the
Wilson lines can be traded for the colour projections of the fields at infinity. From this,
relations analogous to (4.43) and (4.44) can be derived for the soft factors associated with
interference between parton species in the hard scattering.

We now relate soft factors in the adjoint representation with those in the fundamental
one. For the mixed quark-gluon soft factor we have

RR _ pii8y pkic i1a9,k1¢0  pisby pkabsy iy iy kg Ry
m(R) ™Sy = PR Py (ng)l‘lg2,l‘1g2 =Pp™ Py (Sqq)glzwgl&g

o ’5212 ing 11117E1E1 o 1'112 EIEQ 11127E1E2
= Pé PE (Sqq)illé’zlEQ - PR PR (Sqq)l‘ll‘Q,iliQ

= m(R) s, (4.45)
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if R is in the singlet or octet channels, where in the second and the forth step we have
used (4.41) for the indices associated with parton as in Sy, 4,. Writing

RR _ pa1ay HC1Co a1Q9,C1Co
m(R) Sgg = Pp* PR (Sgg)gng,QIQQ
_ 1121 1122 Elgl E1§2 4109,C1Co
- PR PR PR PR (Sgg)blbwlez (446)

for R = 1,A,S and using (4.41) for all index pairs, one can reduce Sy, to Syq in the
colour singlet and octet channels as well. The only independent soft matrix elements for
collinear DPS factorisation (in channels with the same parton species in the amplitude and
its conjugate) are therefore

Hs = quq = 115(19 - Hqu = HSgg =1 (4.47)
and

885 — SSSqq — AAng — SSng — AAqu — SSqu — AASgg — 558997

DDS _ DDSgg ,
220G 2Tg (4.48)

where one can also replace one or both labels ¢ with ¢ in the soft factors involving quarks.
We recall that each factor in (4.48) depends on y, on a rapidity difference, and on two
renormalisation scales p1 and pe. In the colour singlet channel the soft matrix elements
are unity because all Wilson lines are contracted pairwise to WWT = WIW = 1.

As noted in [74], there is a remarkable identity

S (y) = Sy(y) , (4.49)

where S; is the soft factor for single TMD factorisation with a gluon initiated hard scat-
tering such as gg — H [85]. Its definition reads

Sy(z) = (0| P22 [0 4(0, 2)]*" |0), (4.50)

where Og 4 is obtained from (3.16) by replacing the fundamental Wilson lines with adjoint
ones. One can easily prove (4.49) by applying the colour Fierz identity (4.2) to %8S in the
quark representation and to S, after converting adjoint Wilson lines into fundamental ones
using (4.33). It is understood that the two renormalisation scales p1, po in 88S(zy) must be
taken equal in (4.49).

4.5 Interlude: collinear factorisation for coloured particle production

In collinear factorisation, we may consider the production of coloured particles, a prominent
example for DPS being double dijet production. As pointed out in section 2.1 of [29], the
steps for showing factorisation in this case lead to the extended soft factor (3.12). Instead
of the product in (3.1), the cross section then involves products of the form

X — Hélh H§2§2 [F’I;’ble (YR) S—l(YR - YL)]hEQ

a1by azbs u

X [S(Ygr — Y1) 22002 [STH (YR — Y1) Fugayay (Y2)] 2 (4.51)

S189 ,§1§2

— 26 —



-1
S F‘lls‘hth !

<
—

=
[

[\

Hy

\ /

77
Y-

~

P

\/
P N A

/\

N
s
&

[2)

-1
S Fus.amz [

Figure 3. Graphical representation of colour index contractions in the factorised double dijet cross
section. The indices in this figure correspond to the ones given in (4.51). The corresponding primed
indices in the complex conjugate part of the graph are not shown.

A pictorial representation is given in figure 3. Colour indices s,t in the hard scattering
factor H*5'"" are for the incoming partons in the amplitude, whilst s’, ¢’ are for the incoming
partons in the conjugate amplitude. These indices are contracted with colour indices of
the extended soft factor. The inverse soft factors S~! in (4.51) remove soft gluons from the
unsubtracted collinear factors Fys as usual; they are hence the soft factors with left and right
moving Wilson lines colour contracted as in (3.15). We have omitted their parton labels,
given that after colour projection they are independent of the parton species as shown in
the previous subsection. In the extended soft factor, the representation of each Wilson
line must match the parton entering in the corresponding hard-scattering subprocess. This
includes combinations such as W, (§,vr,) ,L(& ,URr), which corresponds to a right-moving
quark scattering on a left-moving gluon. It is not difficult to generalise the relation (4.43)
between the extended and usual soft factors to such cases, so that we can omit parton
labels in the extended soft factor as well. Inserting projection operators as in (4.12), we
can thus rewrite (4.51) as
1ty prsity S2t2 Sots
P H, . P H2p? P Ty [F o (Vi) S~ (Y — YL)]zlzg (4.52)

= a1by
X

X 6RR1 6RR2 6RR’ m(R) RRS(YR YL) PUIuQ [S_I(YR - YL) Fus,alag (YL)]2122
sltl H51t1 P52 Soty
_ Z alb1 azbo PT17"2 iz (Y ) RRS ( YL) P“1“2 il (YL),

) us,b1 ba us,a1az

where in the last step we used that F#S—1 is diagonal in R and R’. Splitting %S as
in (4.22) and using that f*%s is real valued, we obtain colour projected DTMDs from (4.23)
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and the analogue of (4.14) for Fs. This yields the main result of this subsection:

st st Sot Sot
X=Y 1 1 Pr " Hayy, PR Hog,
R €ay (R) €y (R) €ay (R) €by (R) Nale1 Na2 Mz m? (R)

X RFus,lnbz (YR) RR‘S_I(YR - YC) RRS_I(YC - YL) RFUSﬂlaQ (YL)

= Z RHa1b1 RHa2b2 RFblbz RFal(ZQ . (453)
R

The colour structure of the collinear cross section is thus surprisingly simple: we have the
same DPDs in (4.53) as in the formula (4.24) for colour singlet production, and the only
new ingredients are the colour projected hard-scattering factors®

1 1 PetHY
eqa(R)ep(R) Nog Ny m(R)

For the production of a colour singlet system, the hard scattering subprocess has the

RH,p, = (4.54)

structure
HE =60, Hy, . (4.55)

Using (4.10) we thus find
P Hyy = m(R) Hy,, (4.56)

so that ®H,, reproduces Hgp/ (N, Np) divided by e,(R)ey(R), which is absorbed into the
sign factor 74,4, (R) in (4.24).

5 Factorisation at small transverse momenta

We are now in a situation to give the TMD factorisation formula for DPS processes. Let
us consider the production of two particles or groups of particles with transverse momenta
g, g, and invariant masses (01, Q2. Both (01 and Q)3 are required to be large, and we denote
their generic size by @ for the purpose of power counting. Both transverse momenta, whose
generic size we denote by g, are required to be small compared with ). Up to power cor-
rections in A/Q and |q;|/Q, the DPS cross section with measured transverse momenta reads

dopps 1
dxr1 dxo dTy dZo d2q1 d2q2 S C

Z 6—alb1 (Ql, ,UJl) &a2b2 (QQv M2>

a1,a2,b1,b2

d2Z1 d2Z2 _ i _
/ (271')2 (271')2 de e thEIT R Warasbibo (xiaxia Zis Y5 His V) ) (5'1)

with
Wa1a2b1b2 (-fia Liy Zi4y Y5 My V) = q)(yy—l-) q)(z/y_)

X Z Naias (R> RFb1b2 (jh Ziy Y5 i, 5) RF&1&2 (xia Ziy Y3 Hi, C) (52)
R

®The factors ®H in (4.54) differ from the ones in equation (2.11) of [29]. Here we project index pairs
in the t-channel (s, s’ etc.) onto a definite colour representation R, whereas in [29] this was done for index
pairs in the s-channel (s, etc.).
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and

ye=yt (- =) (5.3)
We recall that we write arguments x; if a function depends on both x1, x2, and likewise
for all other variables. The combinatorial factor C' is equal to 2 if the systems produced
by the two hard scatters are identical and equal to 1 otherwise. The factor 74,4, (R) was
defined in (4.25); it is equal to —1 if R = A and exactly one of a; and as is a gluon and
equal to 1 otherwise. The subprocess cross sections are given by

1 Halbl (Q%v :U“%)
QQ% Nale1

a-albl (Q%, :u%) = (54)

and likewise for index 2. Here, 1/(2Q?) is the standard flux factor, and 1/(Ng, Ny, ) imple-
ments colour averaging over the initial state as noted after (4.24). The sum over ay, ag, b1, ba
in (5.1) runs over both parton species and polarisations, following the notation specified in
section 3.1. Hard-scattering cross sections and DPDs carry transverse Lorentz indices for
transverse quark and linear gluon polarisation, which must be contracted appropriately.
For later discussion, it is useful to rewrite the integration measure in (5.1) as

Py d?z1 dze e DA T3 = 27 d2y+ dy_ e~ (a1142) Z—i(q1-q2) (Y1 —y_)/2 (5.5)

with
1
Z = 5(231 + 22) . (56)

The function ®(ryy) in (5.2) regulates the ultraviolet region. It is intimately related
with the cross talk between double and single hard scattering and was introduced in the
recent work [30]. This is discussed in section 5.3, where we show how to combine the
contributions from DPS, SPS and their interference to obtain the physical cross section.
Apart from this function, the factorisation formula (5.1) is identical to the form that
emerged from the analysis of lowest-order graphs in section 2 of [27]. This is because our
DPD definition in section 3.3 absorbs all relevant effects of soft gluon exchange in the cross
section, leading to the crucial relations (3.31) and (3.32).

Of course, the scale and rapidity parameter dependence of the DTMDs in (5.1) does
not arise from lowest-order graphs but from the full analysis in section 3.4. In the next
section, we give the final forms (5.7) and (5.11) of the corresponding evolution equations,
as well as their explicit solutions (5.17) and (5.19) at the level of DPDs and of the cross
section, respectively. In section 5.2 we derive the evolution equations (5.22) to (5.25) of
DPDFs and give the explicit form (5.27) of their rapidity dependence.

When combining SPS and DPS in the physical cross section, one must take care of
interference effects and of double counting. A systematic framework for this has been
proposed in [30], and in section 5.3 of the present paper we characterise the individual
terms in the master formula (5.30) for the cross section with measured transverse momenta.
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5.1 DTMD evolution: renormalisation scale and rapidity

Let us rewrite the evolution equations for the DTMDs using the projection operators
introduced in section 4. The renormalisation group equation (3.43) then reads

0
m RFCLlCLQ (xh ZiyY; i, C) = ’}/F,al (/’Ll) xl(/xQ) RFa1a2 (l‘i, ZiyY; iy C) (57)

for the scale p1, and in analogy for po. Here we have introduced the rapidity parameter
¢ =2mxa (pF)2e e, (5.8)

where p is the proton momentum.® This extends the definition (3.50) for SPS to the case
of DPS in a way that is symmetric in the two momentum fractions x1,x3. As discussed
after (3.44), the correct rapidity argument of vz, in (5.7) is 21(/xa = 2(x1p")%e~2Y¢, since
the corresponding UV divergent subgraphs depend on the momentum of parton 1 (whose
plus-component is x1p™1), but not on the momentum of parton 2. For the DPD of the left

moving proton with momentum p we define accordingly

¢ = 2317 (p )% e¥C . (5.9)
Note that
¢C=mizam (2p7p7)° = Q1 Q3. (5.10)
Rewriting the rapidity derivative as 9/0Yc = —20/0log¢ = 20/dlog(, one obtains
from (3.34) the Collins-Soper equation
0

1 / /
RFa1a2 (-:Uia Ziy Y K,y C) = 5 Z RRKa1a2 (z’ia Y, ,u‘l) RF(l1a2 (xia Ziy Y5 i, C) (511)

0log( e

for colour projected DTMDs in a right moving proton. The Collins-Soper equation for a
left moving proton has the same form, with ¢ replaced by (. The scale dependence of the
Collins-Soper kernel in (3.43) now reads

0 /
8log 1 RER Ka1a2 (Zi, Y Mz) = —VK,a1 (ﬂl) 5RR/ (512)

and correspondingly for po. It is thus only the diagonal elements of RE'K that have UV di-
vergences and depend on the renormalisation scales p1 and po. Let us recall that the kernel
K, 4, and the anomalous dimensions vr, and yg , depend on the colour representation of
the parton (quarks or antiquarks vs. gluons) but not on their flavour or polarisation.

It is easy to solve the rapidity and renormalisation scale evolution with general starting
scales po1, po2 for py, po and (o for . Renormalisation scale evolution gives

RFa1a2 (l’i, ZiyY; Ky g) - RFalCLQ (l‘i) ZiyY; Hois C)

m g He g
X exp [/ FM'YF,M (p, 1¢/22) + / Flu VF,a2 (p, waC /1) | - (5.13)
i

01 Ho2

A different definition (going back to [86]) was used in [27], namely 122 (3| e, 127] = Chere -
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Using the rapidity evolution in (5.11) we write

, N
RFa1a2 (wiv Ziy Y5 i,y C) = Z Rr exXp |:Ka1a2 (zi7 Y; /’LZ) IOg = RFa1a2 (xia Ziy Y5 His CO) 3
R

V&

(5.14)
where RR/exp is to be understood as a matrix exponential, i.e.
& RRQM_'.RnR/M
RR/ _ RR'
n=2 RQ,...,Rn
We now split
RR/KCHCQ (i, Y; i) = Oppy [IKM (z13p1) + 1Ka2 (z2; #2)] + RR,Malaz (zi,9), (5.16)

where 1K, (z; i) is the kernel in the Collins-Soper equation (2.7) for a single parton TMD.
The colour singlet label 1 on K is given for consistency with our later notation in sec-
tion 6.2.2. By virtue of (2.8) and (5.12), the matrix "M is independent of 1 and po.
Combining (5.13) and (5.14) with (5.16), we obtain the relation between the DTMD at
initial and final scales in the form

R s (i, 20, Y5 114, C)

H1 /
= exp {/ e |:’Ya1 (M) — TK,a1 (M) log xl:./m:| + 1I(m (zl; /1’01) log \/\/CC:O
Ho1

H2 dp x2(/21
[ ) = ) 1o I 1 2 ) o
o

%)
V¢

X ZRR,GXP |:Ma1a2(zi7y) log} B ey (@i, 23,93 o1, 1102, Go) (5.17)
R/

02

V&

where we have used the explicit form (2.5) of v ,. The exponential in the second and third
lines is just the generalisation to two partons of the evolution factor for a single parton
TMD, as is readily seen by solving the system of equations in (2.3) to (2.8). It resums
both double and single logarithms. The last line in (5.17) describes the mixing between
different colour representations R under rapidity evolution and involves a single logarithm.
The double logarithms in the evolution of RFa1a2 (x4, 24, Y; 13, ¢) are thus the same as those
for a product of two single TMDs with appropriate arguments.

The symmetry relation (4.29) for #*K translates into an analogous relation for £\ .
Using that b; is the antiparton of a; in the cross section formula (5.1) and that M,, 4, does
not depend on parton spins, we can thus rewrite

aras (R RR/eXp M, logﬁ
Naras (1) [ b1ba NG

Vo
(5.18)
when inserting the evolved form of #F} ;, into the expression (5.2) of W. This allows us

! / / \/E
RFb1b2 = Nayas (R/) RFb1b2RReXp [Malaz log

to combine the matrix exponentials associated with the two DPDs. Further using that
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one has equal anomalous dimensions 7,, = v, and Yk, = VKb, and equal Collins-Soper
kernels 'K,, = 1K}, we obtain

M1 d Q Q
Wa1a2b1b2 = exp {/ o |:'7a1 (N) - ’7K,a1( ) IOg + Kal (zl; NOl) log ez
m

01 CO

; / " i [%2 (1) = Vi (1) 0g Q?] K, (22 o) log th }
102 0

QZ] 1

X vy ) vy ) D Maras (R) PFou, (4, 26 y5 por, oz, o)
RR'

Q1Q2
o

We have used the relation (5.10) for combining the arguments of the logarithms and ex-

RR’

X eXp |:M(11(12 (Z’M ) lOg :| RlFalaQ ('ri7 Ziy Y5 K015 102, CO) . (519)

pressing them in terms of the physical scales Q; and Q2. The variables ¢ and ¢ have thus
completely disappeared from the physical cross section. This is not the case for the fac-
torisation scales y; in (5.19) and in the hard scattering cross sections . As is well known,
the dependence on these scales only cancels up to un-calculated higher orders in «s.

5.2 DPDF evolution

We now turn to DPDFs, which appear not only in the factorisation formula for DPS with
integrated transverse momenta, but also in the short-distance expansion of DTMDs, as
we will see in section 6.2. We have derived in section 4.4 that the soft factor 'S, ., at
z1 = zo = 0 is diagonal in R and R’ and independent of the parton species. Following the
construction in appendix A, one finds that the matrix s in (3.25) is also diagonal in R and
R’ and satisfies the relation

RRs(y) = /RRS(2Y), (5.20)

which is the analogue of (3.47) for SPS. The definition of DPDFs from unsubtracted
collinear matrix elements in (3.29) thus turns into
AFpa(Yo) = lim s (Yo — Y1) PR a1as (Y1) (5.21)
YL—)—OO
for a right moving proton, and correspondingly for a left moving one. The kernel K = K
controlling the Y dependence of S(Y) and s(Y) is of course also diagonal in R and R’. We

denote it by £J in order to avoid confusion with the evolution kernel for TMDs. In terms
of the variable (, the rapidity evolution of DPDFs is then given by

Flog ¢ BE (2, y5 14, ¢) = %RJ(y;m) BF (2,95 14, C) (5.22)
where we have explicitly given all arguments of the functions. Since in the colour singlet
channel ''S = 1, one has 'J = 0 for the corresponding evolution kernel, i.e. the collinear
colour singlet DPDFs are independent of the rapidity parameter (.

Let us now discuss renormalisation. Setting z; = z9 = 0 in the soft factor S and in
the hadronic matrix elements Fys induces additional UV divergences compared to the case
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where these distances are finite. The graphs requiring renormalisation are now not only
vertex corrections and self energies, but also involve the exchange of hard gluons between
partons or Wilson lines associated with the scattering amplitude and its complex conju-
gate. This is of course well known from the renormalisation of the twist-two operators
that define ordinary PDF's, which is not purely multiplicative but involves a convolution
in the momentum fraction z and mixing between quark and gluon operators. In the renor-
malisation group equations for PDFs, splitting kernels P,; take the role of the anomalous
dimensions vg, in the TMD case.

In the case of DPDFs we must pay particular attention to colour. Taking the twist-two
operators (3.10) at z = 0 and projecting their colour indices on a definite representation
R as in (4.18), we obtain the colour projected matrix element *F,5 according to (4.19).
Due to gauge invariance, operators O, belonging to different colour representations do
not mix under renormalisation. To obtain the soft factor RS, we evaluate the Wilson
line products (3.16) at z = 0 and project them on definite colour channels R as P]ff Ogi
Again, operators with different R do not mix under renormalisation. The renormalisation
of the soft factor remains multiplicative, because it is identical for quarks and gluons and
because it does not depend on z.

With this in mind, one can repeat the arguments we developed in section 3.4 for the
renormalisation of DTMDs and of their Collins-Soper kernels. One then obtains

9 g R
T (u: 1) — — 5.23
9l 1 (Y i) v (p1) (5.23)
for the Collins-Soper kernel and
0
8log 1 RFa1a2 (ZL‘@', Y; i, C) =2 Z RPalbl (xlla M1, xlC/xZ) ?i RFb1a2 (xllv €T2,Y; i, C) (524)

by

for DPDFs, as well as analogous equations for the o dependence.” Let us emphasise that
the evolution equation (5.24) for DPDFs depending on y is homogeneous. As discussed
in [27, 30], an additional term for the splitting of one parton into two arises on the r.h.s. if
one integrates the distributions over y or Fourier transforms them w.r.t. that variable. The
resulting inhomogeneous equation has been extensively studied in the literature [87-91].

By construction, the kernels 'P,;, for the colour singlet sector are the ordinary
DGLAP kernels for the evolution of PDFs. They are hence independent of ¢, which is not
the case in the other colour channels. Indeed, combining (5.22), (5.23), (5.24) and requir-
ing equality of the derivatives 9/(0log ;) 9/(01log ¢) 'F and 9/(0log ¢) 9/ (0 log ;) FF, we
find

9 g , _ 1 _ \R
alogC Pab(xv H, <) - 4 5ab 5(1 ‘T) /YJ(M) (525)
and thus
Rp o (a _ L sa— )R 1 Ve Rp (s, 2
ab(l'nu’ C) - 2 ab ( .T) 7](:“) 0og [ + ab(xnuaf‘b ) (5 6)

"Regarding factors of 2, our convention for splitting kernels follows [65], so that 2P takes the place of
the anomalous dimension vr,, in TMD evolution. The kernel Bpin (5.24) should not be confused with the
colour projector Pg.
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These are the analogues of the relations (2.4) and (2.5) for the anomalous dimension
Yra(pt, ¢) in TMD evolution.
We can make the ¢ dependence of the DPDFs fully explicit in the form
Va2(/T1

M1 d T €T H2 d
E Ry (1) log VESLT2 16/e2 _ / Ry (1) log V25T
[ fu B

R!
(x‘7y’ 7() € p /
al1a 7 M’L X

0

NaP™
+ RJ(y; o, po) log T B F . posco (i Y3 1) (5.27)

where F is defined by the differential equation

0 pa
m Faiaz, 10,60 (i, y;5 p1, 112)
=20 (el i) bt By as, posco (T, 02, Y3 1, p2) (5.28)
b1

and its analogue for po, with the initial condition

~

RFa1a2,,uo,Co (xi7 Y; Ko, ,U'O) = RFa1a2 (xia Y3 KOs Mo, CO> . (5'29)

Unlike F', the distribution F evolves with ¢ independent kernels. The correct scale depen-
dence of (5.27) can be verified by inserting (5.25) into (5.24), and its ¢ dependence can be
verified by using (5.22) and (5.23).

The integrals over p in (5.27) give rise to double logarithms, which have been exponen-
tiated to a Sudakov factor in the solution of the evolution equation. Since the anomalous
dimensions v, are positive for all R # 1 (see section 7.2.1), the contribution of all colour
non-singlet DPDs to the cross section is Sudakov suppressed for sufficiently large hard
scales. This was recognised long ago in [92] and confirmed in [28], where a simple nu-
merical estimate was also given. In [28], scale and rapidity evolution was discussed for
collinear DPS factorisation, keeping unsubtracted DPDs and an explicit soft factor in the
cross section. The individual evolution equations hence differ between their approach and
ours, but must of course give the same effects at the cross section level.

5.3 Combining DPS with SPS

The DPS cross section given in (5.1) is not a physical observable, because the same final
state can also be produced by SPS. Dimensional analysis readily shows that DPS and SPS
contribute to the TMD cross section at the same power in 1/Q. The distinction between
the two mechanisms is in fact nontrivial, since there are Feynman graphs that contribute to
both of them. These are graphs in which one parton splits into two, as shown in figure 4a.
The kinematic region where the g pairs are nearly collinear with their parent gluon is
naturally described as DPS, with the splitting being included in the DPDs. By contrast,
the region where the quarks and antiquarks have large transverse momenta (and hence
large virtualities) is adequately described as a loop correction to SPS, with gluon TMDs
describing the initial state of the hard scattering.

The interference between SPS and DPS has the same power behaviour in 1/Q as SPS
and DPS and hence should also be included in the cross section. Again, there is a double
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Figure 4. Graphs that contribute to several terms in the cross section (5.30). The rectangular
boxes and oval blobs indicate the relevant hadronic matrix elements, depending on whether the
g — qq splittings are collinear or hard.
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Figure 5. (a) A graph for the SPS/DPS interference that does not have overlap with DPS. (b)
An SPS graph that has no overlap with DPS but with the SPS/DPS interference.

counting problem, since graphs like the one in figure 4b contribute to either the interference
term or to DPS, depending on whether the splitting takes place in the collinear or in the
hard momentum region. Note that not all graphs are affected by double counting. The
graphs in figure 5 for instance have no overlap with DPS, whereas there is overlap between
SPS and the SPS/DPS interference in figure 5b.

A systematic formalism for separating the different contributions and for adding them
in the cross section without double counting has been presented in [30]. In the following,
we briefly recapitulate the essentials of this scheme for TMD factorisation, referring to that
work for details. DTMDs and other hadronic matrix elements are used in the transverse
position (rather than transverse momentum) representation. This is very convenient for
treating Collins-Soper evolution, which is then multiplicative (rather than involving con-
volution integrals). The distinction between collinear and hard parton splitting then cor-
responds to the transverse distance between the partons being large or small, respectively.

As can be seen in figure 6a, the relative distance between the two partons with mo-
mentum fractions x1 and x2 in a DTMD is y, for the partons in the amplitude and y_
for those in the conjugate amplitude, with the distances defined in (5.3). The contribution
from small distances to the DPS cross section oppg is removed by the factors ®(vy, ) and
®(vy_) in (5.2), which we discuss further at the end of this section. Corresponding factors
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Figure 6. Transverse positions of the parton fields in parton splitting contributions to (a) the
quark-antiquark DTMD and (b) the twist-three TMD D4, Due to translation invariance, the
latter depends only on y, and Z. The positions in (b) correspond to equation (3.9) in [30].

are inserted in the interference oppg/sps +0sps/pps between SPS and DPS. The SPS cross
section ogpg is not modified in this scheme and computed as usual from TMDs and hard
scattering cross sections, as described for instance in [65]. The master formula for the
overall cross section then reads

0 =0ppg + [UDPS/SPS — 0DPS,y_—0 T OSPS/DPS — UDPS,y+%O]

+ [sps — ODPS/SPS, 4 0 — TSPS/DPS, y_ 0 T ODPS, 40 » (5.30)

where all terms should be taken differential in dzi dws dzy dZs d*qy d?q,. In this formula,
the double counting problem between different contributions is solved by subtraction terms,
which we will discuss shortly.

Let us start with the interference between DPS and SPS. As the colour and polarisation
of the partons are not the main focus of the present section, we will not display these
quantum numbers explicitly. The following equations hold for specific colour and helicity
of each parton on the L.h.s. and with appropriate sums on the r.h.s. The indices «ay, £; will
just denote the parton species. Up to kinematic and numeric factors, the interference cross
section is given by

dopps/sps
dxy dzy diy diy d2q, d?q,

x Z Halﬁ1 Hagﬁg Haoﬁo /d Z d Yy, e i(qy+az)

1,002,000

B1,82,80
% efi(ihfib)y+/2 (I)(Vy+) Dﬁlﬁz\ﬁo (-fia Yy, Z) Da1a2|ao (-%'7 Yy, Z) (5.31)

for DPS in the amplitude, and by

dosps/pPs

H o H* A2 7 42 —i(q,+42)Z
dxy dzo dZy dTo d?qq d?q, & ao;o@ aofo “a1p azﬁz/ y_e
Bo,B1,82
x e = RV-L2 D (vy ) Dg 5,5, (Zi,Y_, Z) Daglaas (20, Y Z) (5.32)

for DPS in the complex conjugate amplitude. Here Dg,qyq, 1S @ twist-three TMD with
two partons ajas in the amplitude and one parton «q in the conjugate amplitude. Its
definition is similar to the one of DTMDs, with three instead of four parton operators in
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the hadronic matrix element. The transverse positions of the partons are as indicated in
figure 6b. In Dyja;as;
H, g, and H,,p, are the hard scattering amplitudes for the DPS processes, whilst Hq,

the roles of amplitude and conjugate amplitude are interchanged.

is the amplitude for the hard SPS interaction.

opps/sps receives a contribution from the graph in figure 4b without the rectangular
boxes. The quark loop in the conjugate amplitude includes an integration over the full phase
space, including the region where the ¢ — ¢q splittings become collinear. By a Fourier
transform, one can rewrite the transverse part of the loop integration as an integral over
y_, after which the region of collinear splitting corresponds to large y_. This contribution
is already included in oppg, so that a subtraction term is necessary to prevent double
counting. It reads

dopps,y_ 0
: H H H* » H*
dxy dxo dTy dTo d?qq d?q, * Q;Q orfi ezl Fonfi ezl
B1,82

% /dQZ d2y+ d>y_ e~ (a1+42)Z—i(q1—a2)(y 1 —y_)/2 d(vy,) ®(rvy_)

X F,Blﬁz,y_HO('flﬁ Yy, Z) Fa1a2,y7—)0('xi7 Y, Z) . (533)

Compared with the DPS cross section given by (5.1) and (5.2), we have traded the ar-
guments z;, y of the DTMDs for y,, Z and correspondingly changed the integration
according to (5.5). For simplicity we write y_ — 0 instead of y_ — 0 in subscripts. The
DTMDs in (5.33) correspond to the rectangular boxes in figure 4b and are given by
y' o

FOélOQ,y——)U(‘Tia Yy, Z) = yig_ [Uém*)OquQ (CCZ)] : Da1a2\ao (CC,‘, Yt Z) + O(O‘?/Q) . (5‘34)
This notation reflects that in the limit y_ — 0 the DTMD is dominated by the contribution
where the two partons a1 and «g in the conjugate amplitude originate from the splitting
of a single parton ag. The lowest order perturbative splitting kernel U includes a factor of
Va. For given o and aw, the parton species «y is fixed at this order, but its helicity must
be summed over. As shown in [30], the combination oppg +0pps/sps —0pps,y_ 0 correctly
treats the contribution of graph 4b to the cross section, for small and for large y_, and
without double counting. We will see in more detail how this happens in section 6.5. The
other subtraction term in the first line of (5.30) is given by expressions analogous to (5.33)
and (5.34), with y_ replaced by y, and the roles of amplitude and conjugate amplitude
being interchanged.

The subtraction terms oppg/sps,y, -0 and ogps/pps,y_—o in the second line of (5.30)
are obtained from (5.31) and (5.32) by replacing all distributions D with their perturbative
splitting approximation. For the case shown in figure 6b, this is given by

l
Yy
Da1a2|ao,y+—>0<xia y—‘,—ﬂ Z) - y;_ U(l)lo—>0¢10¢2 (xl) foco (.ﬁUl + x27 Z) + 0(042/2) ’ (535)
+

where on the r.h.s. we have a single parton TMD and the same splitting kernel U as

in (5.34). An analogous expression holds for the limit y_ — 0 of D The combination

aglaton:
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oDPS/SPS T O3PS —ODPS/SPS,y, —0 correctly represents graph 4c in the region where the quark
loop in the conjugate amplitude is hard.

Finally, the term opps,y. 0 in (5.30) ensures the correct treatment of the case when
both quark loops in graph 4a are in the collinear region. This term is given by the DPS
cross section with each DTMD approximated for the regime where both parton pairs are
produced by perturbative splitting:

l 4
Y, y_ / *
Fmaz,yiHO(fEia yi? Z) y+ y72 Uclx0—>a1a2 (ml) [Uézo—ﬂ)qag (xl)] fao (iEl + I2, Z) + O(O&g) N

=02
i
(5.36)
This is illustrated in figure 6a and can be obtained by inserting the expression (5.35)
into (5.34). Notice that oppg,y, 0 appears with a plus rather than a minus sign in (5.30).
This is a consequence of the recursive nature of double counting subtractions, as explained
in section 4.2 of [30].
To make contact with our notation in section 6.3.1, we rewrite (5.36) in terms of a
single splitting kernel as®

R YLy Qs Rl T fao(x1 + 22, Z) 2
Falag,yi—m(xi;ziay): 2 92 227:2 Taoﬁalag <$1+CC2) 20 $1+562 +O(as)7

ao

(5.37)
where we have restored the dependence on the colour representation and the notation with
labels a; that specify parton species and polarisation. For transverse quark or linear gluon
polarisation, the parton distributions and the kernel T, 4,4, carry additional transverse
indices, which are not displayed here (see section 7.4). The sum over ag reflects the fact
that there are TMDs for these polarisation states, even if the proton is unpolarised.

We can now discuss the role of the function ® introduced earlier. The short-distance
behaviour of the DTMDs and twist-three distributions, given in (5.34) and (5.35), results
in an integral

d2y+ ‘ 2
- e HB=DR)YL/2 H(py ) (5.38)

ly, |[<1/A

and its analogue for y_ in the cross section formulae for DPS and for the SPS/DPS inter-
ference. The function ® must satisfy ®(u) — 0 for u — 0 to ensure that these integrals
converge at small distances (rather than having a logarithmic divergence). In order to
keep the regions of large y, and y_ unaffected, one should furthermore have ®(u) — 1 for
|lu| > 1. A simple choice for ®(u) is a step function in |u|, which corresponds to a hard
cutoff on the y, integrals.

The integral (5.38) goes like log(v/qr) and thus depends on the artificial parameter v
that controls which distances y, are included in what we define to be DPS rather than SPS.
The v dependence of the different terms in the cross section (5.30) cancels to the perturba-
tive order of the calculation, in close analogy with the familiar case of renormalisation and
factorisation scale dependence. As discussed in [30], a suitable choice for v is the lowest hard

The convention for 7%/ here is the same as in [30] (arXiv version 2) and differs from the one in [27] as
specified in section 7.4.
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scale, min(Q1, Q2). With this choice, opps contains a squared logarithm log?(Q/qr), where
we recall that () denotes the generic size of Q1 and ()2. After the subtractions in the first line
of (5.30), the SPS/DPS interference contains only a single log(Q/qr) and the subtracted
SPS term in the second line has no such logarithm at the corresponding order in «. This
has an important consequence. If one is satisfied with leading logarithmic accuracy, then
the terms in square brackets in (5.30) can be neglected at the order in a; where they have
overlap with DPS, because at that order it is oppg that has the highest power of log(Q/qr).

We should note that the structure of the higher-order terms in (5.34), (5.35) and (5.36)
is currently unknown. In particular, it cannot be excluded that singularities will appear
at points other than y, = 0 and y_ = 0. The treatment of ultraviolet divergences and of
the associated double counting issues may thus be more involved beyond the leading order
discussed here.

To conclude this section, we briefly discuss the scale evolution of the twist-three
TMDs D. As already noted, they are defined in terms of hadronic matrix elements, with
three parton fields and the corresponding Wilson lines instead of the four fields we have
in the unsubtracted DTMDs in (3.2). The three parton fields are at different transverse
positions (if all three positions are equal, one has collinear twist-three distributions). It
is easy to see that the analysis of factorisation for the SPS/DPS interference will yield a
soft factor, with three products of Wilson lines associated with the three parton fields in
the hadronic matrix elements (rather than four products of Wilson lines as in figure 1).
One can readily adapt the discussion in sections 3.2 to 3.4 to this case and absorb the soft
factor into the twist-three distributions. The colour algebra is much simpler than in the
DPS case, with a single colour representation in the ¢gg channel, and two for the channel
with three gluons (one constructed with £ and the other with d?*¢). The rapidity de-
pendence of Dy, q,|q, is finally given by a Collins-Soper equation as in (5.11) with a kernel
Ko ozl 1f one takes different renormalisation scales 1, p2 and po for the three parton
legs, then the dependence of D and K on these scales is given by the analogues of (5.7)
and (5.12), with v, replaced by Vi o/2 and v, by V. or (VE,4)* as discussed at the end
of section 3.4. The rapidity parameter ( is defined by (5.8) and must be properly rescaled
in the argument of v ,, namely by z1(/xa, 22(/x1 and (21 +22)*>(/(z122) for the partons
with momentum fractions x1, xs and x1 + x2, respectively.

6 Matching for small but perturbative transverse momenta

In the multi-scale regime A < ¢r < @, where the transverse momenta |g;| are small
compared with @Q; but large compared with the scale A of nonperturbative physics, the
DPS cross section, as well as its combination with SPS can be considerably simplified.
The reason is that the additional scale gy allows for more perturbative calculations, which
greatly enhances the predictive power of the theory.

We start our analysis by discussing the different transverse distance regions in the DPS
factorisation formula and find that two distinct regions of y are relevant. The corresponding
short-distance expansions of DTMDs are derived in sections 6.2 and 6.3, respectively. In
section 6.4 we discuss the master formula (6.51) for combining the two types of expansion in

-39 —



the cross section, where care must be taken to avoid double counting. After this, we revisit
the combination between DPS and SPS just discussed in section 5.3. In section 6.6 we go
through the perturbative ingredients that are necessary for a given resummation order as
specified in table 3; their availability determines the perturbative accuracy of cross section
computations.

6.1 Regions of transverse momenta and distances

In the DPS cross section (5.1), contributions from distances |z;| > 1/|q;| are suppressed
by oscillations of the Fourier exponent e~*d1#1~#222_ [f q, and q, are sufficiently large,
this keeps z1 and zo in the region where perturbation theory has predictive power for the
dependence on these variables.

Care is required if g; and g, are perturbatively large but |g; + g5| is of order A.
According to (5.5) the sum |z; + 23| can then reach large values of order 1/A, as long as
|21 — 23| remains small. The individual oscillations of e~*1%1 and e~%92%2 cancel in that
case. Likewise, |z1— 22| can become as large as 1/A if q; and g, are perturbatively large but
lg; — q5| is of order A. The perturbative splitting form (5.37) of DTMDs has a factorised
dependence on the variables z1 + z9 and z; — 22, and the short-distance expansion (6.38)
we will derive from it requires both distances to be small. We therefore do not consider the
particular phase space regions just mentioned and require |g;| and |g5| as well as |g; + g5
and |g; — g5| to be much larger than A. The dominant contribution to the z; and =z
integrals in the cross section formula (5.1) is then in the perturbative region. Even with
this requirement, one could still consider a region where |g; + g5| is much smaller than |q; |
and |g|. This multi-scale regime has been discussed in section 5.2.1 of [27] and in [47, 48].
We shall not investigate it in the present work.

Other observables in which sensitivity to large z; and zo can be avoided are obtained
by integrating the cross section over one or both of g; and gy up to gmax,1 and gmax2
respectively. In

/d2q H(qfnax - q2)/ @z e W (z,...) = Gua /sz J1 (gmax|2]) W(z,...) (6.1)
(2m)? ’ * ] 2nz| e ’

the region of |z| > 1/gmax is damped by oscillations, as it is by the exponential factors in

the differential cross section. To avoid that the product of the two Bessel functions has a

non-oscillating component for |z;| &~ |z2|, one must take gmax,1 # ¢max,2-

We henceforth assume that both |z;| and |z2| are small, namely of order 1/gr. Since y
is integrated over without any Fourier exponent in (5.1) we must still consider the two cases
ly| ~ 1/A and |y| ~ 1/qp, which are referred to as large y and small y in the following.
For even smaller |y| < 1/qr, the approximations for DPS are not valid and the subtraction
formalism sketched in section 5.3 comes into play. The short-distance expansion of DPDs
in the two DPS regions just mentioned is quite different and will now be discussed in turn.

6.2 The large-y region

For small z1, z9 and large y, the DTMD F(x;, z;,y) can be computed in terms of DPDFs
F(x;,y), in close analogy to the case of single parton distributions. This is commonly
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referred to as “matching”. For DTMDs there are complications from colour, but our
results from section 4.4 lead to considerable simplifications. Generalising the relations (2.9)
and (2.11) between TMDs and PDFs, we can derive the general matching equation (6.11)
and the explicit solution (6.22) of the evolution equations for DTMDs. This solution is
promoted to the cross section level in (6.24). We emphasise that the simple structure
of (6.22) and (6.24) is due to the additive form (6.16) of the Collins-Soper matrix kernel
in the short-distance limit considered here.

6.2.1 Short-distance expansion

We now derive the approximation of DTMDs in the region |z1],|z2| < 1/A, with y kept
fixed at a value such that |z1], |z2| < |y|. Corrections to this approximation are suppressed
by powers of |z;|A and of |z;|/|y|. To make the analogy between DTMDs and single parton
TMDs transparent, we formulate the matching in terms of operator product expansions
around z; = 0.

Let us start with the expansion of the soft factor. We need the small-z limit of the
operators Og ,(y, z) defined in (3.16), which contain two Wilson line pairs separated by a
transverse distance z. The colour structure of the short-distance expansion can be deduced
from the corresponding Feynman graphs. To minimise the number of eikonal propagators
that carry large momentum, interactions at the hard scale 1/|z| must take place closest
to the points where the left- and right-moving Wilson lines meet, as shown in figure 7. In
terms of the operators in (3.13) and (3.16), we thus find the structure

[0s.a(y.2)]"" = C4(2) [Os.a(y)]"2 (6.2)

with a short-distance coefficient C's, that can be computed in perturbation theory. Here
and in the following, the absence of the argument z in operators or functions means that one
has set z = 0. The analogue of this convention will be used for arguments z;. Introducing
colour projected coefficients RC& 0= Pff Cé%a /m(R) and using (4.11), we obtain

[OS a\Y, 2 Z RCS a Ié%t [OS,a (y)];’f

_ZRcSa PR PR [054(9)]3) (6.3)

where the second step is completely analogous to the derivation of the relation (4.42)
between the extended soft factor and the usual one. Taking the vacuum expectation value
of Og4, (Y, 21) Os,4,(0, z2) with appropriate colour projections, we obtain

RRG,  as (21, Y) = BCs.0, (21) BCs0, (22) BRS (y) S - (6.4)

For computing the short-distance coefficients, it will be convenient to contract (6.3) with
PR/ , which gives

Pp*[Os.a(y, 2)]™* = TC54(2) Pr* [Os.a(y)]™*. (6.5)
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Figure 7. Interactions of Wilson lines in the operator Og ,(y, z) in the limit of small z. Short-
distance interactions are located in the box at the centre, whereas gluons outside the box indicate
possible interactions with other Wilson lines at distances much larger than z. In the soft factor
Sayas(Zi,y) these distances are of order y for small z; and z,.

For approximating the unsubtracted collinear matrix element F,, we need the small-z
limit of the parton operators in (3.10). We use their projections (4.18) on definite colour
representations, which cannot mix with each other due to gauge invariance. The short-
distance expansion involves a convolution integral over momentum fractions and reads”

ROL(x,y, 2 Z Cusab(7',2) ©TO; (', y). (6.6)

If a or b refer to transverse quark or linear gluon polarisation, then the associated operators
carry additional transverse indices, and the same holds of course for Cs 4. Taking matrix
elements as in (4.19), we obtain an approximation

RFus,a1a2 (.TUZ',Z“ Z Cus ,a1by (xlazl) ® CYus ,a2ba ($2,Z2) ® Fus ,b1b2 (xmy) (67)
b1,b2

of unsubtracted DTMDs in terms of unsubtracted DPDFs and perturbative coefficients
Cus,ab(xy Z).

We now combine the soft factor with the unsubtracted DTMD. Using the relation (5.20)
between s and S, we obtain

s (209 10, Y) = (RO 0y (2111, 2Y) \RC0y (221 12, 2Y ) "s(y: i, V) Sy (6.8)

from (6.4), where we have restored the dependence on renormalisation scales and rapidities.
Combining this with (6.7) and using the definition (4.23) of DPDs, we get

BB e (i, 20y 1, Yo) = Y B, (2, 215 11, Yo) ® B by (3, 295 12, Yo
b1,b2

®@ lim RI_?us ,b1b2 (x’uy /'LMYL /R y MZ'}YC YL) (69)

T2 Y, ——00

°The lower limit of the convolution in (6.6) is 2’ = 0. When matrix elements between hadrons with plus
momentum p* are taken, the lower limit becomes x’ = x, as in (2.10).
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for a DPD in a right moving proton, where the short-distance coefficients are defined as

R LY,
BCuw(x, z;1,Ye) = lim us,ab (23 1, Y1)
Y, ——o0 \/RCS,a(z; 1, 2YC — QYL)

. (6.10)

Switching variables from Yo to ¢ and again using the definition (4.23) of DPDs, we obtain
the final form of the matching equation:

RFa1a2 (*Tia Ziy Y5 His C) = Z RCalbl (x1/7 215 /j’lawlC/xQ)
b1,b2

gé ROy (29, 295 12, 29C /1) g@ BBy by (h,y; i, €) . (6.11)
1 2

The rescaling factors z1 /x2 or e /x1 of ¢ in the short-distance coefficients arise for the same
reason as discussed after (5.8). Note that they involve the parton momentum fractions x;
or x2 and not the integration variables x or z, of the convolution (2.10).

Let us emphasise that (6.11) involves mixing between quark and gluon distributions.
Therefore, the combination of #%s(y) and #F 1, (7, y) into a DPDF works only because
RES(y) is the same for quarks and gluons (for representations R accessible to quarks).

Let us finally set R = 1 and show that in the colour singlet channel, the coefficient
LCup(, 2) in (6.11) is identical to the coefficient Cyp(z, 2z) in the small-z expansion (2.9)
of a single parton TMD. The corresponding identity for the coefficient 1 Cys op(x, 2) readily
follows from taking the matrix element of the operator relation (6.6) between two proton
states, which is related to the unsubtracted TMD fys , via the first relation in (3.11). For
1Cs.4(z) the identity is obtained by taking the vacuum expectation value of (6.5), which
gives the soft factor S,(z) relevant for constructing the TMD f,(x, z) via (3.47) and (3.49).
The short-distance coefficient for f,(x, z) is then obtained as in (6.10).

Notice that the vacuum expectation value of the colour projected operator on the r.h.s.
of (6.5) gives unity for R = 1, because the Wilson lines along both vy, and vg appear in the
combination WWT = 1. This reflects the fact that no soft factor appears in the definition
of ordinary PDFs. We thus find

Sa(z;1,Y) = 'Csalz: 1, Y) (6.12)

for small z, i.e. the soft factor for single TMD factorisation is purely perturbative at small
distances.
6.2.2 Evolution equations and their solution

Let us now establish the consequences of the short-distance expansion (6.11) for scale and
rapidity evolution. From (6.8) we deduce that

0 0
7 log \/RC&@1 (z1;p1,2Y) + % log \/RC’&CL2 (z2; p2,2Y)
0 0
= oy 108 s, (2095 13, Y) — 5 log Mis(ys 11, Y)

= 0K 0o (2 s i) — BT (g5 ) (6.13)
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with the kernels “FK, ., and fJ from (3.24) and (5.22). The rapidity derivative of
RCg.a(2z; 1,2Y) must thus be independent of Y. Defining

0
RRo(z;p) = == 1og Cs4(2z; 1, Y), (6.14)
Y ’
we obtain 5 )
R R R
a y 25 [y =35 Ka ; a y 25 [y 1
Fioe "Can(w 214,0) = 5 Kl 10 Cun(,2511.) (6.15)
for the coefficients in (6.10). Inserting this into (6.11), we find
BRK s (2,93 113) = Oy [FKay (215 11) + B oy (203 p2) + BT (g5 113)] - (6.16)

This represents a significant simplification of the Collins-Soper equation for DTMDs in the
small z; limit, both in the colour structure and in the separation of the three distance
variables.

Taking the derivative 0/0log 1 of (6.16) and using the renormalisation group equa-
tions (5.12) and (5.23) for K, ., and ©J, we deduce that

Vr.a(1) = T vica(p) + () (6.17)
for all R, where we have introduced the anomalous dimension of the kernel #K,,,
0 R R
Ko(zp) = — . 6.18
o ez = ~ Mol (6.13)

In the colour singlet sector, we have 'J = 0 and hence '~; = 0, which implies I’yKﬂ = YK,a-
Indeed, 'K, (z; i) is identical to the ordinary Collins-Soper kernel K,(z;u) in (2.7), which
is readily shown by taking the rapidity derivative of (6.12).
Taking the p; derivative of the short-distance expansion (6.11) and using the evolution
equations (5.7) and (5.24) for DTMDs and DPDF's, we obtain
0
0log 1

=Y Cala’ 21,0 ® [5bc5(1 — ') ype(s Q) = 2 P’ 1, €) | - (6.19)
b

RC@C(xa Z5 [y C_:)

Having computed the short-distance kernel RO b at a certain order in oy, we can use this
relation to reconstruct the evolution kernel #P,; at the same order. We will do this in
section 7.3.5.

With the short-distance limit (6.16) of the Collins-Soper kernel, the general solu-
tion (5.17) of the evolution equations for DTMDs takes the form

RFa1a2 (iL'i, Zi Y i, C) (6'20)
H1 g
= exp { / 7” [%u (1) — VK01 (1) log \/l’llf%}
Ho1
M2 g
+ / an |:’7a2 (lu’) — TK,a2 (/.L) log \/xifﬁ}
Ho2

/e
+ |:RKCL1(’Z1; pi01) + K, (225 o2) + 7 (y; Mm’)} log \/C% R as (i, 20y Y5 p0is C0)
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where different colour channels no longer mix with each other. Using (6.15), we can rewrite
the rapidity dependence of the short-distance kernels as

Vx1o/w2 R
- Calbl(

/ . 2
T, 215 Hots N01)
Ho1

(6.21)
and likewise for the index 2, which reduces the number of independent scales in Cpy.

RCa1b1 (96,1,21;#01,96‘1(0/962) = exp RKa1(Z1§M01) log

Using the short-distance matching (6.11) for #F,, 4, (%, zi, Y; j10i, (o) in (6.20), we obtain
our master formula for DTMDs at small z; and large y:

RE, a0 (i, zis y; 114, ©) (6.22)
mg 21/ r1(/x
~exp { [ [val (1) — Vicn (1) log V/] T RK (215 1on) log VMO/
Ho1

2 du zo( /21 22C /1
- / [7“2 (1) = Va5 (1) log \/T] + RKcu(zz; foz) log \/,U«OT
v

02

+ 2T (y; pros) log \/\/2:0}

R / ) 2 R / . 2 R / .
XE Ca1bl(931’zlaﬂo1’ﬂo1)§ Ca2b2(‘r27z27N027M02)§ Fy o (75, Y5 11055 Co) -
1 2
b1,b2

In the colour singlet channel, the result (6.22) is a simple copy of its analogue (2.11) for a
single-parton TMD, with separate short-distance coefficients Cy;, and Sudakov exponentials
for each parton. For colour non-singlet channels, the Collins-Soper kernels ®K,(z) acquire
a colour dependence, and there is an additional term fJ(y) in the exponent. The latter is
also present in collinear DPS factorisation: in fact one simply has

V<
exp |7 (y; poi) log o By s (2 Y5 1015 C0) = B Fhyn, (25, 95 1102, €) (6.23)

according to (5.22). In this sense, the value of (y in (6.22) is irrelevant (contrary to the
choice of pp;, which appears in quantities that are computed using fixed-order perturbation
theory). The choice of {y does matter when this is the scale at which one formulates an
ansatz or model for the DPDFs (which is of course inevitable for concrete calculations).

After inserting (6.22) and its counterpart for the left moving proton into the defini-
tion (5.2) of W, we can combine the logarithms of ¢ and ¢ in the exponentials, as we did
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in the generic expression (5.19). We thus obtain

Wlarge y = Z Naias (R) (624)
R
M1 d,u Q2 QQ
X exp { / — [%1 (1) = Vi ,a1 (1) log 5] + Ko, (215 po1) log 5+
Ho1 K K1

H2 d,u Q2 Q2
+ / — [’m (1) — VK05 (1) log 22} + K o, (225 po2) log =5+
Ho2 K Ho2

R —/ . 2 R —/ . 2
X E Chyay (T15 215 o1 1) 3238) Chody (9, 295 Ho2s M)
1

c1,¢2,d1,d2
R / . 2 R / . 2
? Calcl (ajl’zlnu(]l’:um)é? Ca202($27z27/‘027/‘02)
2 1

Q1Q2
Co

© [@(vy)]” exp [Rj(y;ﬂm‘) log

- } RFdld2 (T3 Y5 Hois Co) RFqcz (5, Y5 Hois Co) »
which is the main result of this section. The product of regulator functions ®(vy, )®(ry_)
has been approximated as appropriate for |z1|,|z2| < |y|. Note that the dependence on y,
z1 and zy is completely factorised in (6.24). The y integral can hence be performed sepa-
rately. For unpolarised or longitudinally polarised partons, the short-distance coefficients
C are independent of the direction of z1, zo by rotation invariance. The angular part of the
z; integrations can then readily be performed and turns the Fourier exponentials e~ /9%
into Bessel functions. The situation for transverse quark or linear gluon polarisation, where
C' (as well as F' and &) carries transverse indices, can be discussed along similar lines.

Each of the two partonic cross sections &; in (5.1) and the four short-distance kernels
RC in (6.24) has an oy expansion starting at order a2. It is natural (although not manda-
tory) to truncate their product to the highest order in a at which the individual factors
are computed.

To evaluate the kernels K and #C in (6.24) in fixed-order perturbation theory, one
should choose the scales jip; such that no large logarithms appear at higher orders. A
standard choice for single hard scattering is to take u%i = b% / z?, which makes the one-loop
expression of #K (z;; jio;) vanish. Here

by = 2¢77P (6.25)

with v being the Euler constant. While the cross section (5.1) is dominated by |z;| ~ 1/|g,|
due to the Fourier exponentials e ~’9i%ione still must integrate over the full range of these
distances. To avoid evaluating the DPDs at unreasonably small factorisation scales p;,
one may modify the above scale choice and take instead po; = pt.;, where for any transverse
distance vector b we define

b2
pp =2, with b*(b) — b and |b*(b)] —— biax, (6.26)
b b—0 b| =00

— 46 —



where bpax 1s chosen such that b* remains in the region where one trusts perturbative
theory even when b becomes large. A possible choice for b* is

b

\/14+b2/b2

which was proposed long ago [57, 72] and is extensively used in TMD phenomenology, but

b* =

other functional forms have also been explored [93]. We note that it is not mandatory to
take factorisation scales proportional to inverse distances, referring to [61, 94] and [85, 95]
for examples of scale setting in momentum space and to section 7.1.2 of [96] for a brief
synopsis. Most results in our paper do not depend on choosing scales as in (6.26). An
exception is the discussion of scale setting in section 6.4 and appendix C, which needs to
be adapted if a different choice is made.

In the colour nonsinglet sector, the DPDs #F in (6.24) still involve the different scales
o; and (y. To disentangle this dependence further, one may use (5.27) and (6.23) to rewrite
RE in terms of the distribution BF , whose DGLAP evolution does not involve a separate
rapidity scale, and which is therefore better suited to make the separation of scales explicit.
At the cross section level, one can then replace the last line of (6.24) by

9 B NOldﬁR @_ uozdiR g%
[®(vy)] exp[ /MO p V(1) log 2 /HO . v () 10gH2
Q1Q2
G

0

~

R7A = R
:| Fd1d27/1407<0 (:C;, Y; NOi) F01027H0’CO ($;7 Y; :uOi) ) (6‘27)

+ 21 (y; o, o) log

where we have explicitly indicated that the two renormalisation scales in fJ are taken
equal. It is natural to take the starting scale of evolution as g = 1/(o. A particular choice
is po = py, which for large y saturates at a hadronic scale py = bg/bmax. This choice
ensures that the initial conditions for DPD evolution do not involve widely different scales
as y becomes small.

The factor 7 (y; po;) in (6.24) is a nonperturbative function in the large-y region, but
we can ensure that it has the correct perturbative small-y behaviour by copying part of
the so-called b* trick formulated for ordinary TMDs in [57, 72]. We thus write

§ KoLy, Hoz dyy
Ry o1, 102) = — R () + Ry 1y 1) — / o) / W) (628)
My Hy

where the nonperturbative information is contained in
Bo(y) = "Iy ) — T (ys ) - (6.29)

Because of (5.23), the dependence on the renormalisation scales drops out in #g;, which

satisfies fig;(0) = 0 by construction. The term ZJ(y* p,, 11,) in (6.28) can be evaluated

in fixed-order perturbation theory; according to the results in section 7.2 it is zero up to

terms of O(a?). Of course, the form (6.28) with ji; replaced by g can be used in (6.27).
In the colour octet sector, the relation (4.49) implies that

ST (s p, 1) = Ky(yi ) (6.30)
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where K is the Collins Soper kernel for single gluon TMDs. While little is known about
this kernel for nonperturbative distances y, one may construct a model by connecting it
with its counterpart K, in the quark-antiquark channel, for which there is a considerable
body of phenomenology from single Drell-Yan production and from semi-inclusive DIS, see
e.g. [97, 98] and references therein. A simple possibility would be to assume Casimir scaling,
K,/Ca = K;/Cp. This scaling holds perturbatively up to O(a?), as can for instance be
seen in appendix D of [99].1°

6.2.3 Extrapolation to large z; and z,

If g, and g, are not sufficiently large to ensure dominance of small z; in the TMD cross
section, then a more realistic description of the integrand for large z; is necessary. Of
course, a corresponding statement holds already for single hard scattering. A widely used
procedure in that case is the b* trick of [57, 72]. Let us briefly show how it can be adapted
to DPS. We recall the solution (5.14) of the rapidity evolution equation,

V¢

BB gyas (i, 20,5 110, 0) = > P exp [Kam (2i,y3 i) log ~ == | ' Fyy a0, (i, 20, 93 i Go)
2 Vo

and introduce

RFa1a2 (I’i, zja Y3 K, C)
RFoas (i 2i, Y3 13, C)

RgF,alag (xia ZiyY; C) = IOg

B g1 avas (25 Y) = T Kayay (27, 91 1) — T Kayay (26, Y3 ) (6.31)
with z* defined by (6.26). Both gr and gx are independent of u; according to (5.7)
and (5.12), and both functions depend on the parameter bmax via z}. By construction,
both functions vanish at the point z1 = z9 = 0. We can then write

R RR/ V¢ % V¢
Fa1a2(x’i7zi7y;:u’i7<) = Z eXp[_gK,alag(Zi,y) logi +Ka1a2(z7j7y;:u’i) logi
ey Vo V<o

< exp| — %gp 410, (@ir 20,5 C0)| P Faras (i, 27 g5 113, G0) . (6.32)

In this expression, #%K, o, and 'F, ,, can be evaluated using the short-distance expansion
discussed in the previous subsection, provided that |z}|,|z5| < |y|. As a consequence,
RR/Kala2 is diagonal in R and R’. By contrast, the functions RR’gK,alm2 and Rgpala2 are
entirely nonperturbative and need to be modelled. This is a daunting task, because they
depend on several transverse variables, there are many functions in the different colour
channels and there is less guidance from data. Using the b* trick for computing DPS
processes with g; and gy in the nonperturbative region would therefore require additional
theory input, or strong simplifying assumptions.

The b* trick is not the only way to handle the region of large transverse distances,
and for TMD factorisation in SPS a variety of other methods have been employed [61, 85,

10 Just recently it has been found [100] that Casimir scaling for the cusp anomalous dimension, yx 4/Ca =
vri.q/CF, is broken at O(a?). Equation (2.8) implies the breaking of Casimir scaling for K, at the same
order. For a related calculation see [101].

— 48 —



94, 95, 102-107]. It would be interesting to study if and how they could be adapted to
DPS. This is however beyond the scope of the present work, where we focus on transverse
momenta in the perturbative region.

6.3 The small-y region

We now consider the region where |y| is of the same order as |z;| and |z2|, with all distances
being small compared with 1/A. Again, we will derive double parton analogues of the rela-
tions (2.9) and (2.11) between TMDs and PDFs. They are given in (6.38), (6.39) and (6.44)
and involve collinear PDFs and twist-four distributions as nonperturbative input, which
also appear in the expansion (6.42) of DPDFs at small y. At the cross section level, we
then obtain the expression (6.47) in which all large logarithms are explicitly resummed.
An important finding is that the different combinations of collinear PDFs and twist-four
distributions have different power behaviour in the cross section, specified in (6.40) and
compared with the contribution from large y in (6.41).

6.3.1 Short-distance expansion

Let us first establish that the soft factor, and hence the Collins-Soper kernel FFK, .,
can be fully computed in perturbation theory when all transverse distances become small.
Repeating the arguments that lead to (6.2), we obtain

(Sayas) P E2 Y2 (2, ) = OF22152 (2 4) (S4,40,) 55272 (0) (6.33)

S,araz 818958115

which involves the extended soft factor (3.12) with all distance arguments set to zero and a
short-distance coefficient Cyg 4,4, describing interactions between all Wilson lines. Inserting
colour projectors as in (4.12), we get

P}§%1§2 P}%b (Sa1a2 )Klfz JUy Ug (0)

V1V HWi Wy ~UqUs,W; W, 51 80.t1t
(Sa1a2)£1£2721!2 (Zz‘a y) = %PRl 2 PR,I 2 CS,la12a2 1 2(zi7 y) m(R) m(R1/)2 1l2
7151 pUit S$1Tot U
_ Zpylyg Plitls U1V2,W; Wy (z» ) PRl 1 PR/I 1 (Sa1a2)§;§;t;§22(0)
Cq T e e m(R) m(R') ’
(6.34)

where in the second step the identity (4.41) has been used for the indices associated with
parton a; in Sy 4, The sum over s, on the r.h.s. now ties together pairs of conjugate
Wilson lines along the same direction and at the same transverse position, which results
in unit matrices according to W (&,v)WT(¢,v) = 1. For Sy, this is represented pictorially
in figure 8. The same holds for the sum over ¢,. The extended soft factor thus collapses to
a product of unit matrices, and we have

7 U4 U
PI§172 PE}72

V1L, Wi W. V1V, W W.
(Sayay) 172142 (25, y) = Y PR Pt Cglee Q(Zi,y)m-

S.ayan (6.35)
RR’

Projecting this on definite representations for (r;r,) and for (u;us), we simply obtain

RR/Salag (Zia Y; i, Y) = RR,CS,alaz (zi7 Y; i, Y) > (636)
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Figure 8. Simplification in the extended soft factor S,, with all Wilson lines at the same transverse
position, using the identity in figure 2 and the unitarity of Wilson lines. Analogous relations hold
for indices in the adjoint colour representation.

where the projection #'C is defined in analogy to (4.20) and where we have restored all
arguments. In analogy to the case (6.12) for SPS, we thus find that when all transverse
distances become small, the soft factor for DPS is equal to its matching coefficient and
thus can be entirely computed in perturbation theory. The same then holds for the Collins-
Soper kernel K and for the matrix #f's, which can be constructed from #F'S as shown
in appendix A. An explicit check of this result is the fact that the one-loop expression for
RR'IC in section 7.2 is free of infrared divergences, as is the two-loop soft factor for DPS
computed in [74].

We now turn to the short-distance limit of the collinear matrix elements, which can be
discussed in close analogy to the small-y limit of collinear DPDs in section 3.3 of [30]. In
the limit of small z; and y, the unsubtracted distributions #'F,q are given by short-distance
coefficients times proton matrix elements of operators with all fields at transverse position 0.
The latter are given by collinear parton distributions of different twist. Multiplying with
fRR’

the perturbative expression o s, one obtains the expansion of fF. Adapting the notation

in [30], we write!!

RE = BE ) + B R + TP (6.37)

where the short-distance expansion of the terms on the r.h.s. involves proton matrix ele-
ments of operators with twist two, twist three and twist four, respectively. Following the
discussion in section 2.1 of [30], we neglect the contribution with collinear twist-three dis-
tributions, which for unpolarised protons are chiral odd. They have no dynamic cross talk
with gluon distributions and are therefore expected to be small compared with twist-two
and twist-four distributions at small z.

The splitting contribution Fi, describes the case where a single parton splits into
partons a; and ag, as shown in figure 6a at lowest order in ag. It can be obtained from (5.37)
by taking the limit of small Z. For the O(ay) term, this simply corresponds to replacing
the TMD fo, (21 + 22, Z) by the PDF fo (21 + x2). Since the proton is unpolarised, the

"The distributions on the r.h.s. of (6.37) are respectively denoted by Fiplpt, Fintpt and Fiyz e in [30].
For brevity we omit the specification “pt” here.
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parton ag in the PDF is unpolarised as well. We thus obtain

-
R . YLy as(i) rer L1 Jao(T1 + T2; 1) 2
Falaz,spl(xz‘; Ziy Y5 Ky 1y C) - y%rT D) apg—aias 71 + 79 0 P + O(as) )
(6.38)
where we have restored the dependence on the UV renormalisation scale, taken equal for

2

the partons with momentum fraction z; and x3. A ¢ dependence appears only at order o.
To avoid large logarithms of the higher-order terms in the region of small |z1| ~ |z2| ~ |y],
any choice where 1/p and 1/4/C are of the order of these distances will do. A particular
choice is given in (6.45) below.

The term Fiy in (6.37) is referred to as the “intrinsic” contribution to the DPD and
may be thought of as describing parton pairs a1, as in the “intrinsic” proton wave function.

It is the only contribution starting at order a? and reads

RF(Zl(lQ,int (:L'Z'a Ziy Y5 Ky 1y C) = RGCLICLQ (1'17 XT2,X2,T1, N) + O(as) , (6-39)

where G denotes a collinear twist-four distribution. The lowest-order term is simply
obtained by setting z; = y = 0 in the matrix element (3.2) (this must be done before
renormalisation and hence in D = 4 — 2¢ dimensions). The O(a;) term involves short-
distance interactions and is briefly discussed in section 3.3 of [30].

Inserting (6.37) with (6.38) and (6.39) into the cross section formula (5.1), we can derive
the power behaviour of the contribution from the region |z1| ~ |z2| ~ |y| ~ 1/qr, using that
the twist-four distribution scales like G ~ A2. For the scaled DPS cross section we obtain

a?/qz from Fyp x Fgp (1v1)

~ < asA?/gh  from Fyp X Fiye (2v1) (6.40)
A/ g5 from Fip X Finy (2v2)

4 dopps
d2'h d2(12

small y

where we have also indicated the lowest order in «y for each contribution. For the contri-
bution from large |y| ~ 1/A discussed in section 6.2, we have

4+ dopps

2/, 4
2q, ?q, ~ Ay, (6.41)

large y

as follows from the small-distance expansion (6.11) and the power behaviour F' ~ A? of
a DPDF at large y. We note that (6.40) and (6.41) do not hold in the kinematic region
lg; + q5| ~ A, which we have excluded from our considerations, and which has a different
power counting as seen from table 1 in [27]. Notice also that some parton combinations,
such as (ajaz) = (du), cannot be obtained by parton splitting at O(a). In this case, Fyp
starts at O(a?) and the powers of o in (6.40) must be adjusted accordingly.

The three contributions in (6.40) are referred to as 1v1, 2v1 and 2v2 terms as indicated.
The 1v1 (read “one versus one”) term is associated with graphs as in figure 4a, where one
parton in each proton initiates a sequence of short-distance interactions (a splitting at scale
qr followed by hard scattering at scale Q). The 2v2 term corresponds to graphs where
two “intrinsic” partons in each proton directly enter the hard subprocesses, as shown in
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(a) (b)

Figure 9. Counterparts to the 1v1 graph in figure 4a. In the 2v2 graph (a) there is no perturbative
splitting, and in the 2v1 graph (b) one has a perturbative splitting in one of the two protons. The
box encloses the DTMD of the upper proton and indicates that the splittings take place at transverse
distances of order 1/q7.

figure 9a. In the 2v1 term one starts with two “intrinsic” partons in one proton, whereas
in the other proton one starts with one parton that splits into two at scale ¢p. This is
shown in figure 9b. It is natural to associate the term in (6.41) with 2v2 as well, since at
large y one cannot identify any perturbative splitting contribution.

Among the terms in (6.40) and (6.41), only the term with Fyy x Fyp is leading as
far as powers of A%/ q% are concerned. However, the other terms involve fewer powers in
a5, and they rise more strongly as the momentum fractions x become small, because one
roughly expects the intrinsic part of the DPDF to grow like the square of a single PDF
in that limit. From this perspective, one may still discard the term Fiy X Fint, which is
power suppressed compared with the large-y contribution but has the same power in aj
and a similar small = behaviour. However, the inclusion of this term in the cross section
will in general not require much additional effort, and it renders the combination of the
contributions from small and large y more straightforward (see section 6.4).

The expansion of the DPDFs F'(x;,y) for small y proceeds in exactly the same manner.
It can be obtained from (6.38) and (6.39) by setting z; = z2 = 0 before performing UV
renormalisation and setting D = 4. This gives

y'y" as(p) g
T

R ) . T Jao(x1 + 225 1) 2
Fa1a2,spl($i7 Y [y Ky C) = y4 o2 ap—aiasz <331 i x2> 71 + 73 + O(Oés) )

RFalaz,int(xiv YK, [, C) = RGal(Iz (.Tl, T2, X2,T1; ,U,) + O(Oés) ) (642)

where for Fiy the difference between (6.39) and (6.42) only appears at O(as). We note that

only the symmetric part of Tfll/

o—sarap SUrvives the contraction with y'y" . As a consequence,

combinations of aj,as with exactly one longitudinal polarisation give zero, since one then
has TW o e (see section 7.4).

Little is known in phenomenology about twist-four distributions. The computation
using models of light-cone wave functions in [108] can give guidance at large but not at
small . If one has a model for Fi(x;,y) and is content with leading-order accuracy in
a5, one may combine (6.39) and (6.42) to approximate

BBt avas (i, 26, Y5 5 11, C) = TFint ayas (T2, Y3 1 1, C) + O(ag) (6.43)
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and use the intrinsic part of the DPDF on the r.h.s. in the small-y contribution to the
cross section, without further approximation. The scales p and ¢ should of course be
chosen appropriately.

6.3.2 Evolved DPDs and cross section

Inserting the decomposition (6.37) of the DTMDs into (5.17) and neglecting twist-three
distributions, we obtain

RFa1a2 (in, Zi, Y5 i, g)

B /
= exp {/ (jf [val (1) = VK01 (1) log xl:h/m] + Ko, (215 o) log \/\/CEO
o

"2 dp [ Vael/ei] V<
+/ — |Vaa (1) — VK ap (1) log =——————| + "Kq,(22; o) log ==
uo M ‘12( ) az( ) 1 a2( ) TO
RR/ V¢
X exp | M, ZiY) log]
> Mool z
X [ lFalag,spl(xhziay;NOal'LO?CO)+R/Falaz,int(xivziay;u()a,ufmCO)} (6.44)

as our master formula for DTMDs at small z; and small y. For the scales in the DTMDs
we take

Po =Kz Co = 7 (6.45)

with pz defined as in (6.26). We can then use the short-distance approximations (6.38)
and (6.39) for Fyp,) and Fiye. The choice (6.45) will turn out to be well suited for combining
the different contributions to the overall cross section. In contrast to (6.22), we have taken
the two renormalisation scales pi91 and po2 equal in (6.44), given that we do not have an
optimised short-distance expansion of F for different scales. One can however optimise the
resummation of logarithms in the exponent by writing
Ho1 dﬂ
'K, (215 p0) = 'Ka, (215 101) +/ — VK (1) (6.46)
po M
and likewise for 'K,,. A mnatural choice for the additional scales is uo; = fi,, as already
suggested for (6.22). Inserting the evolved DTMDs into (5.19), we have
231 du QZ
Womall y = exp { / — {%l(u) — VK,a, (1) log 21} + 'K, (21, 10) log
po M H
Q3

M .
+ — | Vas (1) — VK ,an (1) log =5 | + "Ka, (22, p10) log
po M H

Q1Q2
Co

Q1 Q2}
o

Xy [RFblbz,spl(fi, 23 Y5 10, 1105 C0) + "Fhyb, int (T, 21, Y 10, o, Co)}

RR’
X B(ry) DY) Nusan (R) P exp [Mal‘”(z“ oy }

X |:R/Fa1a2,spl($iazi7y;M07M07CO) "‘R/Falag,int(xiazify;:U'OnanCO)} (6.47)

at the cross section level.
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At present, one can only use the leading order (LO) expressions (6.38) and (6.39)
of the DTMD expansions, because the next-to-leading order (NLO) terms have not been
computed for either case. The leading O(«) term of Fy, depends on y, but not on Z,
and the leading O(a?) expression for Fj, is independent of any transverse distance. A
Z dependence via o and (o cancels in Wypan 4, up to orders in o, beyond the accuracy
of the calculation. However, Wyyan 4 acquires a dependence on Z through the z; and
z5 dependence of the Collins-Soper kernels 'K, (21; 110), Kay (225 0) and Mg, a, (24, ).
Since these kernels start at O(ay), the corresponding Z dependence comes with a large
logarithm log(Q1Q2/(y) for each power of a; and is thus enhanced compared to the ag
corrections in Fgp and Fiy, so that it is consistent to keep the former while neglecting
the latter. In this way, rapidity evolution provides a nontrivial Z dependence and thus a
nontrivial dependence on the conjugate momentum g, + g, in the cross section, even if one
uses the short-distance expansions (6.38) and (6.39) at leading order. In physical terms,
this is because the exponential in (6.47) resums graphs for the soft factor that have a real
gluon emission enhanced by large rapidity logarithms, even though the graphs giving the
leading-order expansions of Fy, and Fiy; have no real gluon emission into the final state.

6.4 Combining large and small y

As we have seen in the previous subsections, the different regions of z1, z5 and y contribut-
ing to the cross section involve different approximations, whose results are given in (6.24)
and (6.47). An important point is that the approximated expressions give leading-power
contributions not only in the regions for which they are designed, but also outside these
regions. With the short-distance behaviour F(x;,y) ~ 1/y? following from (6.42) we see
for instance that the integral of Wiargee  Over y extends down to the smallest values allowed
by the cutoff function ®(ry), where the approximations used to obtain the expression are
clearly invalid.

To deal with this problem we adapt the subtraction formalism discussed in chapter 10
of [65], which we briefly sketch now. The formalism is formulated for a given Feynman
graph I' in momentum space. It starts with the smallest regions of loop momenta and
works its way towards increasingly larger regions. In this context, a region r’ is called
smaller than r (i.e. ' < r) if hard momenta in r are collinear or soft in 7/, or if collinear
momenta in 7’ are soft in r. A more general definition of the relation 7 < r is discussed
in chapters 5.4.1 and 10.1.3 of [65]. For each region r that gives a leading contribution to
the cross section, a set of approximations 7;. is applied to the graph. In each approximated
term 7). I" one still integrates over all loop momenta, thus avoiding momentum cutoffs. This
leads to double counting of contributions from the overlap between different regions, which
are recursively removed by subtraction terms. The full graph is then approximated by

I'~> CT with C.T=T.T-> T,CuT. (6.48)
r rl<r

C,.T provides a valid approximation of I' in the region r and in all smaller regions r’ < r,
thanks to the subtraction terms 7,.C,» ', which are obtained by applying the approxima-
tions for both r and the smaller regions. In the case where one has only two regions r’ < r,
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region power counting approximations
DPS, large y |yl |y, [, ly_| ~ 1/A |z < ly[, 1/A
DPS, small y |y, [y, [, |y~ 1/qr 23], ly| < 1/A

SPS by | ~1/Q  yilly_| < lzi| <1/A

Table 1. Regions of y discussed in the text. For power counting, |z;| ~ 1/qr is always assumed.

the subtraction term is simply 7,7~ T'. In [65] it was shown that if the approximation T,
is good up to power corrections in A/Q in its design region r, then ) C,I" is good with
the same accuracy for the full graph.

In [30], this formalism was applied to the double counting problem between single and
double parton scattering, leading to the formulation we already presented in section 5.3. At
variance to the original formulation in [65], momentum regions in (6.48) were replaced by
regions of the transverse distances y, and y_, starting from the region of large distances
and going towards small ones in the recursive construction of subtraction terms.

We now use the same procedure to remove the double counting between the regions
of “large” and “small” y as characterised in table 1. The treatment of the regions where
ly | or |y_| are of order 1/@Q) is postponed to the next subsection. It is always understood
that |z;| and |z2| are in the perturbative region, of order 1/qr, as discussed in section 6.1.

According to the general construction, the subtraction term for large y in the small-y
term is obtained by applying the approximations in the first and second row of table 1,
i.e. by using both |z;| < |y| and |y|] < 1/A. For a given Feynman graph (and thus
for any finite sum over graphs) the order in which these approximations are made does
not matter. This suggests that we can start from either Wiyrge y 0 Wyman 4 and then
apply the approximation for the other region. At this point, we must however note that
the expressions of W are not for fixed-order graphs but contain logarithms resummed to
all orders in the strong coupling. This is reflected in the scale dependence of s and of
the nonperturbative functions. We must therefore make sure that the choice of scales in
the different terms is compatible with the way in which the subtraction formalism works.
In Weman 4, this concerns the scales pg and (p at which one evaluates the short-distance
expansions (6.38) and (6.39) of DTMDs at fixed order in as.

We now define the double counting subtraction term as

Waup = Wi (6.49)

mall y }approx. for |z;|<|y|

with the small-y expression for W given in (6.47). We should take the limit |21], |z2| < |y|
in all parts of that expression. In particular, this means replacing y, with y in ® and in the
leading-order term of the short-distance expansion (6.38) of Fyp,), and replacing RR/Mala2
with 0pp [IKq, + #Kay — Ko, — 'K, 4+ 1] according to (5.16) and (6.16).

We note at this point that the integral of (6.47) over y is actually divergent at large y.
Up to logarithmic corrections, the 2v2 term Fin X Fiyt is constant and the 2v1 term Fyp X Fiyg
goes like 1/y? in that limit, and for R = R’ = 1 there is no large-y suppression from the
exponential since 'J = 0. The construction (6.49) ensures that the region |y| > 1/qr
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cancels in Wgpan y — Weup. When evaluating the cross section numerically, one may want
to use an upper cutoff of order 1/A on the integral over |y|, thus avoiding to evaluate terms
in a region where they cancel anyway.

For the subtraction formalism to work, we need that

Waan & VVlarge y for |y| ~ ‘Z1|’ |Z2| (650)

up to terms in ag that are beyond the accuracy of the calculation. In the specified region of
y, we can use the short-distance limit of J(y) and of the DPDFs in (6.24), the latter being
obtained by adding Fip and Fiy from (6.42). If one retains only the leading-order terms
for Fip + Fine on both sides of (6.50), one finds manifest equality of the two expressions
up to differences due to scale dependence, which we will discuss shortly.

The full DPS cross section is then obtained from

WDPS(V) = VVlarge y(VI) - Wsub(Vl) + Wsmall y(V) ) (651)

where we make explicit the choice of cutoff parameters for the y integration, taking v’ ~ qr
and v ~ Q. In the region |y| > |z1|, |z2| the last two terms cancel by virtue of (6.49), and
one is left with the first term, which is designed to give a correct approximation of the cross
section there. For |y| ~ |z1],|z2|, the first and second terms cancel according to (6.50),
and the third term gives a correct approximation of the cross section. In this way, Wppg
leads to a correct approximation of the cross section for |y| of order 1/qr and larger.

We can take a more restrictive cutoff parameter v/ ~ ¢ in the first two terms, because
according to (6.50) the sum of these terms is already suppressed for |y| ~ 1/qr, and the
dependence on the exact value of v/ is thus beyond the accuracy of the calculation. Taking
V' lower than @ is also more economical for numerical calculations since it excludes a y
region that is not needed. By contrast, v in the last term should be of order @ (see the
next subsection).

Returning to the issue of scale dependence, we should first specify what is to be used for
the nonperturbative quantities in the expression (6.24) of Wiarge y- For the Collins-Soper
kernel we take the form in (6.28) with J(y*; 1y, 1ty) and v evaluated at fixed perturbative
order; this ensures the correct small-y limit. Using the DGLAP equations, the DPDF's are
to be evolved from pg; to 10 = v/Co = piy, and it is at that scale that one makes an ansatz
which at small y tends to the fixed-order form specified by (6.42).!2 As usual, this scale
choice ensures that higher-order corrections are not accompanied by large logarithms.

We now recall that in Wyyan 4, and hence by construction also in Wy, we take pg =
V/Co = iz for the scales at which we perform the short-distance expansion of the DTMDs.
The difference between the two sides in (6.50) is thus due to different scales of the short-
distance matching and to the different scales at which the DPDs and the Collins-Soper
kernels are evaluated in (6.24) and (6.47). However, all these scales, p,, p;, and py are
of the same order in the region |y| ~ |z;| where we need (6.50). Using the same methods
as in section 6.2 of [30], one can show that the approximation (6.50) holds up to higher-
order terms in «s. These terms are not accompanied by large logarithms and beyond the
accuracy of the calculation.

12 An explicit example for such an ansatz in the colour singlet sector can be found in section 9.2 of [30].
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partial cross section approximations
ODPS/SPS ly, | < 1/A
ODPS/SPS, y, —0 ly | < 1/qr
TDPS, y_ -0 ly_| < 1/qr, ly [ < 1/A
ODPS, y4 0 ly_|,ly. | < 1/gr

Table 2. Conditions on y. for different terms in the overall cross section (5.30) if gr > A.
Analogous relations hold for ogpg/pps and the associated subtraction terms. In all cases one has
|Z| < 1/A.

6.5 Combining DPS with SPS at short distances

In section 5.3 we recalled how to combine DPS, SPS and their interference in TMD factori-
sation at generic values of qr. We now derive the form of the double counting subtraction
terms for the case where gr > A. We restrict ourselves to the lowest order of ay in the
perturbative short-distance coefficients. An extension to higher orders is beyond the scope
of the present work.

Let us start by discussing the relevant transverse distance scales and the approxima-
tions they imply. We recall that the DPS cross section for gr > A is dominated by distances
|z1|, |z2| < 1/A thanks to the Fourier exponentials in (5.1). In full analogy, the Fourier ex-
ponentials in (5.31) and (5.32) ensure that oppg/spg is dominated by |Z], |y, | < 1/A and
osps/pps by |Z], |y_| < 1/A. Likewise, osps is dominated by |Z| < 1/A, where in the fol-
lowing we use the variable Z instead of z in the SPS formula (2.1). According to the formal-
ism recalled in the previous subsection, the subtraction terms for the overlap between dou-
ble and single parton scattering are obtained by applying the approximations appropriate
for the SPS region to the DPS term in the cross section. A corresponding prescription holds
for the SPS/DPS interference. The limits y, — 0, y_ — 0 or y; — 0 in the subtraction
terms hence imply that these distances are taken to be much smaller than 1/¢7, because qp
is set to zero when one computes the hard scattering process for SPS. We thus obtain the ap-
proximations given in table 2. The constraint on y, in the third row results fromy, = y_+
(z1 — z2) and the constraints on y_, z1 and z2. We thus find that all terms in the overall
cross section (5.30) are dominated by distances in the perturbative region, except for opps.

In all terms that are dominated by short distances, we can use the perturbative splitting
expressions (5.35) and (5.36) of the twist-three TMDs and the DTMDs. Notice that the
LO terms in these expressions have a factorised dependence on y,, y_ and Z, so that they
do not depend on the relative size of these distances (this will no longer hold at NLO).
Moreover, we can take the short-distance limit of the TMDs f,(z, Z; 1, (). At LO accuracy
we can simply replace them with collinear PDFs f,(z; i), provided that pu? ~ ¢ ~ 1/Z2
Collinear PDFs are then the only nonperturbative input necessary to compute the cross
section, apart of course from the DPDs and Collins-Soper kernels J in oppg. In a complete
treatment, one would also have collinear twist-three distributions, but we neglect these as
explained in section 5.3.
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From the dependence on y of the splitting expressions (5.35) and (5.36) and from the
cross section formulae (2.1), (5.31) and (5.32) we deduce that the SPS cross section, the
SPS/DPS interference and all associated subtraction terms have the same power behaviour
as the 1v1 term of the DPS cross section in (6.40), namely Q*do/(d?q, d*q,) ~ 1/q>.

We must now take a closer look at the scale dependence of the distributions. Let us
denote by pup the hard scale chosen in the computation of the SPS amplitude, and by 1
and pg the scales for the two DPS amplitudes. To simplify the presentation, we first assume
that all hard scales are equal, u = up = 1 = po. The adaptation to the case of different
hard scales is discussed in appendix C. As we have explicitly shown for single and double
parton TMDs, the evolution in p and ¢ of these distributions is multiplicative:

fa(x,z;u, C) = E2;a(z;u7 C;H07 CO) fa(‘rv Z; ko, CO) 5
Fa1a2 (xia Zi, Y5 K, C) = E4;a1a2 <$i7 Ziy Y5 1, C; 1o, CO) Fa1a2 (miv Ziy Y35 KOs CO) s (652)

where it is understood that F'is a vector and the evolution factor F4 a matrix in the space
of colour representations R. From the discussion at the end of section 5.3 if follows that
for the twist-three TMDs, we have

Dalag\ao (xia Yy, VA H, C) = ES;a1a2|ao (xia Y., Z; H, C; Ho, CO) Doa1o¢2|ozo (wia Y., Z; Ho, CO)
(6.53)
and an analogous equation for D, |, a,-
Let us now specify the evolution and scale dependence of the distributions appearing
in ogpg, the interference terms and oppg in the region where all transverse distances are
small compared with 1/A. In a schematic notation, we have

osps:  flo1+ax2,Z5p) ~ Eao(p;pz) f(uz),
ODPS/SPS D(wi,yy, Zsp) ~ Es(ps pz) Ulpz) fpz),
OSPS/DPS ° D(ziyy_, Zip) ~ Es(p; pz) U™ (pz) fpz)
ODPS F(zi, zi,y; 1) ~ Ea(ps pz) Upz) Ut (pz) f(pz) + Fig(p) . (6.54)

where f(pz) on the r.h.s. is a collinear PDF. We have specified only the splitting part Fyp
of F, because the detailed form of Fi,; will not be needed. For brevity we have omitted
parton labels, as well as momentum fraction and transverse position arguments on the
r.hs. The factors y!, /y2 and y" /y% which accompany the splitting kernels U (jz) and
U*(uz) have been omitted as well. For brevity, we display neither the rapidity parameter
¢ in the evolved distributions nor the starting value {y. For the latter, we follow (6.45)
and take (o = p%. Since ( is defined by (5.8), it must be rescaled by (1 + x2)%(/(2172)
when used in f(z1+ 22, Z) and in E. The same forms as in (6.54) are to be taken for the
distributions in the left-moving proton, with z; replaced by Z; and ¢ by (.
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The subtraction terms should be such that, up to higher orders in oy and up to power
corrections, the overall cross section (5.30) is given by

dopps for |y, |~ly_|>1/v,
dogps for |y, |~y_|~1/v,
dopps/sps for |y |>|ly_|~1/v,
dospg/pps for |y_|> |y |~ 1/v, (6.55)

where it is understood that v ~ ). In the subtraction terms, renormalisation and rapidity
scales should be chosen such that the cancellations required to avoid double counting are
not spoiled by large logarithms at higher orders.

To achieve this, we take so-called profile scales, which vary smoothly between pz and
i as a function of the appropriate transverse distance. We therefore introduce a profile
function p that satisfies

P(U; flay ) = Ha for u ~ 1,
P(U; fay o) 2 11 for u > 1; (6.56)

a concrete example is given below. For the subtraction terms between DPS and the
SPS/DPS interference, we now take

ODPS/SPS,ys—0 : D ~ E3(p; i) U () Eo(fis pz) f(pz)  with o= p(vly,l;pz,m),
o8ps/DPSy_—0 : D ~ E3(p; ) U*(f1) Ba(fi; pz) fpz) with o= p(vly_|;pz, ). (6.57)

This corresponds to a two-step matching: at the scale pz a twist-two TMD is matched onto
a PDF. The twist-two TMD is then evolved up to the scale fi, where a twist-three TMD is
matched onto the twist-two TMD using the lowest order term in (5.35). The twist-three
TMD is then evolved up to the final scale u. It is understood that at the intermediate
scale [i the rapidity parameter is taken equal to

¢ =plu; %, C), (6.58)

where the first argument u is the same as the first argument in ji. We thus find that

opps/sps  for |y | ~1/v

(6.59)
oSpPS for |y | > 1/v

ODPS/SPS,y. —0 ~ {
where we have used that for distances |y, | > 1/Q the hard scattering amplitude for SPS
can be written as

k l
_ Y+ Y+ ok !
Hap, ‘y+>>1/Q - E E Uaoﬁam@ U50—>51ﬂ2 Halﬁl Hoé2ﬂ2 (6.60)

at leading order in «,. To make this relation explicit, one needs to Fourier transform the
appropriate transverse momentum in the SPS graph to position space. For diagrams that
have kinematic overlap between SPS and the SPS/DPS interference, but not with DPS,
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such as the one in figure 5b, the behaviour in (6.59) and in its analogue for ogpg/ppsy_—0
solve the double counting problem completely. If there is also overlap with the DPS region,
as in the three graphs of figure 4, then we need the DPS subtraction terms, where we
choose scales as follows:

opPsy_ -0+ B~ Eg(p; o) U (1) Es(fis pz) Ulpz) f(rz)
oDPS,ys—0 B~ Ea(p; 1) U(R) Es(fi; pnz) Ut (pz) f(pz)
oDPS,ys -0 : F ~ Ea(p; 1) U(fn) U (1) B2 (fi; pz) f(pz) (6.61)
with
o= p(vmin{ly, |, [y_[}; pz, 1) - (6.62)

In all three terms we have a two-step matching, with a twist-three TMD at the intermediate
stage in the first two cases and with a twist-two TMD in the third case. If both |y, | and
ly_| are large compared with 1/v, we thus have

ODPS,y_—0 & ODPS/SPS » ODPS,y; —0 ~ OSPS/DPS » ODPS,y. 0 ~ OSPS (6.63)

so that the sum in (5.30) leaves only opps, as it should. It remains to discuss the regions
where one or both of |y, | and |y_| is of order 1/v. In each of these regions, oppg can
be obtained from Wyman 4, because |y| < 1/A. Furthermore, the integral over Wyma
in these regions is dominated by the 1v1 term, with the 2vl and 2v2 terms being power
suppressed by at least a relative factor A%/(vgr). This follows from the dependence of Fyp,
and Fiy; on y, and y_. Finally, one finds that all three terms in (6.61) are approximately
equal to the 1vl term in oppg, which is thus cancelled in the combination (5.30). This
leaves us with osps, opps/sps Or 0sps/pps as appropriate. Overall we thus have achieved
a correct description of the cross section in all relevant regions of y, and y_.

Profile scales have been used in other contexts, see e.g. [109, 110]. For our purpose
here, a suitable profile p for [ is given in equation (6.33) of [30]. An alternative choice is

la for u < wuy,
P pras i) = § [1— 3(1 — cosu/m)| po + (1 — cosu/m) iy~ for ug <u<w, (6.64)
b for u > wy,
with
U — Ug

W = (6.65)

Up — Ug

The transition points for the u dependence should be such that u, ~ 1 and u, > 1. A
natural choice is u, = v/p and uy, = v/puz.

6.6 Perturbative accuracy

Equations (2.11), (6.22) and (6.44) express TMDs in terms of collinear distributions and
perturbative quantities, and they permit the resummation of large logarithms in the cross

— 60 —



section. In the following, we give a brief overview of the order in «y at which the dif-
ferent quantities are available. We also take a closer look at the type of logarithms that
are resummed at all orders. To this end, we count all large scales pu;,(,v as order Q.
Logarithms of |z;| turn into logarithms of |g,| after Fourier transformation, and we count
pio ~ 1/]zi| ~ qr.

An important point in this context is that a variety of schemes for TMD factorisation
and for the associated resummation are used in the literature. Some care is needed when
converting perturbative expressions from one scheme to another. A systematic discussion
of this issue is given in [68], along with a comprehensive list of higher-order results for the
quark channel in the scheme we use here (referred to as CSS2 in that paper).

SPS. The SPS cross section can be calculated within the single TMD formalism outlined
in section 2. To compute the spectrum in g; and g, one needs the relevant parton-level
cross sections, e.g. for gauge boson pair production, as a function of the relative transverse
momentum q; — g,. Logarithms of the net transverse momentum g, + g, are resummed
by the exponential in (2.11).

Perturbative ingredients in the cross section are the anomalous dimensions vg, 7Ya,
the Collins-Soper kernel 'K, the short-distance (or matching) coefficients 'C, and finally
the coefficient C% of the hard-scattering cross section, defined as ¢ divided by its tree-

3 In table 3 we specify different levels of accuracy, following the scheme

level value.!
of [110, 111]. After expanding as(i) in v,(¢') and v (¢') around as(p), the integral
over y' in (2.11) gives powers of log(u/po). We thus find that vx goes with double log-
arithms a,(Q) log?(Q/qr), whilst 4, and 'K go with single logarithms a(Q)log(Q/qr).
One therefore requires one order higher for vx than for v, and 'K (see table 3). Likewise,
one finds that one needs the same perturbative order for the [ function as for ~vg. At
accuracy NF*LO one then has control over all terms from oy log"*! to a’;+k log"*! in the
exponent. Vg, 7, and 'K all start at O(ag) and are known up to O(a?), both in the
quark and in the gluon channel. A compilation of these results can for instance be found

in appendix D of [99]. The notation in that work is related to the one we are using by

TK,a = 2I‘gusp ) Ya = — ’Yg/ ) ’YF,a(l% C) = /Va(:uﬂ C) (666)

and
'Ko(z, 1) = —=2D% (1, by) with z = by, (6.67)

where a = ¢, g and it is understood that the strong coupling is taken at scale . Results for
the quark channel are also given in [68], where the same notation as here is used (except
that the Collins-Soper kernel is denoted by K instead of K).

At lowest order one has 'Cy, = 6,5 6(1 — ) and 012{ = 1. These coefficients are not
associated with the resummation of large logarithms, and conventionally one requires them
at one order in ag lower than ~,. This corresponds to counting log(Q/qr) as order 1/as.

13For definiteness we include the colour-singlet labels on K and C' here, although this is the only colour
channel that appears in SPS.
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R RR' R RR' 2 R
TK Ya Kv M C) Cint CH P
0 0
LL s — — oy oy Qs
NLL a? « « al al a
S S S S s S
NLL/ o? o o P Qs o?
NNLL as a? a? o o a?
s s s s s s
NNLL/ ol a? a? a? a? ol

Table 3. Different levels of accuracy and the associated orders of ag for the perturbative ingredients
in the SPS cross section. The order required for the £ function is the same as for v

Taking them at the same order as 7, is indicated by a prime in the table. For unpolarised
quarks or gluons, !C has been computed up to O(a?) in [99] and [112]. With unpolarised
protons this is sufficient for ¢g annihilation processes, whereas for gg initiated processes
one also requires the coefficient IC(;gg for linear gluon polarisation in the TMDs. This is
well known from the process gg — H (see e.g. [85] and references therein).

To the best of our knowledge, the hard-scattering coefficient C’IQ_I has not been given
in the literature for final states relevant in our context, such as W*W~, ZH, HH, etc. It
should however be possible to extract it from the virtual corrections to the relevant ampli-
tudes, which are known up to O(a?) in some channels (for gauge boson pair production see
e.g. [113, 114] and references therein). Without this additional effort, the SPS contribution
to the cross section can currently be evaluated at NLL accuracy.

There is one more type of large logarithms hidden in (2.11), namely the logarithms of
gr/A that are resummed by DGLAP evolution of the PDFs on the r.h.s., from a typical
starting scale of order A up to up ~ 1/|z|. A customary choice is to take the DGLAP
kernels ' P at one power in ay higher than the matching coefficients 'C, as shown in the
table. This amounts to using LO evolution together with LO matching coefficients, etc.
The perturbative accuracy of !C is then retained even if log(gz/A) is as large as 1/as. For
unpolarised PDFs, the DGLAP kernels are known up to O(a?) [115, 116].

Interference between SPS and DPS. The perturbative ingredients required for com-
puting the SPS/DPS interference term, as laid out in section 6.5, are the Collins-Soper
kernels Ky, aya0
distance approximation, and the interference between SPS and DPS hard-scattering am-

for twist-three TMDs, the splitting kernels U appearing in their short-

plitudes for the process under investigation. None of these have been calculated so far. It

is easy to compute the O(ay) expressions of K, and U by adapting the corresponding

1az|ag
calculations for DPDs in [27]. Combining the known hard-scattering amplitudes for the
relevant SPS and DPS processes is a straightforward exercise (but can be tedious, especially

for heavy gauge bosons due to their three helicities).

DPS: small-y contribution. Let us now discuss the perturbative ingredients in the
small-y expression (6.47) for DPS. vk, 7, and 'K are the same as in the SPS formula, and in
addition one needs the matrix %M, which starts at O(as) and goes with single logarithms
log(Q/qr). The expression for the matching #Fy,; on PDFs involves a coefficient #Cyp), and
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the matching of fFy,; on twist-four distributions involves a coefficient RR/C'int. The lowest
order of Cgp and Ciye is O(as) and O(a?), respectively — their explicit definitions are
not needed here. The hard-scattering subprocesses for DPS are simpler than for SPS with
the same final state. For Drell-Yan and for Higgs boson production the hard-scattering
coefficients C% are known up to O(a?). They can for instance be found in [68] for Drell-Yan
production and in [117] for both channels.

The evolution kernel M is known at O(a?) in the two-quark channel [74]; its O(as)
expressions for all channels are given in section 7.2. The matching coefficients RC’Sp1 have
been calculated at O (o) in [27], and the related kernels 7T are compiled in section 7.4 here.
For BR'Cy. only the trivial order a? is currently known, which corresponds to matching
Fint = G. The kernels for the DGLAP evolution of the distributions G are known at O(ay)
and given in [118]; for a more general discussion of twist-four evolution we refer to [119].
At a given level of accuracy, their order should be the same as the one of P in table 3.

When denoting the level of perturbative accuracy, one might think of combining equal
orders in oy for Cgp and Ciyg. On the other hand, Cyp,) starts one order higher in o than
Cint, and moreover the different combinations of Fp,; and Fi,¢ in the cross section have differ-
ent power behaviour in A%/¢2 according to (6.40). We thus find it more natural to take one
power in o, more for Cgp) than for Ci,. With this naming convention, the small-y expres-
sion of DPS can currently be evaluated to NLL accuracy. Missing ingredients for achieving
NNLL in pure quark channels or NLL’ in channels with gluons are the matching coefficients
Csp1 and Ciyy for DTMDs, as well as the two-loop DGLAP kernels for twist-four evolution.

DPS: large-y contribution. We now turn our attention to the large-y expression (6.24)
of DPS. The quantities vx, 7, and 01%1 are the same as in the small-y expressions of DPS.
The resummation of single logarithms log(Q/qr) requires the Collins-Soper kernels #K
in the different colour channels, which can be obtained from the perturbative expression
of *RM(z;,y) by taking the limit |2z;| < |y| and using that in this limit one has the
structure (6.16). In the two-quark channel one can thus obtain the O(a?) expression for
RK from the results of [74]; in all other channels one has the one-loop expressions, which
we list in section 7.2. For the matching coefficients #C' we will derive O(ay) results in all
colour and polarisation channels in the next section; most of them have been given in the
literature before. One can thus evaluate gauge boson pair production with NNLL accuracy,
whereas for DPS processes with one or two Higgs bosons in the final state, NLL' accuracy
is currently achievable.

Let us finally take a closer look at the evolution of the DPDFs, which generates log-
arithms involving a hadronic starting scale A. The situation is now more involved than
the one discussed for SPS above. In analogy to usual DGLAP evolution, there are single
logarithms log(gr/A), whose resummation requires the ¢ independent part of the evolution
kernels P, We will give O(as) expressions for these kernels in all polarisation channels
in section 7.3.5. The ¢ dependence of the DPDFs, which has no counterpart for ordinary
parton distributions, is made explicit in (6.27). Expanding as(x) in the anomalous dimen-
sion #v; (1) around a fixed scale, we can perform the integral and obtain double logarithms

log?(Q/A) —log*(Q/qr) = log(Aqr/Q?) log(A/qr) in the exponential. If both log(Q/qr)
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and log(gr/A) are counted as order 1/ay, one therefore needs v, at the same order as
the cusp anomalous dimension 7. For smaller values of log(gr/A) one may instead be
content with f7; at the same order as v, and #K. From the two-loop results in [74] one
can extract the O(a?) term of 8y, whereas for higher colour representations we currently
only know the O(ay) results given in section 7.2. We note that in (6.27) there are also
single logarithms log(Q/qr) multiplied with %£J(y), which at large y is beyond the control
of perturbation theory.

7 One-loop results

In this section, we present the perturbative ingredients necessary for evaluating DPS at
NLL accuracy (see table 3). Some of the expressions are quoted from the literature to make
the presentation self-contained, whereas for evolution kernels and matching coefficients we
verify previous and derive new results.

In section 7.1 we discuss the hard-scattering cross sections for Drell-Yan and for Higgs
production via gluon fusion, and in section 7.2 we give the one-loop expressions of the
Collins-Soper kernels 'K, ,, for all parton and colour channels. Section 7.3 is devoted
to the O(ay) matching coefficients #C,;, of DTMDs in the large-y region. After explain-
ing a number of computational details, we present results for all polarisation and colour
combinations in sections 7.3.4 and 7.3.5. As a corollary we obtain the one-loop DGLAP
kernels (7.91) for colour non-singlet DPDFs. In section 7.4 we list the O(a;) splitting ker-
nels #T,, 4,4, of DTMDs in the small-y region, adapting the results of [27] to the notation
used here.

7.1 TMD hard-scattering cross sections

We define the coefficients C% of the hard-scattering cross section as
5(Q% 1?) = 60(Q*) CH(Q* 1?) (7.1)

for a given partonic channel, where g is the cross section at lowest order in as. The
expressions for gy can be found in many places, for instance in [44] for the production of
an electroweak gauge boson V' and its subsequent decay into a lepton pair, and in [85]
for Higgs production via gg fusion in the limit of large top mass. The hard-scattering
coefficients read

2 2 2 as(p) 2 ’ 2 s
CH,q(jﬁV(QnU’):]‘—’_ o CF |:—h’l F‘FSIHF—S-FT s (72)
2 2 2 as(p) 2 Q2 s as(p)
CH g (@, %) = <1+ 5 Ca [—m R T+ = [5C4 — 3CF)|

and are known up to O(a?), see for instance appendix A of [117]. The colour factors are
Cr = (N?—-1)/(2N) and C4 = N as usual. The first factor in Cl%l,gg—>H is for two-gluon
fusion via the local current F*“F}j, and the second factor for the coupling of this current
to the Higgs boson via a top quark loop. Throughout this section we drop the explicit
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indication of higher-order corrections in equations, omitting a term + O(a?) in the first
line of (7.2) and so forth.

An important property of the coefficients C’%I for Drell-Yan and Higgs production is
their independence of the incoming parton polarisations. This holds at all orders in ay.
For gg — H it follows from the fact that angular momentum conservation only allows for
two non-vanishing helicity amplitudes, which are related by parity invariance. Therefore,
all ag corrections can be expressed by a single hard-scattering coefficient. The argument
holds for the production of any scalar or pseudoscalar boson via gg fusion.

For ¢¢ annihilation into a boson via the vector current, one additionally needs the
conservation of quark chirality, which together with angular momentum and parity con-
servation leaves a single independent helicity amplitude. To appeal to quark chirality
conservation in a calculation using dimensional regularisation, one can adapt the argument
given in [120]. As long as one works in D = 4 — 2¢ dimensions, one can avoid specifying
the polarisation of the incoming partons and instead compute the hard scattering as a ma-
trix in Dirac space. Chirality conservation then technically means that the hard-scattering
amplitude contains an odd number of v, matrices at any perturbative order. The same
holds for the terms that must be subtracted to remove ultraviolet and infrared divergences.
After these subtractions have been done, one can take D = 4 and use the relation between
quark helicity and chirality.

The extension of this argument to ¢ annihilation via the axial vector current is simple
in D = 4 dimensions: anticommuting the 75 matrix from the current, one finds A, = V75
for the Dirac matrix of the hard-scattering amplitudes of the two currents (with their
divergences subtracted). Their independent helicity amplitudes are hence the same (or
opposite in sign). To complete the argument, one needs to discuss the implementation of
the electroweak axial current in dimensional regularisation, which we shall not do here.

7.2 Collins-Soper kernels and anomalous dimensions

In the limit of small z1, z; and y, the soft matrix for DPS can be directly computed in
perturbation theory, as we derived in (6.36). Setting U = 1 in (A.12), we simply have
K=K=4dSs /dY at O(as). The one-loop calculation of S in the gq channel is presented in
detail in section 3.3.2 of [27]. We can rewrite the results there in such a way that we have
a separate dependence on the two scales p1 and po. Splitting off a diagonal part according
to (5.16), we get

10
Kgq=CF [K(ZU/H) + K(z2§ﬂ2)] (0 1) + My (7.3)
with
N2_
0 o Ka
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where the matrices are in colour representation space, with R = (1,8). We recall that M,
is renormalisation scale independent. The scale independent combinations of kernels read

Ky(zi,y) = K(z1; ) + K(z2; 1) — K<y + %(zl +z2);u) - K<y - %(m + Z2);M> ,

1 1
Ka(zi,y) = K(ZJ +5(z1+ 22);M) + K(y -5z + z2);u>

-+ gl —zain) < K (v 5 - ). (75)

where
2,2

K(zip) = 25U 1op 2 1 (7.6)
7r b;

is the one-loop Collins-Soper kernel for single parton TMDs, with the colour factor removed.

We recall that by = 2e~72. We note that the two-loop result in section 4 of [74] has the form

given by (7.3), (7.4) and (7.5) if one replaces Cr K (z; ) with the two-loop Collins-Soper

kernel for a single quark TMD.

In the solution (5.17) of the evolution equations, one needs the matrix exponential of
My, times L = log /(/Co, which reads (see section 3.4.2 of [27])

_ VN2-1 _
exp| LMyg) = — dyetd= —d_ el Vg Kq (ebh —eth) (7.7)
aq d+ —d_ \/];/]2\[_1 K, (eLd+ - eLd_) d+€Ld+ —d_eld-
with
1 N2 N2 2
4+ = ﬁ —7 y—Kd:E <2Ky+Kd> +(N2_1)K§ . (78)

An interesting situation arises if |Ky| < v/N2 —1 |K,|, which holds for instance in the
large-N limit. As shown in section 3.4.2 of [27], one then finds that 8F(() is suppressed
compared with 1F(¢) for ¢ > (y. Note that the above condition always holds in the limit
z1 = z9 = 0, where K  tends to zero.

It is easy to extend the above results to other parton channels, because the one-loop
graphs remain the same up to colour factors. For the quark-gluon channels, we obtain

Kog(zi,y; i) = [CrE (215 m) + Ca K (22; p12) | 1 + Mg (7.9)
with
1
0 EKd 0
Mgy = %Kd —5 (Ky + 5K4) MK : (7.10)
0 YNEA K, —8(Ky + 3Ky)

Here the space of colour representations is R = (1, A, S), corresponding to the projectors
in (4.4), and 1 is the unit matrix in that space. For the two-gluon channel we get the kernel

Kog(zi,ys i) = Ca [K (215 1) + K(22; p2) |1+ Myg (7.11)
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with

0 K 0 0 0
L—Kq —5 (K, + 5Ky) LKy 0 3 Kq
Mg, = 0 LKy ~5(Ky+5Ka)  — 5K 0
0 0 —\/%Kd 3(Ky+ 5Kq) 3Kq
0 S K4 0 —\/2Ke —A(Ky+ $Ky)

in the space of colour representations R = (1, A, S, D, 27), corresponding to the projectors
in (4.3). In the rows and columns for D and 27, we have given the numerical coefficients
for N = 3. The Collins-Soper kernels in channels with antiquarks can be obtained from
the above expressions by using the relation (4.29) and the analogue of (4.31) for K, q4,-
The matrices My, and My, are non-singular for generic values of the functions K, and
K,4. The eigenvalues of My, can be calculated analytically, but the expressions are rather
lengthy and we refrain from giving them here. For N = 3, the eigenvalues of Mg, read

1 3 3
—3<Ky+2Kd>, —iKy, —§(Ky—|-Kd), —(2Ky+Kd):|:\/(QKy—FKd)Q—F?)Kg.

(7.13)

7.2.1 Limit of small z1 and z»

We now consider the limit where |z1],|z2| < |y|. Expanding (7.3), (7.9) and (7.11) in
powers of |z1|/|y| and |z2|/|y| and comparing the leading terms with the structure in (6.16),
where the full kernel "'K, ., (z;,y; pi) is split into three separate contributions, we can
deduce the LO expressions of the kernels K, and ®.J. We obtain

Koz 1) = CrK (2 ), Ky(zip) = —%K(Z; ).
y(zin) = CaK(zp),  AKy(zim) = SKy(zm) = o Kz (7.14)
and
=0, STy ) = g[K(y; ) + K (y; po)] (7.15)

with K (z;u) defined in (7.6). For the higher gluon representations we find
PRy(zi1) =0, Ky (25 p) = —K(z; 1) (7.16)
and

Pz i) = 3[K(ys ) + K(ys )], 2T (z50) = 4[K (y; ) + K(y; p2)], - (7.17)
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where again we have set N = 3. The expressions for J are of course only valid at pertur-
batively small y.

Using the explicit form of K (z; 1), we obtain anomalous dimensions

1 Qg 8 1 g
=2CF — =—— =
TK,q P TK.q N 1
1'YJ:0, S’YJ:N%. (718)
T

The expressions for other colour representations are readily obtained from (7.14) and (7.15).
We note that 8PyK7q and 27’}/;{79 are negative. Furthermore, we find that £~; > 0 for all
R #1.

For completeness we also give the anomalous dimensions ,, which can be taken from
the literature for single TMDs, e.g. from [99] (see our equation (6.66) for notation). The
one-loop expressions are

%,:;OF%, vgz%% (7.19)
with By = %CA — %np Finally, one has
as  Cp (67 — 3n2 10 as )’
g =200+ G (T e ) (%)
TK.g = gﬁ TK.q (7.20)

for the cusp anomalous dimension at two-loop accuracy. Using the all-order relation

1

M =5 VK (7.21)

which follows from (6.30), we readily get the two-loop expression of 8y; as well.

7.3 Matching coefficients for DTMDs

We now turn to the short-distance coefficients for matching DTMDs on DPDFs in the
large-y regime. In the colour singlet channel, they are equal to the coefficients for matching
TMDs on PDFs, which for most polarisation combinations have been computed by several
groups [65, 66, 85, 121, 122]. In addition to extending these results to colour non-singlet
channels, we have computed the colour singlet coefficients for all polarisation channels.
In the following two subsections, we describe in detail our method, which allows us to
compute the one-loop matching coefficients from real emission graphs alone and to handle
gluon polarisation without using the Levi-Civita tensor in D = 4—2¢ dimensions. Subtleties
of renormalisation in both the quark and gluon sector are discussed in section 7.3.3. We
give our final results for the colour singlet coefficients in section 7.3.4 and explain their
extension to other colour channels in section 7.3.5.
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7.3.1 General procedure

To compute the matching coefficients, we take matrix elements of the operator relations
n (6.5) and (6.6), using either the vacuum or a single parton as external states. We define

1

2mo(pt —p'T) 2pT My (2, 2) = J\/b (B (b, 7| "OL(x, y, 2)|b,p,7)
= (R)//://:Wi)@p | O2(x,y,2)|b,p,7),
R a(z) = nf( (0|0 (g, 2)|0). (7.92)

where |b,p,r) is a parton state b with momentum p and colour index r, and the colour
projected operator O; was introduced in (4.18). We recall that r = (r,7/) and that
repeated colour indices are summed over. We gloss over the issue of parton polarisation for
the time being. In the colour singlet sector, one has £,(1)/m(1) = 1 and the contraction
with Plﬁ./\fa/./\/b in "My, implies a sum over the colour indices of the operator and an
average over the colour of the parton state. Thus, 'Mg(z, 2) is the unsubtracted TMD
for parton a in target b according to (3.11). Likewise, 1Mg4(2) is the soft factor for
single TMDs. In analogy to (7.22) we define matrix elements M, (z) and FM g, without
argument z from the operators with z = 0; thus "M () is the PDF for parton a in target
b. It is understood that all operators are renormalised, and we recall that the operators at
z = 0 require additional renormalisation compared with those at finite z.
According to the operator matching equations (6.6) and (6.5), we thus have

R R R
Mac €, Z Z us ab / Mbc( )7

RMS,a(z) = RCS,a(z) MS,a . (723)

We now expand the quantities in these relations up to O(as), denoting the zeroth and
first orders with superscripts (0) and (1), respectively. At tree level, the matrix elements
(b,p',r"|Oz|b,p,r) and (0]Og%|0) have the colour structure . 8,/s, which gives

RM((Z(I])) (ZL‘,Z) = RMEL(I))) (:E) = 5ab 6(1 - :l?) 9 RMg?ZL(Z) - RMgO’()I =1 (724)
for the matrix elements on both sides of (7.23), which results in zeroth-order matching
coeflicients

RCl(lg)ab(x, z) =0p0(1l —x), chz(z) =1. (7.25)

Inserting this into the O(as) terms of (7.23), we obtain

Ol 2) = "M (2, 2) = M (@),

us,ab

fC5alz) = "Mia(2) = MG, (7.26)

The one-loop matching coefficients are thus given as the difference of O(«as) matrix elements
at finite and at zero z. Virtual graphs cancel in this difference, because they do not depend
on z, so we can limit our calculation to real graphs.
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To obtain the matching coefficient Cy;, of the TMD, we need the square root of RCS,Q
according to (6.10). At O(ay), we have

1
RO (z2Y) =1+ 5 Rod)(z2Y) = 14 ROy (% Y) . (7.27)

(1)

In the second step, we have used that RC’Sla(z; Y') is linear in Y, which readily follows from
its evolution equation (6.14) and the fact that #K, = O(ay). Inserting this into (6.10), we
thus obtain at O(as)

RCab(x7 =2 C) = 5ab 6<1 - HJ)
+ dim | FCW (2,2Y0) — 6,001 —2) FCY) (2 Yo — Y1) |, (7.28)

Vi ——o00 us,ab
where in the present section we use the definition (3.50) of ¢, which refers to a single parton
with plus-momentum zp*. We have omitted the argument p in all functions for brevity.

7.3.2 Calculation of gluon-gluon matching coefficients

We now describe in detail our procedure to compute the one-loop matching coefficients in
the pure gluon channel. Throughout this subsection, we consider the colour singlet sector,
R =1, and drop the corresponding index. In turn, we now make gluon polarisation explicit.
We take gluon operators Og‘j /(x, Y, z) with open polarisation indices, obtained from (3.10)
and (3.6) by dropping the projection operator Hf{j/ in the latter equation. We also take
open polarisation indices 4, i’ for the gluons in the corresponding matrix element (7.22),
which thus carries four Lorentz indices, Mgg’”,. All of them are restricted to be in the
D — 2 transverse dimensions. The subscripts g refer of course only to the parton type here,
and not to its polarisation. For the gluon matrix elements, we thus have

M_%l’”/ (x,2) = Cﬂg:’;g (7', 2) (% M;’;’”/ (2") + {quark-gluon mixing terms} (7.29)
and
MG, 2) = MG () = O (2, 2) = 69 5"7'6(1 —2), (7.30)

which is combined with the matching of the soft factor into

Cé;)jj/’ii(ac, z;() = YLli>H—loo [C&é?gjg/’ii(x, z:Yy) — 69677 5(1 — x) Cg()l(z; Yo —Yr)|. (7.31)
The virtual graphs contributing to the one-loop matrix elements are shown in figure 10.
They are independent of z (the Fourier conjugated distance to the transverse momentum
carried by partons or eikonal lines) and hence cancel in the matching coefficient. Therefore
we only compute the real graphs in figure 11. We omit so-called Wilson line self interactions,
where a gluon is exchanged between eikonal lines along the same direction v, referring to
chapter 13.7 of [65] for further discussion.

We work in Feynman gauge and compute cut graphs (where the emitted gluon is
explicitly put on shell), using the Feynman rules given in appendix D. For graph 11b, we
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(a) (b) (c)

Figure 10. Virtual graphs contributing to the matrix elements /\/l_%) 33" (a and b) and M(Slzy (¢).
Not shown are complex conjugate graphs and the analogue of (a) with a quark instead of a gluon
loop. All eikonal lines are in the adjoint representation.

.

(a) (b) (©)

Figure 11. Real graphs contributing to the matrix elements /\/lélg) ags (a and b) and Mg; (c).
Not shown are the complex conjugates of graphs (b) and (c).

then obtain

o 1 dA—2¢f .
1 K7 . _ ik 2
Ol(ls?gg (2,2, — —00) ‘ﬁgure 11b ™~ oyt /(27T)4—2€ (e™*—1)2md((p—k)*)o(k" —ap™)
50“1' 5d€' e, v pdbe i5c/d’ 9p'r iéce
Ne—q @I (gw duw) =50 (p—k)n—i0

~ (LqMEfa’b’c’ [(p_Zk)i’gV’p'_|_(k,_|_p)u’gi'p'+(k_2p)p'gi’u’])
X (-Z [knglj _p7nz] 5(16) <l [kngT’j’ _kj’nT’] 5d’e’) +Cu575 ’ﬁgure 11b° (732)

where n is the four-vector with n= =1, n™ = 0 and n = 0. The assignment of polarisation
indices is shown in figure 11a. All primed indices refer to the right of the final-state cut,
and a, b, ..., e are colour octet indices. The factor e’*# —1 represents the difference between
the matrix element for nonzero and zero z. In accordance with our choice of light-cone
coordinates, the components p~ and p of the target momentum are zero. The factor
(zp™)~! comes from the definition (3.10) of the operator O,. The ultraviolet counterterm
Cus,e will be discussed below.

In (7.32), we have taken the limit Y7, — —oo by setting vy, = n in the eikonal prop-
agator. (Only then can we use the Feynman rule given in figure 14). This gives a factor
pt — kT = pT(1 —z) in the denominator. The resulting rapidity divergences in the convo-
lution of Cyg 4 with a PDF or a DPDF are cancelled by corresponding divergences in the
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soft factor, as we shall see shortly. In this sense, one should understand the limit Y;, — —oo
in Cys 49 as being taken in the combination (7.31).
Adding the complex conjugate of (7.32) and the expression for graph 11a, we get

PP B d2—2ek )
CIIH (3 21y, o o) = LCA (972 / (e*= — 1)

us,gg 2 2
—_ 2 Y
e o) 1
1—=z x 2(1—¢)
+L—m+ 1_6]2(55 5’5
1—x 2 1—e€
kii/ F sl 1—2x i I{ZJ]/
+x<1—x>F6]]+T6 k2
+<1_x>(5]k2+6]k2_6]14:2_6]k2>}+0us’6’ (7.33)
where we define the symmetric and traceless tensor
ij 0y v? ij
1] pylayd 0 34
v v'v 50— o) o (7.34)

for a given vector v in 2(1 — €) transverse dimensions. Using the integral relations in
appendix E; we perform the transverse integration and obtain

us,gg A7

X{l[ z +(1—x)(1+x2)] . L

s s 2\ ¢
C(l)]j )1 (:L', z; —OO) = —a fA (271'/,1,)26 F(]. - E) <Z >

ell—=x T 1—¢)

1 s 2(1*(1,') 1 AV YA

- Z (st st 5@])

+e{1—x+ 1—e¢ ]2(

L a 1

el—x 2
7;/

7
z s r
79
3 0+

50T 4 g0 10— L gl i
1—e¢

.
_ 73
1 X (Sii/ z

22

z

+x(l—x)

A R B 7
+(1—-2x) <5Uz2+5”z2_5wz2_523z2>}+0us,6. (7.35)
In (7.33) and (7.35) we have organised the tensor structure into terms that are diagonal or
antisymmetric or symmetric and traceless in the index pair jj’, for reasons that will become
clear in section 7.3.3. We note that the tensor in parentheses in the last line of (7.35) is
nonzero in a generic number 2 — 2¢ of transverse dimensions but vanishes for ¢ = 0. This is
easily seen by contracting this tensor with itself, which gives an expression proportional to €.

We see that (7.35) has poles in 1/e. They correspond to ultraviolet divergences of the
matrix element at z = 0 and are removed by the counterterm Cys.. If one splits the k
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integration in (7.33) into the parts going with e**?

ikz

and —1, then the 1/e poles arise as
infrared divergences of the term with ¢, which is ultraviolet finite. The term with —1
involves scaleless integrals, in which the ultraviolet and infrared divergences add up to zero
in dimensional regularisation. In the sum of terms, the infrared divergences cancel and the

ultraviolet ones remain. The MS counterterm reads

— 2 Sy
Cm:ascASe{[ 0 o) L e

’ T € 1—=z x 1—¢)

x 1 gy g
_ _ KPR X PN A}
+L +2(1 x)]2<55 5’5 )

— X

N T
1—=x

1/ it it s 1 i
il P ij’ §i'J it 537 7.36
2((5 0"+ 0 1 6(5 o >}, (7.36)

where

Se = (4me 7E)". (7.37)

The origin of the factor 1/(1 — €) multiplying 6% 677" is explained in section 7.3.3; note that
the naive implementation of MS counterterms as “the residue of 1/e times S.” would lead
to an incorrect result.

We now turn to the matching coefficient of the soft factor, which comes from the graph
in figure 11c and its complex conjugate. Taking again the limit Y; — —o0, we obtain

(1) d4—25£ il 9 n 50,0,’ 5cc’
L —aufol fAYEN (g S €, v rcha L
Xévc-i-io (=g ) (=guw Ouy) (gun” f©) En—z’O+C'C'+CS’E
s CA 2¢ / 2—2¢ —ilz /oo d£+ 21)8
= 2 4 -1 &
A2 (2mp) (6 ) o It 2(0+)2 v + 02 vé? 0
o [t oot 9 et gt
_£2/0 ﬁ+£2/0 F +C.C.+CS7€
asCy e [(A*TXL ., 2(zpt)? e=2Ye /xp+ Q0+
- 2 ) -1 log ——5—— -2 > Cse,
272 ( WM) / 2 (e ) og 7 ) o +C,

b

where Cg is the ultraviolet counterterm and “c.c.” denotes the complex conjugate term
(which results in an extra factor of 2 in the last line). The eikonal propagator depending
on n gives rise to the divergent integral over 1/¢T in the third line. To combine this
efficiently with the divergence from Cs 4y, we have subtracted and added a divergent
integral in the fourth line. The first two terms in square brackets then combine to a finite
integral, which gives the logarithm in the last line. Having rewritten v/ UZC = —e 2 we
recognise the variable ¢ from (3.50) appearing in this logarithm.

In the remaining divergent integral, we now change variables as /* = p™(1 — a/),
motivated by the corresponding form of the gluon plus-momentum p* — k™ = p™(1 — )

— 73 —



crossing the cut in figure 11b. Performing the Fourier transform using (E.1) and (E.2), we
then obtain

. _asCa (P22 T(1 -6
Cg (2 Yo +00) = o (4m) ( 1 ;

/

4 U de
X llogw—7E+¢(—6)+2/l_ T

where 1(2) = LlogI(z) is the digamma function. Its expansion around € = 0 gives
Y(—€) = 1/e + ..., so that overall we obtain a double pole in e. We recall that for a
one-loop quantity that has the form

+Cse (7.39)

5+ —+0(), (7.40)

the MS-counterterm is given by

—S. (R€ 2 Rlis?) (7.41)

€

(0)

times the tree-level term CS7 s = L where the coefficient S7 comes from the Taylor ex-
pansion S, = (4w exp(—yg))¢ = 1 + S1e + O(e?). The additional contribution S.S1 R_o/e
compensates the 1/e term that arises from Taylor expanding S, R_»/¢?. Implementing this
prescription, we obtain the final form for the soft matching coefficient:

Ca 1 p?  x? Lda!
oWz, L I T R 2L/ 7.42
597 Y0 +0) o R IV T Rl N (742)
with 5
L=log" 2 (7.43)
bO

where by is given in (6.25). We note in passing that Cg, is given by the same expression,
with the colour factor C4 replaced by Cr. Defining
1 TR

Sp=—=L?+Llogt— —— 7.44
L=mghihlbloeTs (7.44)

and combining C\s g9 With Cg 4 according to (7.31), we obtain the full matching coefficient
in tensor form:

CLHH (2, 240,)

_asCa {—2L { (1:”x)+ + (1”):(61”2)] +S5,6(1—2) } %5“’52’1'
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OZSCA . L _ 1 ij <i'§ i’ i’j_ i’ 55’
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The rapidity divergences in the Cys 4y and Cg, have been combined into the plus-

1 1 boda!
(1_x)+_1_x—5(1—x)/0 = (7.46)

which gives a finite result in convolution integrals. The lower integration limit of the z’

distribution

integral has changed from 1 — x in (7.42) to 0 in (7.46) because Cg 4 is multiplied with
0(1 — x) in the combination formula (7.31).

Note that the method we have used avoids introducing the antisymmetric tensor €,
in D = 4 — 2¢ dimensions. With the final result (7.45) in the D = 4 physical dimensions,
it is straightforward to perform a projection onto unpolarised or longitudinally polarised
gluons. On the operator side, one uses the spin projectors 897" or i€l from (3.7), and for
the gluon states in the matrix element, one contracts with ¢ /2 or —i€e /2, which gives
the average or half the difference of the two helicity states, respectively.'* For linear gluon
polarisation, we see that TII"KK in (3.7) projects on the symmetric and traceless part in the
indices jj’, with the result depending on two transverse indices kk’. Matching coefficients
involving linear gluon polarisation thus carry indices, as already remarked earlier.

We will give the results of projecting (7.45) onto definite gluon polarisations after
discussing in more detail the renormalisation counterterms we have used in our calculations.

7.3.3 Subtleties of renormalisation

As explained earlier, the renormalisation of TMDs involves only virtual graphs, which drop
out in the calculation of the one-loop matching coefficients. It thus remains to discuss the
renormalisation of the matrix elements Mfg’”l(:r) and Mg ,, which are respectively related
with PDFs and with the soft factor at z = 0.

Gluon polarisation. We begin with renormalisation of gluon PDFs, which gives the
counterterm (7.36) for the real graphs in figure 11. We recall that the renormalisation of
a scalar PDF operator (e.g. the one for unpolarised gluons) reads

O(z) = Z(2') ® Op(a)) (7.47)
and gives
MD(z) = 20"y & MP (2') + 20 (") @ MY (o), (7.48)

where Z(©)(z) = §(1 — z) and the first-order term Z™) () is given by the MS prescription.
Bare quantities are denoted with a subscript B, and we ignore mixing with quark operators
for the time being. For the gluon operators Ojjl(:c) with open indices, which we are now
interested in, the renormalisation factor Z in (7.47) turns into a tensor with four indices. As
explained in section 6.5 of [76], renormalisation is significantly simplified by first splitting
the tensor operator into its antisymmetric, traceless symmetric diagonal terms, which in
2 — 2¢ transverse dimensions reads

0’ — % (Ojj' _ Oj’j> I % (Ojj' + 077 4 i 5ﬂ‘j’okk> - 2(11_6) §IOME - (7.49)

" The sign difference for longitudinal polarisation reflects that one has polarisation vectors e for incoming
gluons and €* for outgoing ones.
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The three terms of this decomposition correspond to different irreducible representations
of the rotation group. Therefore, each of them is renormalised by a scalar renormalisation
factor, and there is no mixing between them. To implement (7.47) in the tensor case, we
project all tensors in jj' in the same way, which in particular gives

1 o
2 S
2(1—¢) o%o
(7.50)

for the tree-level tensors in (7.30). This explains the appearance of the factors 1/(1 —¢) in

PO T o 1/ .. . o 1 . .,
) 85v) — 17 St J 1] St ] _ 1 St ] 17 St ] n $77
) 72<55 55>+2<65 +6Y6 1 665)4—

the counterterm (7.36). We note that the coefficients of the diagonal, antisymmetric and
traceless symmetric tensors in that term are proportional to the well-known DGLAP kernels
for the associated gluon polarisation (apart from the 6(1 — ) terms from virtual graphs),
which confirms the consistency of the procedure. Contracting the last term in (7.50)
with the projector 697" for unpolarised gluons and taking the average over incoming gluon
polarisations by contracting with 5t / (2(1 — e)), one obtains unity, which corresponds to
the correct normalisation of the tree-level matrix element.

Notice also that the three terms in (7.50) have the same symmetry properties in the
index pairs j7' and 7', which reflects that there are no transitions between states corre-
sponding to different representations of the rotation group.

Quark polarisation. We now turn our attention to quark distributions and their renor-
malisation. The graphs to be computed for the matching coefficients are as in figure 11,
with appropriate replacements of gluons by quarks and with eikonal lines in the fundamen-
tal representation. The spinor indices at the top of the graphs are to be contracted with
the Dirac matrix of the relevant operator O, Oa4 or Os,, and corresponding contractions
are done for the Dirac indices of the quark states in the matrix element.

As is well known, the treatment of quark polarisation in this context requires a
consistent definition of 75 and of the € tensor in dimensional regularisation. We use
the scheme of 't Hooft, Veltman and Breitenlohner, Maison (HVBM) [123, 124], where
V5 = %GAMVP’Y)")/“’}/V ~vP. Here Exuvp 18 the usual antisymmetric tensor if all indices are in
the four physical dimensions (with €p123 = +1) and zero otherwise. We also introduce its
counterpart €/ = e~ where 1, j take values in the D — 2 transverse dimensions, as well
as the tensor 0%, which equals 6% if 4,5 = 1,2 and is zero for one or both of 4, in the
unphysical dimensions.

For transverse quark polarisation, we avoid the use of v5 by taking the Dirac matrix
I‘gq in the operator Oy as

1 i

FJ = el g7 +
5¢ 9 2

hd ejjle/fy+ : (7.51)
which is equal to the form %aj T45 in (3.4) in the physical dimensions, j = 1,2, whereas it
differs for values of 7 in the unphysical sector. The fermion trace in the matching coefficient
Csqsq then contains two matrices o/t and ¢%~. This gives exactly the same result as one
would obtain for the trace with ¢/*+5 and o'~ 75 using the “naive dimensional regulari-
sation” prescription, where one assumes that 75 has square 1 and anticommutes with all
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~#. That prescription is often used in the context of transverse quark polarisation, but we
prefer the formulation with (7.51). Note that with “naive dimensional regularisation” one
cannot treat all polarised matching coefficients on an equal footing, since it can only be
used to compute traces with an even number of 75 matrices. The matrix o'+ has also been
used to define quark transversity in the recent work [122], where the matching coefficients
for polarised TMDs were revisited in a systematic way.

For longitudinal quark polarisation, the matrix 75 is unavoidable. In the HVBM
scheme, one can rewrite the Dirac matrix in the operator I'a4 as

1 T YA
Pag =375 = =3¢ W7, (7.52)
where we define ~linJ] = %(fyifyj — ) Pyi). A corresponding replacement can be made for

the matrix v~ 75 that appears in the fermion trace for matrix elements with incoming lon-
gitudinally polarised quarks. Postponing the contraction with the € tensor to the end of
the calculation, one can hence represent longitudinally polarised quarks by an operator
(’)jAj; = —%(jq/[j "~y ¢ with two transverse indices. This makes it easy to see that one has
mixing under renormalisation with longitudinally polarised gluons, represented by the op-
erator (’)JAJ’; — G+ G that has the same transformation behaviour under rotations. For
all matching coefficients with longitudinal polarisation, AgAq, AgAq, AqAg and AgAg,
one then has a tensor matching coefficient ngl’“/ that is antisymmetric in j5’. As the only
terms with ultraviolet divergences in a matching coefficient arise from the matrix elements
at z = 0, they must be independent of z. This leaves 69§77 — §4'§%J as the only possible
tensor structure of the UV divergent part of the matching coefficient. This is also the ten-
sor structure of the tree-level matrix element, which multiplies the one-loop counterterm
according to (7.48). For the renormalised matching coefficient one thus has
cWig'i" %(51']'52"]" _ 5ij’5i’j) BW(z,e) — % (5ij5i’j’ _ 5ij’(5i’j) ZW (2, €)

+ {terms finite for ¢ — 0}, (7.53)
where B contains all ultraviolet divergent parts of the bare matrix element and Z() is
the relevant one-loop renormalisation factor. The MS prescription fixes the latter to be S,
times the pole part of B, The outcome of this discussion is that one obtains the same
counterterm (and hence the same renormalised result) when using the tensor form (7.53)
or when contracting it with

1 o 1 i
G e =2 (8957~ 5'5") (7.54)

and working with scalar matching coefficients, which corresponds to using the conventional
operators gy y5¢ and i€l GG in the HVBM scheme. Working with (7.53) has
the advantage that one does not need to distinguish between physical and unphysical
dimensions during the computation.

In the computations of [85] and [122], the tensor § on the r.h.s. of (7.54) was replaced
by the full transverse metric § in D — 2 dimensions, as a modification of the proposal
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by Larin [125], where PNV \was replaced by products of D dimensional instead of
4 dimensional metric tensors (cf. [126] for a recent discussion). We see that one obtains
the same result when one contracts (7.53) with %(5”5"7 - 5ijl5i/j) instead of (7.54) and
imposes MS subtraction. The essential point for this is that B and Z(") have the same e
dependent prefactor in this case. Since poles in 1/e cancel in BW — z(M) by construction,
only the e — 0 limit of their prefactor enters in the renormalised matching coefficient. The
preceding argument readily generalises to order o, where one should replace B — z()
with > B(n=m) @ z(m) where B0 = z(0) = 0(1 — z). If, however, the divergent part
of a quantity involves different tensor structures, then the procedure just described is no
longer guaranteed to work correctly.
We note that (7.52) is a special case of the identity

1
(’YA’YS - ’75’7/)\) = ? Expvp ’Y[H’YV’YP} (755)

N

in D dimensions, which has been used for a long time when discussing the axial current
in the HVBM scheme [76, 125]. The explicit antisymmetrisation on the Lh.s. of (7.55),
necessary to make the current Hermitian, can be omitted in (7.52) because {y",75} = 0.
As shown in [76, 125], the divergence of the flavour nonsinglet axial current is nonzero
if one uses MS renormalisation and the HVBM scheme, but a zero divergence can be
achieved by an additional finite renormalisation. The resulting nonsinglet current has
zero anomalous dimension. At order oy, the same finite renormalisation achieves that the
divergence of the flavour singlet axial current is given by the Adler-Bell-Jackiw anomaly, as
shown in [125] (at higher orders, the required renormalisation factors differ for the flavour
singlet and nonsinglet currents). In [127, 128] this finite renormalisation was extended to
the nonlocal axial current Oa, that defines longitudinally polarised quark distributions,
see also [129, 130]. The finite renormalisation can be written as
OXy = Z3° ® O30 35 O3 = Z5 ® O 515 Opg = Ongiis (7.56)
for the flavour singlet and nonsinglet operators in = space, where the currents on the r.h.s.
are renormalised by the standard MS prescription. At order a; one has
ZNS(2) = Z8(z) =1 — ;‘? ACr(1 - ); (7.57)
higher orders can be found in [131].1°> This finite renormalisation achieves in particular that
the DGLAP kernels P, and Paga, agree up to order o [127, 128]. It also achieves that
the hard-scattering coefficients of the Drell-Yan process in collinear factorisation satisfy
Wagag = —Wyg at order o, [129, 132], where Wagag is for the incoming quark and anti-
quark both being longitudinally polarised and W for both being unpolarised. In the re-
sults for the matching kernels given in the next subsection, we have included the finite renor-
malisation (7.56). At the order we are working at, this only affects the coefficient Cagaq-

5Note that Zs, called Z in [131], is different from Z° given in [128]. In that work, the renormalisation
of the bare current is written in terms of the product Z'Z® of two renormalisation factors (or matrices in

the singlet sector), where Z~* does not correspond to the MS prescription.
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MS wvariants. All results given in this paper so far refer to the prescription that a
renormalisation factor Z has the form

Z=> (Sea)" Z™, (7.58)
n=0

where oy is the renormalised coupling and Z(™ for n > 1 is a finite sum of poles in ¢, fixed
uniquely by the requirement that the renormalised quantity be finite at ¢ = 0. Equivalently,
one may express all quantities in terms of the rescaled coupling as = Sc g and use minimal
subtraction, where all counterterms are sums of poles. The factor S, is given in (7.37) and
was introduced in [133] to simplify the finite terms left after renormalisation.

A variant of the scheme has been proposed in chapter 3.2.6 of [65], where instead of
Se in (7.37) one uses

SJCC — FSW_)Z). (7.59)

The difference between the two versions is

2
S, — §ICC = % 2+ 0(P). (7.60)

For one-loop quantities with only a single pole in ¢, this is of no consequence, but it does
matter for quantities with a double pole. From (7.41) we see that the counterterm is
shifted by 72/12 times the coefficient of the double pole if one uses SgCC instead of S.. For
the one-loop matching coefficients, this scheme change affects the soft factor and simply
removes the term —72/12 in the quantity S, defined in (7.44).

Like any choice of renormalisation prescription, the choice of S, must drop out in
physical quantities such as the overall cross section. At O(as) this choice affects the
matching coefficients *Cyy, the hard-scattering coefficients C’IQ{ (with squared logarithms
in (7.2) indicating the presence of double poles 1/€? before renormalisation), as well as
DPDFs in colour non-singlet channels and DTMDs in any colour channel (via one-loop
renormalisation of the soft factors in their definitions). Collins-Soper and DGLAP kernels,
as well as anomalous dimensions, are not affected by the choice of S, at O(ay).

7.3.4 Matching coefficients for DTMDs on DPDF's

We now give our final results for the matching coefficients for DTMDs at large y in the
colour singlet sector, which are equal to the matching coefficients for single parton TMDs.
We have computed them not only with the rapidity regulator used in this paper, but also
with the so-called § regulator specified in [60], and we find complete agreement between

the two versions.
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In the gluon sector, we start from the tensor form (7.45) and project onto unpolarised
or longitudinally polarised gluons, which gives

Coolar,z) = 6(1—2) — L [ng(sv) - %5(1 _a) 79} FeoaSLO0-a),  (761)

1 s
Cagng(w,2) =6(1 —x) — L |:PAgAg(x) ~3 6(1 — ) ’Yg] + %r CaSr6(1 —x)

Qg
— 2404 (1 — 7.62
o A( :E) ) ( )
where we recall that
2.2 2 2
n-z 15 M &
L=1 S, =—-L Llog— —0—
o8 p=—5L +Llog " —o gy

with o = 1 if one takes S, from (7.37) for the MS counterterms, whereas o = 0 if one
takes SJCC from (7.59). The DGLAP splitting kernels Py,(z) and Pagag(r) include a
term proportional to the anomalous dimension v, = fByas/(27), which comes from virtual
graphs (see figure 10). This term is subtracted again in the above matching coefficients,
which only receive contributions from real graphs as explained earlier. We list all kernels
P,;, at the end of this subsection.

Matching coefficients involving linear gluon polarisation carry tensor indices, and we
extract from (7.45) the forms

Cg;'ggll S Cig6g (7.63)
i P 1 .
VA
op = ( S5 > Cigg - (7.64)
Y QZiZi/ il
i = < 0" > Cysg (7.65)

where 7975 is defined in (3.8) and the scalar coefficient functions read

Csgog(w,2) =0(1 —x) — L [P5gég(3?) - %5(1 - 95)’79] + ;L; CaSpo(1—z),  (7.66)

« 11—z
Cigg(w, 2) = —i 204 — (7.67)

Cysy(1,2) = —;L; 204 2(1 — ). (7.68)

The prefactor in (7.64) has been chosen such that Cs,, coincides with the corresponding
matching coefficient defined for single gluon TMDs in [85, 122].
In the quark sector, we obtain

1 s
Caa(@,2) = 8(L =) = L | Pygla) = 5801 —2) 7 | + ;—WCFSL 5(1— )

O
+5 Or(l-a), (7.69)
CAQA‘](:C7 Z) = qu(.fU, Z) ’ (770)
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with 7, = 3Cpas/(2m). For transverse quark polarisation, one has again a tensor valued
coefficient
Jit - _ 5Tt
Crnsq = 0 Csysq (7.71)

with
1 Qg
Coqq(2,2) = 0(1 =) = L | Psgsq(x) = 50(1 —2)g | +5_CrSLo(l—a).  (7.72)

We note that the tensor structure 27z% would be allowed in (7.71) but does not appear at
O(as). For transitions between quarks and gluons, we obtain

Cyo(@,2) = —L Pyy() + ;‘—W oTpz(1 — 1), (7.73)
Cagag(w,2) = —L Pagag(z) + ;‘—ﬂ 2Tr(1 — ) (7.74)
and
Cyq(,2) = —L Pyy(z) + ;‘7 Cpz, (7.75)
Cagng(m, 2) = —L Pagag(a) — 2‘7 205 (1 — 1), (7.76)

where we have re-introduced the normalisation factor 77 = 1/2. The analogues of (7.67)
and (7.68) for quark-gluon transitions are
11—z

Qs
C(ggq(x, Z) = —% ZCF - 5 (777)

Cysglz, 2) = ;‘—; MTpz(l — 1), (7.78)

where the scalar coefficients are defined as in (7.64) and (7.65) with the subscript g replaced
by ¢ for the unpolarised parton.

DPDs associated with linear gluon or transverse quark polarisation are tensor valued
and can be decomposed into basis tensors that multiply scalar (or pseudoscalar) distri-
butions. We give these decompositions in appendix F and list the resulting matching
equations between DTMDs and DPDF's in appendix G.

Matching coefficients C,;, with exactly one longitudinal polarisation (Ag or Agq) are
zero due to parity invariance. Coefficients with exactly one transverse quark polarisation
dq vanish because the relevant graphs involve the trace of an odd number of ~ matrices.
Due to charge conjugation invariance, the coefficients Cy, remain the same if one replaces
all quark indices by antiquark ones. These symmetry relations hold at all orders in «. At
one-loop level, there are no transitions between quarks and antiquarks or between quarks
of different flavours. These appear starting at O(a?).

Most of the above coefficients have been calculated in the literature before. The coeffi-
cients in (7.61), (7.62), (7.67) and (7.75) to (7.77) were calculated in [85], using SCET and
the ¢ regulator in the version of [60]. We find agreement between our results and those in
the arXiv version 5 of [85]. Our results in (7.69) to (7.74) agree with [66] (which contains
unpolarised results only) and with [121]. The results in (7.61), (7.64), (7.75) and (7.77)
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agree with [59] and [61]. Apart from Csgs59, Cgsg and Cysg, all matching coefficients were
recently calculated in [122], using the § regulator briefly described in our appendix B. We
agree with the results in the arXiv version 2 of [122].

To the best of our knowledge, Cs454, Cgsq and Cysq in (7.66), (7.68) and (7.78) have
not been given in the literature before. They are not relevant for single parton TMDs in a
nucleon, since the PDF for a linearly polarised gluon vanishes in that case. This is because
linear gluon polarisation corresponds to the interference between gluons with helicity +1
and —1 in the amplitude and its conjugate.

Let us finally list the leading-order DGLAP splitting functions, which were first derived
in [134, 135]. They are given by

Qg 1+ 2?2 1
qu(fﬂ)—% FmﬁLgé(l*f)’Yq, (7.79)
PAqu<1') = qu(w), (7.80)
g 2z 1
P5q§q(.’13) = %CFW‘FE(S(l—SC) ’}/q (781)

for quark-quark transitions and by

Ol x —z x?
Pyylw) = 522C4 [(1_x)+ e );H )} —l—%(;(l—x)’yg, (7.82)
Pagag(@) = %Sr 204 [(1_2% 21— m)] + %5(1 — 7)., (7.83)
Paysg() = o2 20, ﬁ + %5(1 — ), (7.84)

for gluons. The splitting functions mixing quarks and gluons are

Qg Qg 14 (1—2x)2

Pygla) = 52 Te|a® + (1 - 2)%) Pyqla) = 5 Cr (x) . (7.85)
g g 1—(1—x)?

Pagag(e) = 2T [~ (1= 27], Pagag(e) = 52 O (x) . (786)

The symmetry properties of the matching coefficients Cy;, detailed below (7.78) also hold
for the splitting functions FPgp. In addition, Pys, = Psgg = 0 because the collinear opera-
tors Og4(z) and Ogél (x) transform differently under rotations and hence cannot mix under
renormalisation.

7.3.5 Colour non-singlet channels

It is easy to derive the matching coefficients in colour non-singlet channels from the results
we have just presented. All real graphs in figure 11 have the same colour factor, so that
the colour projections in (7.22) affect all graphs in the same way. The same holds for the
graphs for quark-quark transitions and for transitions between quarks and gluons (in the
latter case, the soft factor does not contribute to the one-loop matching coefficients and
one only needs the analogues of graphs 11a and b). We can therefore write

RC(II;) (.%, 25y C) = Cab(R) 10(5}1,) (33, Z5 1y C) . (787)

a
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The ratios cqp(R) of colour factors between the representation R and the singlet channel
can be determined from the basic ladder graphs, which have the topology of figure 11a.
They are readily obtained from the evolution kernels given in section 5.1.3 in [27] and read

Cgq(8) = _ﬁ7 Cgq(A) = cqg(A) = 2(]\;52_1)’
Cgq(A) = cgq(S) = %7 Cgq(S) = cqq(S) = 2(]\7]\;2_41) (7.88)
and for N =3
cgg(D) =10, cqg(27) = —1/3. (7.89)

For transitions involving antiquarks one has cgg(8) = ¢4q(8), cgq(S) = cgq(S) = ¢4q(S) and
cgq(A) = cgg(A) = —cqg(A). The minus sign in the last case reflects the fact that two
gluons coupled to an antisymmetric octet have negative charge parity.

We can now derive the explicit form of the LO DGLAP kernels in a general colour
representation R. For this, we use the evolution equation (6.19) for the matching coefficients
RCup. At order oy, we can replace ®Cy;, on the r.h.s. by its lowest-order value dqp 6(1 — ')
and thus obtain

R . 1 B 19 g .
Pac(x,,u,C) D) dac 5(1 l’) ’YF,C(IUUC) 9 8logp Cac(l’aZ,MvC) . (790)

Combining this with (7.87), we readily find that the leading-order DGLAP evolution kernels

of collinear DPDs in colour non-singlet channels are given by

1 cap(R 0
BPu(w; 1, ¢) = §5ab 0(1 —a) yra(p, €) = bé ! 610gu1
1 — cau(R)

=5 a0l = 2)yralp, O) + cap(R) "Pap(; 1)
— —% dap 0(1 — ) R'yj(u) log\zZ

1_620@(}2) dab 5(1 - l’) ’}/a(,UJ) + Cab(R) 1Pab(x; ,U) . (791)

They are hence easily recovered from their counterparts in the colour singlet channel.

Cab(l" zZ; s C)

In the last step we have brought the kernel into the form (5.26), using the explicit ¢
dependence (2.5) of v, the general relation (6.17) between anomalous dimensions, and
the one-loop relation R'yKﬂ = ¢Cqa(R) 17K7a, which follows from (7.87). We recall that the
colour singlet kernels 'P,,(x; 1) contain a contribution §(1 — z)7,/2 from virtual graphs,
see (7.79) to (7.84). The last line of (7.91) simply reflects that these graphs have the same
colour factor for all channels R.

Using (7.91), one can rewrite the ¢ independent distributions F introduced in (5.27) as

. mdy
RFalag,uo,Co (l'ia Y; .ui) = €xXp [(1 — Cayaq (R)) / 7 Yax (:u) (7'92)
110
K2 d/"L ~
+ (1 — Cagasy (R)) / 7 Vas (:u’):| RFalaz,/Lo,Co (wi’ Y; Mi) )
Ho
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where F satisfies the evolution equation (5.28) with kernels cq,p, (R) 'Payp, (24; iy, 12)
instead of #P,,p, (2; 1y, #?). One can thus use numerical code for the one-loop evolution
of colour singlet DPDs by rescaling the evolution kernels.

7.4 Splitting kernels for DPDs

Both DTMDs and DPDFs can be matched on single-parton distributions at small y as
specified in (5.37), (6.38) and (6.42). At O(ay), all three matching equations involve the

same kernels #T which were computed in section 5.2.2 of [27]. We list them here

ap—aia?’
in the notation of [30] (arXiv version 2), where compared to [27] the kernels T" have the
opposite order of indices and include a colour factor. Thus one has for instance

= CpT! (7.93)

_ Il
=TpT, q—9Aq Iref. [27]

lTll/ B ’
999 Ivef. [27] q4—9Aq |here

9—qq ’here

The new assignment of indices is such that [ refers to the amplitude and I’ to its complex
conjugate. We must note a mistake in equation (5.62) of [27], where the correct order of
indices in the kernels T" and U is I'l and not I’

We only give the kernels for the splitting of an unpolarised parton ag here. In the
matching equation (5.37) for DTMDs on TMDs, one can also have transverse quark or
linear gluon polarisation for ag, but this possibility is absent if one matches on collinear
PDFs in an unpolarised proton.

We start with the kernels for DPDs in the colour singlet channel. For a gluon splitting
into a quark and an antiquark, one has

T gq(w) T aqag(w) = T (u® + ) 8
1TgllL>Aqq(“) = = 1Tél;qu(u) = —iTp(u —1u) e )
[1Tél;5q5q(u>]jj/ = —2Tpui 6" 697", (7.94)
where u = 1 — u. For a quark splitting into a gluon and a quark, the kernels are given by
R R
YT N gag(w) = Cp(1+a) 6", YT, ag(w) = iCp (1 +a) e’
[T w)] = 205 2 A0 (7.95)

with 797" defined in (3.8). The kernels for an antiquark splitting into a gluon and an-
tiquark have the same form due to charge conjugation invariance. Finally, for a gluon
splitting into two gluons one has

na u U _ na
1Tsﬁgg(u) =2Cy (5 + " + uu> o,
w —\ <l w . Uy
1Tg—>AgAg(u) =2C%(2 —uu)d" 1Tg_>gAg(u) = 2iCy <2u + a) e,
w 33" Kk’ N w k! Uk
[1T9—>5959(u)} = Cauu 57 17770, [ng—még(“)} = QCAE T (7.96)
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All other kernels that cannot be obtained from those above by interchanging a; and as or
by changing quarks into antiquarks in (7.95) are zero. In appendix H we give the matching
equations that follow from these results for the scalar and pseudoscalar DTMDs or DPDFs
defined in appendix F.

Each of the above kernels corresponds to exactly one Feynman graph, so that the
results for other colour channels can be obtained by changing the overall factor as

RTaoﬂaﬂm = Cag—aiasz (R) 1Taoﬁﬂtlaz (7-97)
with
N N2 -4 1
Cggq(A) = _ﬁ ) Cqsgq(S) = 5 Cg—qq(8) = TN
N2 -1
Cg—gg(A) = T g Cg—gg(S) = —cggq(A),
Cggg(D) =0, Cggg(27) = —V3. (7.98)

For the colour representations D and 27, we have given the results for N = 3. Notice that
in all cases except cg—q4q(8) and cy—q4(D), the colour non-singlet channel is enhanced over
the singlet one for SU(3).

8 Summary

We have performed a systematic analysis of double parton scattering for measured trans-
verse momenta, extending the framework for factorisation and resummation formulated
in [65] for single parton scattering with colourless particles in the final state. A major
challenge is the description of soft gluon exchange and the associated rapidity evolution,
which has a much richer colour structure in DPS than in SPS. We handle this structure
by projecting suitable pairs of partons onto definite colour representations.

Based on perturbative results up to two loops [74], we have proposed equation (3.26)
for the rapidity dependence of the soft factor in DPS, which is a Collins-Soper equation for
matrices in colour space. Assuming the validity of that equation, we have given a concise
definition of DPDs in (3.29) and derived their general properties. Applied to SPS, our
construction provides an alternative form for the square root factor in the definition of
single-parton TMDs by Collins [65]. Transverse momentum dependent DPDs (DTMDs)
follow the evolution equations (5.7) and (5.11), which can be solved in closed analytic form
as given in (5.17). The rapidity evolution of DTMDs mixes different colour channels, and
its solution involves a matrix exponential in the space of colour representations. One-loop
expressions of the evolution kernels and anomalous dimensions are given in section 7.2 for
all parton combinations and colour channels.

In collinear factorisation, i.e. when the transverse momenta of the final-state particles
are integrated over, the soft factor for DPS simplifies considerably: it becomes diagonal
in colour representation space and independent of the parton type. This can be shown
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using only colour algebra and the fact that pairs of Wilson lines associated with initial
and final state partons cancel as WWT = 1. Important consequences of this result are the
simple structure (4.53) of the cross section for DPS processes producing coloured particles,
as well as the fact that evolution in rapidity does not mix different colour channels for
collinear DPDs (called DPDFs here). The corresponding evolution equations can be found
in (5.23) and (5.24), and an analytic expression that makes the rapidity dependence explicit
is provided in (5.27). At one-loop accuracy, the evolution kernels in colour non-singlet
channels are related in a simple way to the usual DGLAP kernels, as specified in (7.91).

If the size g of the measured transverse momenta in a DPS process is large compared
with nonperturbative scales A (but still small compared with the scale @ of the hard-
scattering processes), one can use TMD factorisation with DTMDs expressed in terms of
perturbative kernels and simpler hadronic matrix elements. There are two regimes for
this short-distance matching, depending on the relative size of the transverse distance y
between the two partons and the distances z; and z9 that are conjugate to the measured
transverse momenta in the cross section formula.

In the first regime, when y is much larger than z; and zs, the matching is very similar
to the familiar matching of single parton TMDs onto single parton PDFs. The resulting
expressions are given in (6.22) and (6.24). Apart from a suppression factor for colour
non-singlet DPDFs, which is controlled by their rapidity evolution kernel 2J(y), we obtain
a product of Sudakov exponentials and of matching kernels (one for each parton) with
DPDFs. At one-loop order, the matching kernels #C/(z, z) are due to ladder-type graphs
and coincide with the ones for single-parton TMDs in the colour singlet channel R = 1.
Most of these kernels have been given in the literature before, but we have recomputed
them in section 7.3 and extended the calculation to provide results for all combinations
of parton type, polarisation and colour needed for DPS. We use the HVBM scheme for
defining ~5 and the e tensor in dimensional regularisation, but point out a way to avoid
these quantities before taking the number of dimensions to D = 4.

In the second regime, when y is of the same size as z; and z9, one can match the
DTMDs onto collinear distributions of twist two (i.e. usual PDFs), twist three or twist
four. We neglect collinear twist-three distributions since in an unpolarised proton they are
chiral-odd and hence expected to play a minor role in the regime of small parton momentum
fractions typical of DPS processes. The matching onto twist-four distributions is presently
only known at lowest order, where it is trivial and given in (6.39). The contribution that
matches onto ordinary PDFs corresponds to the splitting of one parton into two. At leading
order it has the form (6.38) with splitting kernels given in section 7.4. An important point
is that in the DPS cross section, terms matching onto collinear distributions of different
twist come with different powers of A/g¢r and of o as specified in (6.40).

To combine the expressions for matching at large or small y, we adapt the subtraction
formalism of [65]. In this formalism, double counting is avoided by a subtraction term in the
cross section. This term can be easily obtained from the small-y or the large-y expression
without further computation, but it requires some care when choosing scales as discussed
in section 6.4. The same subtraction formalism is used to combine the cross sections for
DPS, SPS and their interference as specified in sections 5.3 and 6.5. In the regime where
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A < gr <€ @ one needs a limited set of nonperturbative quantities for computing the
cross section: the DPDFs #F(z;,y) and their rapidity evolution kernel #J(y), collinear
twist-four distributions (which arise from DPDs in the short-distance limit) and ordinary
single-parton PDFs. The colour octet kernel 8J(y) turns out to be equal to the Collins-
Soper kernel for single-gluon TMDs, providing a surprising connection between two rather
different areas of factorisation.

In the multi-scale regime A < ¢pr < @ we thus have a significantly increased pre-
dictive power of the theory. Rather than a huge set of transverse-momentum dependent
distributions, the TMD cross section involves the same nonperturbative functions as the
cross section integrated over gr. All other ingredients in the factorisation formula are of
perturbative nature. In most (although not all) cases they are known at least to the first
nontrivial order in a. The results presented in this work provide a starting point for phe-
nomenological investigations, for instance of electroweak diboson production with measured
transverse boson momenta. An important task will be to assess which types of correlations
and which regions of y are important in a given process and kinematical setting.

Before concluding, we wish to discuss the question of scheme dependence in the treat-
ment of large gluon rapidities. Matrix elements of Wilson lines along lightlike directions
typically have rapidity divergences, which originate from regions of gluon momenta with
infinite rapidity. In the present paper, we follow the approach of Collins [65] and use Wil-
son line directions away from the light cone to regulate these divergences. The regulated
Wilson lines then depend on rapidity variables. In the DPD construction laid out in sec-
tion 3.3, the parameter ( is defined in terms of a central rapidity Y that specifies the range
of gluon rapidities effectively included in the DPD. Several other schemes for regulating
rapidity divergences have been proposed and used in the literature, see [60, 78, 99, 136-138]
and [139]. Quantities that depend on a regulator variable will in general differ between
schemes. By contrast, quantities that enter a cross section formula in the same way in two
schemes must be equal. This holds in particular for TMDs, and hence also for the associ-
ated Collins-Soper kernels and matching coefficients onto PDFs. Discussions of equivalence
between specific schemes can be found in [68, 79, 140].

It follows that our results in sections 4 to 7 are independent of the rapidity regulator
scheme.'® Of course, this only holds if one defines the variables ¢ and { in a consistent
way across different schemes, see for instance appendix B here and section 6.1 in [75]. We
have checked by explicit calculation that the one-loop matching coefficients presented in
section 7.3 remain the same when one uses the § regulator specified in [60]. By contrast,
our arguments in section 3 are specifically formulated for Wilson lines with finite rapidities
and would need to be adapted to other schemes, using an appropriate translation between
the regulator variables as given in appendix B for a particular case.

As already noted, we absorb the soft factor into the DPDs, corresponding to what is
done for SPS in several TMD factorisation approaches [60, 65]. A different route was taken
in [28], where the soft factor explicitly appears in the final DPS cross section formula. Such

16 A few equations in these sections are obviously specific to the regulator we use, such as the defini-
tion (5.8) of ¢ in terms of Yc.
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an approach is often taken in the SCET literature in situations when the soft factor can be
computed in perturbation theory (e.g. for single Drell-Yan production at large g7 ). In DPS,
however, one needs the soft factor at large distances y. Including it into the DPDs therefore
limits the number of nonperturbative functions required to compute the cross section.
Given the results of the present paper and the arguments regarding Glauber gluon
exchange in [29], we consider that TMD factorisation for DPS is now established at the
same level of rigour as for single hard scattering, apart from the following issues. (i): as
already mentioned, there is no complete all-order proof of the properties we assumed for
the soft factor in section 3.2, but significant process in this direction has been made in [75].
(44): there is no all-order proof of the nonabelian Ward identities required for factorising soft
gluon exchange between left and right moving partons into the soft matrix. (iii): as noted
below (7.31), we have omitted Wilson line self interactions in our calculation, following the
logic discussed for SPS in chapter 13.7 of [65]. A more thorough understanding of this issue,
in particular for DPS, has not yet been achieved. Progress on any of these three points will
constitute a further step towards a rigorous treatment of double parton scattering in QCD.
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A Matrix manipulations for the soft factor

Referring to section 3.2, we now show that the set of properties la—1c for the soft factor
is equivalent with properties 2a—2b. As a corollary, we find that the soft matrix S(Y") is
positive definite for arbitrary large Y if these properties hold.

Properties 2a—2b follow from properties 1la—1c. The matrix s(0) is nonsingular by
assumption (property 1b), so that one can define a matrix K by

Ks(0) = s(0)K . (A1)
The differential equation (3.24) (property 1la) is thus solved by
s(Y) = s(0)e¥E = ¥ 5(0) (A.2)

for all Y. We now define R
S(Y)=s(Y/2)s'(Y/2). (A.3)

Using (3.25) (property 1c) for Yy = Y/2, we see that §(Y) approximates S(Y') for Y > 1.
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For any complex vector a one has
at S(Y)a =blb, (A.4)

with b = s7(Y/2) a. The expression in (A.4) is obviously positive or zero, and since sf(Y/2)
is nonsingular by assumption (property 1b), it is zero only for a = 0. Therefore S (Y)
is positive definite for all Y. This implies property 2b, and it also implies that S(Y") is
positive for all Y where it can be approximated by S (Y).

Multiplying (A.1) with s7(0) on the right, and using that K is Hermitian, we obtain

KS(0) = S(0)Kt. (A.5)
We thus finally have ~ ~ ~
S(Y) = "K25(0)e K12 = E5(0), (A.6)
where we used (A.2) and (A.3) in the first step and (A.5) in the second one. This implies
property 2a for Y > 1, where S(Y) approximates S(Y').

Properties la—1c follow from properties 2a—2b. We start by defining the matrix

~

S(Y) for all Y by

S(Y) = lim eV 0Kg(yy) . (A7)
Y04>OO
This obviously satisfies
o ~ .
v SY)=KS(Y) (A.8)

exactly. For Y, Yy > 1 one has S(Y) = e¥ "Y0)K§(Y}) by virtue of (3.26) (property 2a),
which implies 5(Y) = S(Y) for Y > 1.
Because S(Y') is Hermitian according to (3.20), it follows from (3.26) that IA(S(Y) =
S (Y)IA( T for Y >> 1. Using this, one deduces from (A.7) that S (Y) is Hermitian as well.
With (A.8) we then have
KS(Y)=5y)Kf (A.9)

for all Y. The solution of (A.8) can thus be written as

o~

S(Y) = eV DK G(y7) = oV Yi-Y0)K Gy Yok (A.10)

for arbitrary Yy and Y7.

We now recall the definition of the square root M1/2 of a positive definite matrix
M. One can write M = VDV, where V is unitary and D is diagonal with positive
entries d;;. One defines DV/2 as the diagonal matrix with entries v/d;;, and furthermore
VM = VIDY2V_ If M is real then V can be taken as an orthogonal matrix, so that M1/2
is real as well. Since S (Y1) is positive definite for some Y7 (property 2b), one can use (A.10)
with Yy = (Y — ¥1)/2 and write S(Y) = ¢(Y) t1(Y), where t(Y) = e VK2 [§(v7)] /2 is
a nonsingular matrix. With the same argument as given below (A.3), it then follows that
S(Y) is positive for all Y.

We can now define ~

s(Y) =5 [5(0)]2U, (A.11)
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where U is a unitary matrix. s(Y") is nonsingular (property 1b) and satisfies the decompo-
sition (3.25) (property 1lc) by virtue of (A.10) with Y7 = 0. Defining

K =U'[5(0)] 72K [5(0)]'/*U, (A.12)
one readily finds that KT = K and
s(Y) = [S(0)]2UerE, (A.13)

which implies (3.24) (property la). The definitions (A.11) and (A.12) are consistent
with (A.1) above. We note that a more general definition of s(Y') and K is obtained by
replacing S(0) — S(Y7) in (A.11) to (A.13), as well as Y — (Y —Y7/2) in the exponentials
there.

Restrictions on U. In principle, the matrix U can be chosen freely as a smooth function
of z1, z9 and y, but independent of Y and of the renormalisation scale u. We restrict
ourselves to choices such that U = 1 for y = 0. Since S(Y) is diagonal in that case (see
section 4.4), the same then holds for §(Y), s(Y) and for K = K.

We furthermore impose a number of restrictions on U in different partonic channels.
We thus demand that

Uy = qu’ Uy = qu’ Uy = Ugg J Ugg = U;g ) (A.14)

which is necessary to obtain the corresponding relations (3.30) for s,,4, from those for
Saray- As discussed in section 4.3, we also require that ¥, defined in analogy to (4.20),
is a real valued matrix in representation space and satisfies

RR,UQQ('zlv Z2, y) = RRIU(]‘?(ZM —Z2, y)
= U (—21, 20,9) = P Ugg(—21, —22,9) . (A.15)

We note that the trivial choice U,,,, = 1 satisfies all requirements just listed and gives

RR' _
Ua1a2 - 5RR’-

B Comparison with the § regulator scheme

As emphasised in section 8, our treatment of soft and collinear factors uses Wilson line
directions away from the light cone to regulate rapidity divergences, as was done by Collins
in [65]. The regulated Wilson lines then depend on large but finite rapidities.

The two-loop calculation of the DPS soft factor in [74] was performed using the 0 reg-
ulator scheme specified in [78, 99]. Given the particular relevance of this calculation for
our assumptions on the soft factor in section 3.2, we now compare the variables in that
scheme with the ones in the scheme of Collins. For simplicity we perform the comparison
for the SPS soft factor. It is easy to extend the following arguments to DPS, including the
appropriate rescaling of ¢, see (3.50) and (5.8). We note that there are two earlier variants
of the ¢ regulator, described in [60] and [140], and compared with the Collins scheme in [79]
and [140], respectively.
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In the 0 regulator scheme of [78, 99], Wilson lines are taken along lightlike paths but
modified by an exponential damping at large distances 2z~ (27). This damping is controlled
by a parameter §* (§7), which transforms like the plus (minus) component of a vector under
longitudinal boosts. One has a correspondence of variables

[ o
1

Due to boost invariance, the soft factor S only depends on Yz — Y7, <+ —log(676~/u?).
The correspondence indicated by <+ is valid when taking derivatives, so that p in (B.1)
could be replaced by another quantity that has dimension of mass and is boost invariant.
In our formalism, the soft factor can be split into

S(Ygr — Y1) = /S(2Yr — 2Ye) /S(2Ye — 2Y71), (B.2)

and the same splitting is performed with the § regulator, with the following correspondence

of variables:

2(Yr — Yo) < log 2(Ye — Y1) < log (B.3)
Here the momentum components kT and k~ correspond to the two partons initiating a
hard scattering, and we have normalised the rapidity parameters as (¢ = (2k*k7)2, in
accordance to the convention (3.50) used in the present paper.!” On both sides of (B.3),
the two expressions add up to twice the argument of the original soft factor in the rele-
vant formalism. After the square roots of the soft factor are combined with unsubtracted
collinear matrix elements (see (3.49)), one removes the rapidity regulator in either scheme,
taking 6~ — 0 and 6 — 0 or Yz — oo and Y7, — —oo. The resulting distributions depend

on the rapidity variable ¢ or (.

C Combining SPS and DPS for different hard scales

In this appendix, we discuss the generalisation of the scale setting discussed in section 6.5 to
the case where the scales of the two DPS processes (u; and p2) and of the SPS process (up)
are different. In the four contributions (6.54) to the cross section, we now take

~ Ex(un; pz) f(pz) (C.1)
~ E3(p, polpn; pz) Upz) frz)
~ E3(pnlpr, po; pz) U (pz) fpz)
y) ~ Ealp, polpn, pos pz) Ulpz) U (pz) f(pz) + Fine(pa, p2) -

osps: f(o1+29,Z
oppsssps © D(wi,yy, Z
osps/pps : D(wi,y_,Z

ODPS : F(x, zi,y

In E3 and Ey, we now allow different scales for all three or four parton legs (see the
remarks at the ends of sections 3.4 and 5.3). Scale arguments in the amplitude and in its

"The normalisation of ¢ and ¢ is not relevant for the Collins Soper equation, but it does matter for the
argument of the anomalous dimensions yr,q.
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complex conjugate are separated by a vertical bar “|”. If only a single scale is given, such
as pz in (C.1), then all scales are taken equal. In the subtraction terms for the SPS/DPS
interference, we now take

ODPS/SPS,yy—0 - D ~ E3(fix, fia|pn; fn) Ufin) Ea(fin; pz) f(pz)

with fip = p(vly,|ipz, pn) and = pvlyg | m ),
0sPS/DPS,y_—0 - D ~ E3(pnlfin, fiz; fn) U™ (fin) Ea(fin; pz) fpz)

with fip = p(v|y_|; pz, pn) and f; = p(vly_|;pi, pn)  (C.2)

instead of (6.57). The profile scales /i are the same as in the single-scale case of section 6.5,
whilst i interpolates between the different hard scales. The relation (6.60) between the
hard-scattering amplitudes for SPS and DPS holds for equal scales of «a; in all its terms.
In all subtraction terms, the scale of a, in the DPS amplitudes H,, 3, and H,,s, should
be taken as p;. This is for instance relevant for gg — H, which involves the strong
coupling already at leading order. With the choices just specified, one finds that the
limiting relation (6.59) for the subtraction term still holds.
Generalising (6.61), the subtraction terms for DPS can be taken as follows:

opPS,y_—0 1 F ~ Eg(fin, fla|per, po; fur, fial fn, fon) U™ (fun) Es(fin, flo| fins 11z) Upz) f(pz)
ODPS,y,—0 ¢ F ~ Ey(p1, 2|, s fin, fon|fon, fr2) U (fon) Es(funlfon, fros pz) U (pz) f(pz)
ODPSyy—0 ¢ F ~ Ey(fin, fia|fin, fios fin) U (fin) U™ (fun) E2(fins pz) f(pz) (C.3)

with

f=pmin{ly, |, ly_|};pz, ) and gy =p(vmin{ly,|, ly_|};p,mm) . (C4)

For |y, | > 1/v and |y_| > 1/v one finds the limiting behaviour in (6.63), whereas all
three terms in (C.3) tend to the 1v1 contribution to DPS if one or both of the transverse
distances is of order 1/v. Overall, we thus find that the subtraction formalism can be
adapted to work in the multi-scale case.

D Feynman rules

In this appendix we give the Feynman rules used in our calculation of the matching coef-
ficients in section 7.3. We compute cut graphs and thus need in particular the rules for
propagators and vertices to the right of the cut (corresponding to the complex conjugate
amplitude). This requires special care for the three-gluon vertex. A derivation of these rules
can for instance be found in [148] for the QCD Lagrangian (but not for eikonal lines). The
rules given here correspond to the conventions in the chapters 3 and 7 of [65]. In particular,
the coupling constant is defined such that the covariant derivative reads D, = 0, +1ig A, t°.

The Feynman rules for the propagators and vertices arising from the QCD Lagrangian
in Feynman gauge can be found in figure 12, where we use the notation

VEP(p,q,r) = (p — @)’ g"" + (g —7)''g"" + (r —p) g™ . (D.1)

The four-gluon vertex is not given here since it does not appear in our calculations.
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Figure 12. Feynman rules for propagators and vertices in cut graphs. We use Feynman gauge and
set the quark mass to zero. VH*?(p,q,r) is defined in (D.1). With these rules for cut quark and
antiquark lines, there is no minus sign for a closed fermion loop going across the cut.
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Figure 13. Feynman rules involving eikonal lines along the direction v. The colour indices r and
s refer to either the fundamental or the adjoint representation, whereas j and k are colour triplet
and a, b and ¢ are colour octet indices.

qK j b b j ¥q
p Tg —i (qng”l - pjn/‘) 6}1(} { (qngjﬂ - pjn/t) 6(1}) -g *p
u,a o, a

Figure 14. Feynman rule corresponding to the operator in a gluon distribution when an eikonal line
along n is attached to the gluon. The Lorentz index j is transverse w.r.t. the lightlike direction n.
The rule for the graph without the eikonal line is obtained by setting p = q.

The Feynman rules for the propagators and couplings involving eikonal lines are given
in figure 13. They arise from the expansion of Wilson line operators, given by (3.5) and
its analogue for the adjoint representation. We use there the notation of [27], where open
and closed circles at the ends of eikonal lines (in addition to arrows on and above them)
were introduced as a way to make the correspondence between graphs and mathematical
expressions unique. Let us briefly explain this.

First of all, the full circle indicates the (relative) past and the open circle the (relative)
future time direction when considering the path of the Wilson line in space-time. This
determines the sign of 70 in the eikonal propagators. Secondly, the arrow abowve the eikonal
line propagator corresponds to the momentum flow, just as for quark and gluon propaga-
tors, and is necessary because the eikonal propagator is linear in the momentum carried
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by the line. Finally, the arrow on the eikonal line fixes the overall sign of the propagator
and determines the order of contraction of colour indices, with matrix multiplication going
against the direction of the arrow. This is the same convention as for Dirac indices on
fermion lines. For eikonal lines in the fundamental colour representation, this arrow indi-
cates the canonical order of multiplication, with expressions involving Gell-Mann matrices
t, rather than their transpose (ta)T. For adjoint eikonal lines, the order in which the indices
are arranged can be chosen freely (writing e.g. fape O — facp)-

The vertices for a gluon coupling to a fundamental or an adjoint eikonal line are
given in the third and fourth line of figure 13, respectively. In the last row, the relative
sign between the vertices to the left and the right of the cut can be understood from the
relation feqp = —i(T)ep, where T acts as a generator of the colour group. The arrow
on the line is required to distinguish the role of the indices ¢ and b, given that f.., is
antisymmetric in its indices.!®

In figure 14 we give the Feynman rule for the operator in a gluon distribution when
an eikonal line is attached to the gluon. This rule was derived in section 7.6 of [65], see
also [149, 150]. It can be obtained by expanding the operator n, F*/(z) W(z,n) in g. The
Lorentz index j in the gluon field strength is restricted to be transverse to the lightlike
vector n. Note that this rule corresponds to the gluon operator (3.6) only if the Wilson
line is along vy, = n.

E Useful integrals

In this appendix, we give a number of Fourier integrals that are useful for the calculations
in section 7.3. We start with

e R =
[t - (2] e
k m o
X [logjz—klb(a)—i-l/)(l—a—e)} , (E.2)

where ¢(z) = d% logI'(2) is the digamma function. One can obtain (E.2) by differentiation

of (E.1) with respect to a. A useful relation for integrals involving tensors is given by

/ d22¢k eik:z k;jkj/ B _71'0:—1 F(3 - — 6) 12 e+a—2 zjzj’ N 5jj’ (E 3)
(k)" - I'(a) A 22 2Aeta-2)]°

We obtain (E.3) by rewriting k’k’" as —92/(027927") on the Lh.s. of (E.3) and then per-
forming these derivatives on the r.h.s. of (E.1). From the above equations, it follows that

- e
/d - ki [’Z; + () 5ﬂ‘f’] — aT(1— ) (;) [i; piO) 5”"] L (BA)

€

¥We note that in figure 7.10 of [65] a minus sign is missing in the coupling of a gluon to an adjoint
eikonal line on the right of the cut. Otherwise, we agree with the Feynman rules given there.
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where the traceless symmetric tensors k7" and 277" are defined by (7.34) and f(e) is an
arbitrary function. The integral over k%7’ /k* is thus finite, whereas the one over f(e)/k?
has an ultraviolet pole if f(e) is finite at e = 0.

F Tensor decomposition of DPDs

In this appendix, we give the tensor decompositions of DTMDs and DPDFs in terms of
scalar and pseudoscalar functions. We emphasise that these decompositions are only meant
to be complete in the 2 physical transverse dimensions. In calculations that have to be
done in 2 — 2¢ transverse dimensions, one must either avoid the decompositions below (as
we do) or extend them appropriately.

DTMDs depend on the three transverse vectors y, z1 and z9, but one can construct

the tensors necessary for their decomposition from y and
g = ejj’yj’ (F.1)

together with the invariants 697" and /', This is because in 2 dimensions there are only
two linearly independent vectors. The choice of the above two vectors results in the most
straightforward correspondence between the DTMDs and the DPDFs, where only the vec-
tors y and g can be used. The decomposition of the double quark distributions [27] reads

qu(x’h Zi, y) = qu(miv zivy) )
Faqag = fagag

FAqq = JAqq >
Fong = 9q0q
ngq = @JMquq + ijg6qq s

Fgaq = 'ngfq(Sq + ijgqéq s
Fggaq — 533 fsq6q + 9797 ,yyMngqaq

+2rITYINP g s+ (WY — Gy ) MPgS,s, (F.2)

where M is the proton mass and the tensor 777°*%" is defined in (3.8). Note that one has
TIIRK PRRG — 3 e employ a shorthand notation where vectors y or y appearing
as an index of 7 denote contraction, i.e. 799°YY = 7II"kK ykyk ote. f and g denote scalar
and pseudo-scalar functions respectively. The pseudoscalar functions are absent in the
decomposition of DPDFs because one cannot construct a pseudoscalar from y alone. De-
compositions analogous to (F.2) hold for quark-antiquark distributions and for distributions
of two antiquarks.
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For quark-gluon distributions we write

Fqg(l’i,zl‘,y) = fqg(xi7zi7y) )

Fagag = fagag

Faqg = 9nqg
Fyng = 9qng ;
F =9 Mfseq+ 3 Mgsqq,
Fgglg — Tjj/’yyM2fq59 + Tjj/’y@Mqugg 7
Y — W M g — (O 1 I MO,

qdg *

Analogous decompositions hold when the quark is replaced by an antiquark. Two-gluon
distributions are decomposed as

Fyg(iy zi,y) = fog(@i, 2i,9)
Fagag = fagag s
Fagg = 9ngg
Fyng = 9gng
Fggg = TIVY M fs o0+ TIIVIM2 g5
Fgf;g = PV M f 50+ TITVIM2g 50
Fgg;»:k' = IR s 502+ (IR Y _ iy kK Yy s flose
+ (FI WY pRR Y o pidhyy kR Ygy 3954
+ (Tjj’,y@Tkk’,yy _ Tjj’,nykk’,yi/) M49§gag ) (F.4)

We note that in the decomposition of each DTMD, the tensors multiplying different terms
are orthogonal to each other.

The decompositions for the nonzero DPDFs in terms of real-valued scalar functions
have already been given in [27, 33]. They can be directly obtained from the DTMD
decompositions above by setting all pseudo-scalar functions (i.e. all g’s) equal to zero (and
removing the arguments z; in F' and f).

G Matching coefficients for (pseudo)scalar DPDs

Using the decompositions in the previous subsection and the results for the one-loop match-
ing coefficients given in section 7.3.4, we can perform the necessary tensor contractions and
obtain a full set of matching equations at the level of scalar and pseudoscalar distributions.
We emphasise that this is done in the two physical space-time dimensions, since all interme-
diate calculations requiring dimensional regularisation have been completed at this point.
For definiteness, let us recall that the tensor-valued coefficients in section 7.3.4 appear in
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the matching relations as

Kk w Kk mm/

R @iz y; €)= ROPE (2 2 @i () @ 1G5y (w223 w2(/71)
® RFélggm (2}, y;¢) + {quark-gluon mixing terms} (G.1)
2

for the distribution Fj,s5, and in an analogous manner in other relations involving DPDs
that carry polarisation indices. In an expansion up to O(as), one keeps the one-loop terms
only in one of the two matching coefficients.

In the following we give the terms with matching coefficients for the parton with
momentum fraction zq; the terms for the parton with momentum fraction xo are fully
analogous. We omit colour labels R for brevity. With the tensor structure of the kernels
in section 7.3.4 we then obtain for two-quark distributions

Jag = Cqq g? fag + Cqq g? foq — y2M2w1Cq59 g? fogq >
fagag = Cagag g? fagag + Cagag g? JININE

9Aqq = Ggrq =0,
[Y|M fsqq = |y|MCsqsq @ foqa
Y| Mgsqq =0,
[y|M fysq = ly|MCyq ® Jasq + lyIMCyy ® fosq + \y\Mwquag (f5g§q + Y M f54)
Y| Mggsq = IyIMwlcqag (fﬁgéq Yy MQfagaq%

Joqsq = Csqoq ® Joqsq

Y M> f35, = Y M?Cisqsq ® Soa6a>

ggq(iq = g(CSLq(Sq =0, (GQ)

where we have defined

27-yy7zlzl
w) = ———5—5— = —cos(2¢1),
y? 27
L opvBEEm
W = T = sin(2¢1) (G.3)

with ¢ given in (F. 1) Here 1 is the angle between y and z; in the transverse plane,

oriented such that ¢/’ 3’ z] = |y||z1|sin ;. For mixed quark and gluon distributions the
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matching reads

Jaa = Cyg g? Joa — yQMz“Jngég g? fsgq + Cyq g? Jaq»
Jfagag = Cagag Sif fagag + Cagag % JININE
9Agq = 9gAq =0,
Y M? fsgq = y*M>Csgsg ® Jogq — w1Csgg ® foq — w1Csgq ® fag>
y2M2959q = —w1Csqg ® Joq = ©1C5g4 ® Jaq»
[y|M fysq = ly|MCyy ® fosq + |y|MW1Cgag (fagaq + Y M f5,5,) + lY|MCyq ® fasq
[Y[Mggsq = —|ylMarCysy © (fag(sq y>M? f&g&q))
2|y M fsq5q = 2|yl M Csgs4 ® f6g5q + |y|Mwi Csgg ® fosq + ly| Mw:Csgq ® fasq
20y[*M® f3,5, = 2|y1> M Csys5 ® f5g6q + [y MwiCsgyg ® fgoq + 1y[MwiCsyy ® faoq 5
2|y[Mgsgsq = —|y|Ma1(Csgg ® fosq + Cogq @ fasq) >

2‘y’3M39695q |y‘MWI(Cégg ® fgéq + C&gq ® fqéq) (G4)
and

Jag = Cyq ;gl’ fag + Cyq g fog — y2M2w10q59 a(:gl) fogg
fagag = Cagag g fagag + Cagag g? fagag
9Aqg = 9grg =0,

[YIM foqg = 1yIMCiq5q © fogq -

Y| Mgsqg =0,
yQMquég = szQqu ® fasg + yQMchg ® fgog — wlcqég (fégég y4M4f§g5g) )
y2M29q59 = Wqu5g (fégég +ty M4f§gég)
Y| M fsq59 = |y|MC(5q5q ® foqsg >

[ 1M fi55 = 91" M Cias © figsq

95q5g = gfsqag =0. (G.5)
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For two-gluon distributions we have

fag = Cqg @ fog — y2M2wng59 ® fogg + Coq ® fag
x1 1 r1
fagag = Cagag ® fagag + Cagag ® faqag
1 1
9Agg = YgAg = 0,
y2M2fégg = y2M205g69 ? f&gg - wlcégg ? fgg - chégq ? fqg )
1 1 1
92M29599 = —w1Csgg ;8’ fag — @1C544 ? fag »
1 1

y2M2fgég = y2M2ng ? fg6g —w1Cgsg @ (f595g - y4M4f§gz59) )
1

xr1

y2M2995g = _d}ngdq ® (f5g§g + y4M4f§g6g) s

1

2f5gég = 206969 % fégég - y2M2w106gg S? fg&g - y2M2w106gq ;81 fq5g ’
4014 414 21712 21712
2y M fgg(sg = 2y M Oég6g % fg:gég + Yy M wlc5gg :% fgég + y M wlcégq % fq&g )
2y4M4g§g(Sg = *y2M2(chégg :(Bgl) fgég - szQa)lCégq % fq&g )

ggg(sg = gggﬁg : (GG)

Further relations are obtained by replacing quark by antiquark labels.

Let us comment on the y dependent factors in the above relations. The factors of
|lyM|™ are such that they can be completely absorbed into the distributions (such rescaled
distributions were denoted by h in [33]). The factors w; and @; appear in the matching
between DTMDs and DPDFs carrying different polarisations; the azimuthal dependence
they provide is required by the conservation of angular momentum along the 2z axis. The
factor @y appears in the matching between pseudoscalar and scalar functions and ensures
that the r.h.s. of the matching equations is odd under parity.

H Splitting kernels for (pseudo)scalar DPDs

In this appendix, we give the matching of scalar and pseudoscalar DTMDs onto PDFs in
the region of small y and z;. The following results readily follow from the splitting kernels
given in section 7.4 and the tensor decompositions in appendix F. The scalar matching
kernels RTao_mlaz used in the following are obtained from those in section 7.4 by removing
all tensors 6, € and 7, so that one has T,z = Tr (u? + ©?), 1TgHAqq = —iTp(u —a),
1Tg_,(5q5q = —2Truu, 1Tq_>59q = 2Cru/u, etc. The only exception to this rule is that
we define 1Tg_>5g59 = 2C'4ut. Then the coefficients 1Taoﬁala2 used here agree with the
coefficients Ty, —yq,4, in appendix B of [43] for all channels. The kernels for other colour
representations are obtained from (7.97).
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The matching between (pseudo)scalar DTMDs and PDFs then reads

RfSpl, AqAg(Tis 2i,Y) = zé—:"z% 2(;‘:2 R g%Aquw

Ryl aga(Ti, 2, y) = W 26::2 BT Aua Jm

Ryl ang(®i, zi,y) = W 2‘::2 RT, . ag ]‘m

e sasa(z 20 9) = zéIZé 20:2 & g%qaqw (H.1)

for quark-antiquark DTMDs. For splitting into gluon-quark distributions we have
Bt o ngng(is 2, y) = ':Z%ZQ 207‘:’2 BT, Agaq W
RQSpl,gAq(xiazi,y) = W 20:2 R YA W

(WMD) Bhy soa(is 26ry) — 2(y+y)(y_£y—2_ vy, y ) y12 20;:2 R Jm
(W2 M2) R 5ol 2isy) = (y+y)(y_?}y)2:; g_y_y)(yJJ) ylz 20:2 RL W

and for two-gluon DTMDs

Y,y « fo(x1 + 22)
Rfspl,gg($i,2i,y) = + - RT S T2

y2 y? 2n? 9799 ) txy
Bfool agag(Ti, 2, y) = ;j%f:g 20;:2 BTy ngag W
RQSpl,gAg(IBi, Zi,’y) = @(22;52) 20;:2 RTg—>gAg fgifl_:_x?)
(WM RE 5o, 2i0y) = 2(y+y)(y;%)y—2_ v’ (y4y-) y12 T, fgizcl_:;;f?)
(y2M2) RQSpl,g&g(ﬂfiazhy) = <y+y)(y_ggjizg_y_y)(y+g) yl2 26::2 RT9—>969 fg;fl_:_sz) )
Rfspl, 5969 (Ti, 2i,Y) = z%?ylg % f g—38g8g m . (H.3)
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