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Abstract Double hard scattering can play an important
role for producing multiparticle final states in hadron-hadron
collisions. The associated cross sections depend on double
parton distributions, which at present are only weakly con-
strained by theory or measurements. A set of sum rules for
these distributions has been proposed by Gaunt and Stirling
some time ago. We give a proof for these sum rules at all
orders in perturbation theory, including a detailed analysis
of the renormalisation of ultraviolet divergences. As a by-
product of our study, we obtain the form of the inhomoge-
neous evolution equation for double parton distributions at
arbitrary perturbative order.

1 Introduction

In high-energy hadron hadron collisions, two or more par-
tons in each incoming hadron may simultaneously take part
in hard-scattering subprocesses. The importance of such
multiparton interactions increases with the collision energy,
because the density of partons in a hadron increases as their
momentum fraction becomes smaller. Theoretical predic-
tions with highest possible accuracy are required for a wide
range of final states and kinematic regions in order to use
the full potential of the LHC and of possible future hadron
colliders. It is therefore highly desirable to develop a the-
ory and phenomenology of multiparton interactions based
on first principles in QCD. The most important contribu-
tion typically comes from double parton scattering (DPS),
which is the subject of this work. To compute DPS cross sec-
tions one needs double parton distributions, which give the
probability density for finding two specified partons inside
a hadron. Our knowledge of these distributions is still very
poor, given their dependence on several variables and the dif-
ficulty to separate the DPS contribution to a physical process
from the contribution due to single hard scattering. Often

2 e-mail: markus.diehl@desy.de

one makes the simplest assumption that the two partons are
entirely uncorrelated. This can at best be a first approxima-
tion. In the region of relatively large momentum fractions
many studies in dynamical models find that correlations are
actually strong (see [1] for a recent review).

In such a situation, theoretical constraints on double par-
ton distributions (DPDs) are valuable. One type of constraint
comes from the mechanism in which the two partons origi-
nate from the short-distance splitting of a single parton. This
mechanism, which we will call 1 — 2 splitting, dominates
DPDs at small distance between the two partons and can
be expressed in terms of perturbative splitting functions and
the usual single parton distributions (PDFs). The impact of
1 — 2 splitting on DPDs and DPS cross sections has been
investigated from several points of view, see e.g. [2-13]. A
different constraint is provided by the DPD sum rules pro-
posed by Gaunt and Stirling [14], which express the con-
servation of quark flavour and of momentum and nicely fit
together with the interpretation of DPDs as probability den-
sities. Attempts to construct DPDs satisfying these sum rules
were made in [14,15]. A study of WT W™ and W~ W~ pro-
duction with the DPDs proposed in [14] can be found in [16].

DPDs depend on a renormalisation scale, just like ordi-
nary PDFs. This dependence is described by a generalisation
of the DGLAP evolution equations. Due to the 1 — 2 split-
ting mechanism, these equations contain an inhomogeneous
term whose form at leading order (LO) has been extensively
discussed in the literature [17-20]. Gaunt and Stirling noted
that if the sum rules they postulated are valid at some scale,
then their validity is preserved by LO evolution to any other
scale [14]. More detailed analyses of how the momentum sum
rule remains valid in the presence of parton splitting can be
found in [8,21]. Still lacking is however a full proof that the
sum rules hold at some starting scale. A derivation using the
light-cone wave function representation is given in appendix
C of [22]. This framework formalises the physical picture of
the parton model and in particular allows one to keep track
of kinematic and combinatorial factors. An explicit analysis
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of ultraviolet (UV) divergences and of the associated scale
dependence is however missing in [22]. The same holds for
rapidity divergences that are present in light-cone wave func-
tions (but cancel in the DPDs appearing in the sum rules).

The aim of the present paper is to provide an explicit proof
of the DPD sum rules in QCD. After defining DPDs and
stating the sum rules in Sect. 2, we show in Sect. 3 how
the sum rules arise at the first nontrivial order in a simple
perturbative toy model. We recall the essentials of light-cone
perturbation theory in Sect. 4 and then use this formalism in
Sect. 5 to give an all-order proof of the sum rules for bare (i.e.
unrenormalised) DPDs. In Sect. 6 we show how DPDs are
renormalised and establish that the sum rules remain valid if
UV divergences are subtracted in a suitable scheme. In Sect. 7
we explore the consequences of our analysis on the evolution
of DPDs: we obtain the general form of the inhomogeneous
term beyond LO (confirming the NLO result given in [20]),
we derive sum rules for the associated evolution kernels, and
we cross check that the sum rules are preserved by evolution
at any order in «. Our findings are briefly summarised in
Sect. 8.

2 Definitions and sum rules

In this section, we recall the definition of PDFs and DPDs
and then state the sum rules to be proven in the remainder
of this work. We restrict ourselves to unpolarised partons
and transverse-momentum integrated distributions through-
out. Bare PDFs and DPDs are defined as

Ao = phH™

dzy i i pt
X/ge 15l (pl 0;,(0,21) | p) F=0.2,0°
FPP(xp.x0.y) = (ipH) ™ (ap™) ™2 2p7T
% /dy_ dz_l_ dZ_Z_ ei(xlzl_+xzz{)[’+
2w 2w
x(pl O, (y,21) 0j,(0,22) |p)|

4t
7y =25 =y =0,2;=z2,=0’

ey
where n; = 0 if parton j is a fermion, n; = 1ifitis a gluon,
and n; = —1 if one considers scalar partons. We use light-

cone coordinates v = (v £ v3)/ V2 for any four-vector v
and write its transverse part in boldface, v = (vl, vz). The
twist-two operators read

1 z Z
O,v,2)==-gly—==)y" ),
(¥, 2) 2q<y 2)V q<y4-2>

1 _ Z Z
O:;(v,2) = —— 2 )y T -2,
7 (v, 2) Zq(y+-2>y q<y 2)

O,(y.2) = G (y - %)G*" (y + g) )
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for unpolarised quarks, antiquarks and gluons, respectively
and are constructed from bare (i.e. unrenormalised) fields.
The transverse index i in (2) is to be summed over. We only
consider colour-singlet DPDs here, so that the colour indices
of the quark or gluon fields in (2) are implicit and to be
summed over. For scalar partons we have

O¢<y,z>=¢<y—§>¢(y+§). 3)

Throughout this work, we use light-cone gauge AT = 0, so
that Wilson lines do not appear in the above operators. Note
that, just like ordinary PDFs, colour-singlet DPDs are free
of rapidity divergences. Modifications of the standard light-
like Wilson lines in Feynman gauge (or their equivalents in
other gauges) can be employed to regulate such divergences
as discussed for DPS in [23,24], but this is of no concern for
our present work.

The DPD in (1) depends on the transverse distance y
between the two partons. The discussion of sum rules requires
introducing their Fourier transform to transverse momentum
space,

Fljg;ljz(xl9-x2a A) — /dD72y eiyA F'B{ljz(-xl’XZ’ y)9 (4)

where D = 4 — 2¢ is the number of space-time dimensions
in dimensional regularisation.

For the discussion of graphs in the next sections, itis useful
to introduce the momentum space Green functions

G (ky) = /d% H3 (O}, (1) Ip)

g/ljz ki, ko, A) = /dDZ] eikizi /dDzz eikaz2

x /d’)ye"'yA (Pl O, (y,21) 0}, (0,22) Ip) )
in terms of which we have
; _ dky dP2k, .
B =) [ el AICIC
and
2 — 1D-2
. dk. d k;
Fé”z (x1,x2,A) = |:H(Xip+)_"if : D :|
i=1 (27[)
dA— . .
x2p+f—gf”2 k1, ko, A) . (7)
2

The above distributions contain ultraviolet divergences and
require renormalisation. Renormalised distributions will be
denoted without the subscript B and have an additional
dependence on the renormalisation scale . We postpone
a detailed discussion to Sect. 6 but already note here that the
integral over y in (4) diverges at y = 0 in D = 4 dimensions
and hence requires additional renormalisation. This diver-
gence is due to the 1 — 2 splitting mechanism mentioned
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in the introduction and leads to the inhomogeneous term in
the evolution equations for DPDs. It only appears for DPDs
depending on the momentum A, but not for their counter-
parts depending on the distance y, as was already noted in
[2].

The DPD sum rules hold for the momentum space distri-
butions at zero transverse momentum, which we abbreviate
as

FI2(x; W) = F2(x;, A =0; . (8)

Up to the additional renormalisation just mentioned, these
distributions correspond to the integral of Fj, j,(x;, y; i)
over all y, as can be seen in (4). The momentum sum rule for
DPDs reads

1—x1

S [ o PR = (= x) s, ©)
J2 0

whereas the conservation of quark flavour in QCD corre-
sponds to the number sum rule

1—x
f dxa F/20 (xy, x2; )
0

= (Njpo + 817 = 8j1.jp) £ (i ), (10)
where j, denotes a quark or an antiquark. The parton label
Jjv indicates the difference of parton and antiparton dis-
tributions, i.e. F/l/22v = Fj j, — Fj7. The number of
valence partons j in a hadron is denoted by N;,, so that e.g.
Ny, = [dx f*(x) = 2 in a proton. Using the convention
that 7 denotes a quark if j is an antiquark, we have Nz, =2
in an antiproton.

3 Analysis of low-order graphs and its limitations

In this section, we show for a simple example how the DPD
sum rules for bare distributions can be obtained from Feyn-

Fig. 1 Two graphs contributing
to the gluon PDF at order O(ct,)
in our model. Two more graphs
are obtained by reversing the
arrows that indicate the flow of
quark number

@) Gbpry

man graphs in covariant perturbation theory. We consider all
graphs at lowest order in «;. In a second example, we exhibit
the limitations of this covariant approach. This leads us to
use light-cone perturbation theory in the following sections,
where we formulate a proof that is valid at all orders in «. It
is clear that neither covariant nor light-cone perturbation the-
ory are suitable for actually computing parton distributions,
which are non-perturbative objects. We must thus assume
that general properties of Green functions — in our case the
sum rules — remain valid beyond perturbation theory. This is
similar to the spirit of perturbative proofs of factorisation in
QCD [25,26].

We use a toy model with scalar “quarks” of two flavours,
u and d, which we take to be mass degenerate. The coupling
between these quarks and the gluons is as required by gauge
invariance. We consider a scalar “hadron” that has a point-
like coupling to u and d and compute parton distributions at
lowest order in perturbation theory.

3.1 Sum rules with a gluon PDF

Let us first consider the case in which parton 1 in the sum
rules is a gluon. At lowest order, the gluon PDF appearing
on the r.h.s. of the sum rules is given by four graphs, two
of which are depicted in Fig. 1. The other two are obtained
by reversing the arrows on the quark lines (so that in graph
a the gluon couples to the d instead of the ). They lead to
identical expressions due to the symmetries of our model,
viz. charge conjugation and the identical masses of the two
quark flavours. The contributions of the graphs to the gluon
PDF are

)= 4/dFPDF (x1ky — x2k1)?
x [((k1 +ho)? —m? + ie) (k% + ie) (k% - ie)
x ((ky + k2)? — m? —ie)]_l, (11)

fF(x1) = 4/dFPDF (x1k2 — x2k1) (x2ky — x1k2 — ky)

®) Gbprs
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x [((lq +ho)? — m? + ie) (kf + ie) (k% - ie)
~1
x ((p =k =m? —ie)| (12)
where the integration element dI" ppF is given by

gzﬂD_4CFP+ dkl_dD_2k1 de2
X1 QP @emn)P
x 2108(k3 —m*) 218((p — ki — k2)* — m?). (13)

dlppr =

Here g denotes the strong coupling and m the quark mass.
For simplicity we set the coupling between the hadron and
the quarks to 1. A factor of two for the diagrams with reversed
arrows on the quark lines is included in these expressions.
For brevity, we omit the subscript B for bare distributions
throughout this section.

To obtain the graphs for the DPDs appearing in the sum
rules, one can start from the PDF graphs and insert the opera-
tor for parton 2 on one of the lines that go across the final state
cut in the PDF, as illustrated in Fig. 2. For our specific case,
the result of this procedure is shown in Fig. 3. The operator
(3) for scalar quarks or antiquarks simply provides a factor
1 in the graphs, and we obtain

FP| (1, 225 ) =4/dFDPD,1 x2 (x1ka — xoky)?
x [((kl + ko) —m? +ie)((ky + A/2)* — m* + i)
x (t = A/ +ie)]
< [+ 8727 = i€) (k2 = 8/27 = m? i)
x (k1 + ko) — m? —ie)]_l, (14)
Flgg (1, 1 —x1 —x) = 4/dFDPD,2 (1 —x1 —x2)
x (x1ky — x2k1)?

x [((lq )2 —m? +i€)((p—ki — ky + A/2)>

—m?tie)((k — A/ + ie)]71

>
»
|
|

(a) Graph for a PDF

Fig. 2 Transition from a given PDF graph to a corresponding DPD graph

@ Springer

x [((k1 + A/ —ie)((p— ki —ky — A/2)?
—m? —ie)((k +ka)> —m? — ie)]_l, (15)
F§ (x1,x) = 4/erpD,1 x2 (x1ks — xoky)
x (xoky — x1ky — ki)
x [((lq +ha)? —m? +i€)((ka + A/2)2 — m® + ie)
x ((ky — AJ2) + ie)]_l
x [((k1 +A/2)? —ie)((ky — A/2)2 —m? — i)
< ((p— ko —m? —i€)] (16)
FS (1 —x) —xp) = 4/erpD,2 (1= x1 —x2)
x (x1ky — xoky) (xaky — x1ka — ky)
x [((lq ko) —m? +i€)((p— ki — ko + A/2)
—m? +i€) (ki — AJ2)% + ie)]_l
x [((m + A/ —ie)((p— ki —ky — A/2)?

—m* —i€)((p — k2)* —m? —ie)]_l, (17)

where the integration elements d'ppp ; (i = 1,2) are given
by

282uP~4Cr (p*)’ dk;dP=2k; dk; APk,
x| @2m)P 2m)P
dA~

x 5 26 (z% — mz) (18)

dl'ppp,i =

with £; = p — ki — ko and £, = k». Notice the partic-
ular form of the second momentum fraction arguments in
F84_ which will turn out to be useful for showing the sum
rules. Reversing the arrows on the quark lines in Fig. 3, one
obtains the remaining one-loop contributions to the DPDs
with one gluon. Given the symmetries of our model, we have

>
»
|
|

(b) Graph for a corresponding DPD
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Fig. 3 Graphs for gluon-quark
or gluon-antiquark DPDs
corresponding to the gluon PDF
graphs in Fig. 1. The loop
momenta are defined in (19) and
(20), and each graph is for the
momentum fractions specified
in (15)—(17). Four more graphs
are obtained by reversing the
direction of arrows on the quark
lines

(©) Ghppaa

Fi(xn, xo3 p) = Ff[f(xl, x2: ) and likewise for the other
three graphs.

We notice that the expressions from PDF and DPD graphs
that correspond to each other are already quite similar . While
the momentum dependent part of the numerators agrees
exactly, the main difference are the two additional denom-
inator factors in the DPD, which are for the line that runs
across the final state cut in the PDF. In order to get rid of
these, we perform the integrations over their minus momen-
tum components using the theorem of residues. After suitable
variable substitutions, we can close the integration contour
in such a way that we only pick up the poles of the two
lines corresponding to parton 2. This removes the additional
denominator factors in the DPD and sets the corresponding
momenta to their on-shell value, just like it is the case in the
PDF. The relevant substitutions read

ki =A™ 2=k, ki +A7/2=k",

ki +ky =K~ (19)
for F{| and F3', and
ki —A"/2=k", ki +A7/2=k" (20)

for F ﬁg and F2g_‘21, where in the last case k; is kept as an
integration variable. The integration over k~ sets the line
corresponding to parton 2 on the Lh.s. of the cut to its on-

@ G550

shell value, while the same is achieved on the r.h.s. of the cut
by integrating over k'~ . After performing the integrations
over all minus components, we obtain for the expressions in

(1DH—(17)

1—x
e = / dxz x2 (1 — x1 — x2)°
0
ky — x2k1)?
x/dI‘ (x1ka — x2 1)2 ’ 1)
((ky + k)* + m?)” D2
{ 1—x1
5o =3 / dxy x5 (1 —x1 — x2)°
0
x/dF (x1ky — x2k1)? — x2k? 4 x1k k2
(k3 +m2) ((ky + k2)? +m?) D2
(22)
and
FﬁL{(Xl,xz):Fﬁg(xl,l—xl—xz)
1—x1
! 3
= E dxy xo (1 —x1 — x2)
0
ky — x2kp)?
(x1k2 — x2k1) 23)

X /dl" 5 )
(k1 + k2)* +m?)” D2

@ Springer
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d
F§1 (x1,x2) = F55 (x1, 1 — x1 — x2)

1 2 2
= x2(1—x —
] Xy ( X1 — Xx2)
ky — xok1)? — xok? 4 x1k 1k
X/dF(X12 x2ky) X21+X112’ (24)
(k3 +m?) ((k1 + k2)* +m?) D2
where we have abbreviated
D= xlk% +x2k% — (x1ky — xzkl)Z
+x1 (1 —x1)m? (25)
and the measure for the remaining integrations is
2, D—4 D2 D-2
Cr d"¢ky d“ <k
dr = 81 F 1 2 ' (26)
X1 2m)P=1 @2m)b-!

The similarity between PDF and DPD expressions has
become very close. To show the sum rules, we note that
at order oy, the only nonzero DPDs involving a gluon are
those we have already discussed. In particular, F&*, F&? and
F88 only appear at order ozf. For the number sum rule for
u quarks, we first combine all contributions from graphs 1.1
and 1.2:

1—x1
/ dxo [Flg_bf((xl, x2) + ng(xl,xz)}
0

1—x1

= / dxp [Ff7((xl,x2)+Fﬁg(x1,x2)}
0

1—x

= / dxp [Ff?((xl,xz) + Fﬁg(xl, 1—x; —X2)i|
0
= [} (). 27)

In the first step we used the symmetry between u and d in
our model, and in the second step we performed a change
of variables in F8¢. The last equality is easily seen from the
explicit expressions in (21) and (23). One readily derives the
analogue of (27) for the contributions from graphs 2.1 and
2.2 and hence for the sum over all graphs. Since N,, = 1 in
our model, this shows that the number sum rule for u quarks
is fulfilled. In the same manner, one can show the number
sum rule for d quarks. For the momentum sum rule, we start
again with the contributions from graphs 1.1 and 1.2:

1—x1

/ dxwz[Ff'f((m, x2) + F{5(x1, x2)
0

i d
+ F¥ (e, x) + FES(x1, xz)}

@ Springer

1—x1

—) / dxs [xz FE(Gry, x2) + 32 F¥ (x1, xz)}

1—x1

=2 / dx; |:x2 FF((x1, x2)

d
+ (1 —x1 —x2) Ff5(x1, 1 — x —m)}
1—x

—) f dxs [xz FE((x1. x2)

+(—x1—x2) Ff’f(xl,xz)]

= (1 —xp) ff(x1), (28)

The first two steps are justified just like their analogues in
(27), and the last two steps make again use of (21) and (23).
An analogous relation can be derived for graphs 2.1 and 2.2
and thus for the sum over all graphs, which confirms the
momentum sum rule.

We have seen that both sum rules hold individually for
each PDF graph and the set of corresponding DPD graphs.
This is already suggested by Fig. 2 and will remain true in
the all-order proof in Sect. 5. However, a crucial step in the
preceding derivation was that for each DPD graph we could
perform the integrations over minus momenta in such a way
that, after applying the theorem of residues, the momentum
of parton 2 to the left and to the right of the final state cut was
set on shell. This is not readily possible for other graphs, as
we shall now see.

3.2 Sum rules with a quark PDF

We consider now the case in which parton 1 in the sum rules
is a u quark (the expressions for d quarks are identical for
symmetry reasons). At order «; the number of graphs con-
tributing to each PDF is much higher than in the previous
section. There are the real emission graphs in Fig. 4, as well
as graphs with a cut quark loop and a vertex or propaga-
tor correction to the left or to the right of the cut. For the
graph in Fig. 4a and the corresponding graphs for DPDs, one
can establish the validity of the sum rules exactly as in the
previous section. This situation is however different for the
remaining graphs of Fig. 4.

To illustrate where the problem is, let us consider the graph
in Fig. 4b and the corresponding DPD graphs in Fig. 5. Before
integrating over minus momenta, we make the same change
of variables as previously, using (19) for F,'% and (20) for
Fé“f At this point, one finds that in both graphs it is impossi-
ble to close integration contours such that one picks up only
the propagator poles of parton 2, given that on the r.h.s. of the
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Fig. 4 Real emission graphs \
contributing to quark or
antiquark distributions. Four
more graphs are obtained by
reversing the arrow on the quark
line

Fig. 5 DPD graphs \
corresponding to the PDF graph k \ 1%
in Fig.4b

@ G5Ppa

cut their pole in k'~ is on the same side of the real axis as the
propagator pole of the d that directly couples to the hadron.
Performing the integrations over the minus momenta, we find

1—x1
2
fzu (x1) = X7
0

/d (xtky — x2k1)? — x1k3 + x2k ko
((ky + k2)* + m?) D? D,

dxa (1 —x1 — x2)°

(29)

and

FyS (x1,x0) = F¥9 (x1, 1 — x1 —x2) = x} (1 — x1 — x2)°

/dl“ (x1ky — x2k1)? — x1k3 4 x2k k2
(k1 + k2)? +m?) D} D,

() Gbhpos

= =) (1= x1)
X2
y /dl‘ (x1ky — x2k1)? — x1k3 + xokiks
((k1 +k2) +m?) (k2 +m?) Dy Dy’

(30)

where

Dy = x1k3 + 2k — (x1ka — x2k1)? + x2 (1 — x2) m?,
Dy = (x1ka — x2k1)? + (1 — 2x1) k3
+ 2x0k 1 ky 4 x3m? (3D

and dT is defined as before in (26). Whereas the first term in
(30) has the desired structure for establishing the sum rules,
this is not the case for the second term, which originates from

@ Springer
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the “unwanted” propagator pole when the minus momentum
integrals are performed using residues. We have explicitly
checked that this extra term disappears when one sums over
all contributing graphs, and the sum rules remain valid also
in this example. However, the simple proof we used in the
previous section no longer works.

This situation bears some similarity to the proof of cancel-
lation of Glauber gluons in single [25,26] or double hard scat-
tering [27]. For simple cases, this cancellation can be estab-
lished in covariant perturbation theory, using the theorem of
residues for integrations over minus momenta in a similar
way as here, but for more complicated graphs, that method
turns out to be cumbersome [27]. It is not clear whether a
general proof could be given at all in that framework. In the
next sections we will see that light-cone perturbation the-
ory provides a powerful tool for proving the sum rules at all
orders in the strong coupling, as it is for establishing Glauber
gluon cancellation [25-27] .

4 Light-cone perturbation theory

Light-cone perturbation theory (LCPT, also called light-
front perturbation theory) is quite similar to old-fashioned
time ordered perturbation theory, with the difference that
the vertices of a graph are ordered in “light-cone time”
xt = (% + x3)/+/2 instead of ordinary time x°. The rules
of LCPT can be derived from regular covariant perturbation
theory by performing the integrations over all internal minus
momenta, thus setting all internal lines on-shell. This is for
instance shown in chapter 7.2.3 in [26], whose normalisation
conventions we adopt in the following. Further discussion of
LCPT can be found in [28-35].

Because in LCPT all internal lines are treated as on-shell,
PDF and DPD graphs with identical x* ordering of vertices
automatically have the same denominator structure, which
we will use to prove the validity of the DPD sum rules to
all orders for bare distributions. For brevity we give only the
basic rules of LCPT here and discuss details and subtleties
when we encounter them. As in the rest of this paper, we use
light-cone gauge AT = 0 for the gluon.

1. Starting from a given Feynman graph, one assigns a light-
cone time x;f to each vertex and considers all possible
orderings of the x;.r. When drawing LCPT graphs, we
follow the convention that x* increases from left to right
on the Lh.s. of the final state cut, while on the r.h.s. it
increases from right to left.

2. Coupling constants and vertex factors are the ones
known from covariant perturbation theory. An exception
are momentum dependent vertices, which are discussed
below.

@ Springer

3. Plus and transverse momentum components, k;" and k;,
of a line [ are conserved at the vertices.

4. For each propagating line / in a graph, one has a factor
1/ (2k1+) together with a Heaviside step function ®(k1+)
if the routing of k; is from smaller to larger values of x .

5. Loop momenta ¢ are integrated over their plus and trans-
verse components with measure

detdP-2y

6. For each state i between two vertices at consecutive light-
cone times x;’ and x;jrl there is a factor

1
Pi_ - Zlei kl_,os + i€

(33)

where P;” is the minus component of the sum of all exter-
nal momenta entering the graph before xl.+. The sum is
over the on-shell values of the minus components

(34)

of all lines / between xl-+ and x;jrl.

For particles with spin, one furthermore has to consider that
the dependence of the propagator numerators on the parti-
cles minus momenta leads to a separation into propagating
and instantaneous contributions. Decomposing the covariant
four-momentum as

k= kos + (k - kos) ) (35)
where by definition k and k,; only differ in their minus com-

ponents, one can rewrite the covariant fermion propagator
as

O*")  ilkes) +m
Gl = e
k= — S5 +ie
O(—k* i(Kos) +m iyt
L o +) (kozz ! 7/_+ ' 36)
A R R

The first term describes the propagation of a fermion and
the second term the propagation of an antifermion, both with
positive plus momentum as stated in point 4 above. The third
term is independent of k~ and hence instantaneous. In LCPT
graphs it gives rise to a vertical fermion line whose ends are
associated with the same light-cone time x . For the gluon
propagator in light-cone gauge, we have
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wopy L v, NPk + kggntt
G =\ T
n in*n" 37)
(k)2

where 7 is the light-like vector projecting on plus compo-
nents, kn = kT. In analogy with (36), the first term in (37)
can be further decomposed into parts with ® (k™) or ® (—k ™).
The last term in (37) is again instantaneous.

The decomposition (35) has to be made for all Feynman
rules in covariant perturbation theory that have a depen-
dence on minus momenta in the numerator, in particular for
the three-gluon vertex. We will however only be concerned
with gluon lines that are either internal to a graph or asso-
ciated with the twist-two operator (2) for an observed par-
ton. Any gluon vertex in a graph then has all its Lorentz
indices contracted with a gluon propagator. The difference
(k—kos)"* o< n* between a covariant and an on-shell momen-
tum gives zero when contracted with G’ so that in the
three-gluon vertex we can simply replace k with ko in the
numerator factor.

5 All-order proof for bare distributions

In this section we derive the DPD sum rules for bare, i.e.
unrenormalised, distributions. We consider graphs in LCPT
at arbitrary fixed order in oy, using perturbation theory in the
same spirit as discussed at the beginning of Sect. 3. Having
established the sum rules for any fixed order in &g, one imme-
diately obtains their validity for the sum over all perturbative
orders.

5.1 Representation of PDFs and DPDs in LCPT

To begin with, we adapt the representations (6) and (7) of
PDFs and DPDs in terms of Green functions to the LCPT
formalism. For the bare PDF we find

ey = (ept) " (ph)N O dky dP 2k,
re= g ) ) / (2m)P
N(g) D-2
dx; d¥“k; .
[T 5= | 98" (ke
=1 | Y
Py 2m)
M(g) M(g)

<28 | pm =k = > ki |s{1-D x|, 39
i=2 i=1

where

x; =k /pT. (39)

The label g now specifies a cut LCPT graph, which has a
definite light-cone time ordering of vertices. We label the
independent momenta in a graph by k;, always starting with
k1 for the observed parton. The total number of independent
momenta is N(g) — 1, and M(g) — 1 of these go across the
final state cut. We collectively write {x} and {k} for the set
of light-cone momentum fraction and transverse momentum
arguments of a graph.

As already discussed in Sect. 3, we can obtain DPDs from
the PDF for parton j; by inserting the operator for a second
parton on one of the final state parton lines. The result is

FRle, 0 =33 85w (apt) ™ (up™) ™2
8 l

_ dK—dP—2k,; P2k
X (p*)N(g) 2/d)cl(S(xl —z)/ ! !

(zn)ZD—l
N(g) D—2
dx,‘d kl' i1 f ()
[ = | 92 dx). (e
D—1 N ’
i=2 (27-[) ¢
il
M(g) M(g)

x2m8 | p~ — K~ — Zkijos sl1- in ., (40)
i =

where we have a sum over all parton lines / on which the
operator for parton j can be inserted, with 6 ; () selecting the
parton type and § (x; —z) the plus momentum fraction. Notice
that both the plus momentum and the transverse momentum
components of the two observed partons are equal on both
sides of the final state cut. The former is always the case for
a DPD, whilst the latter holds because for the sum rules we
are considering the case A = 0.

Starting from (7) we have arrived at (40) by making the
variable substitutions

K™ = (ki +k)~ k™ =k —A)7/2,
K== +AM)")/2 41

and performing the integrations over k~ and k'~. As
described in Appendix B of [27], the result of these integra-
tions is that on each side of the final state cut the two vertices
corresponding to the operator insertions for the observed par-
tons j; and j are associated with the same light-cone time
x. This is not surprising, because the two operators O i
and O}, in the definition (1) of a DPD are taken at the same
light-cone time.

We now perform the integration over k| in the expression
(38) of the PDF. The following is a simplified version of the
argument in chapter 14.4.3 of [26]. A general LCPT graph

@ Springer
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I | 7

Fig. 6 Schematic illustration of an LCPT graph for a PDF. H (H')
denotes the light-cone time of the vertex for the insertion of the twist-
two operator on the left (right) of the final-state cut. Since the order
of vertices matters for evaluating LCPT graphs, one cannot place that
operator insertion on the line indicating the final state cut, as was done
for the Feynman graphs in Sect. 3

for the PDF, illustrated in Fig. 6, can be written in the form
Qél =1 F (Fy) I' x {numerator} (42)

with

states & P
E<H €
1
'= 1] — (43)
states £ rp - Z kl,OS - 1€
E<H leE
and
F(Fay= [] 1
A) = — - = 5
states & P - kl - Z kl,os tie
H<&<Fyp leg

x2m8 | pm =k = Y ki
lEFA

< T] : e

states £ pT =k = IX:kl,os — 1€
H'<E<F4 3

The “numerator” in (42) includes vertex factors, propagator
numerators and factors of +i, and its detailed form is not
relevant for the present argument. The graph is cut across
the final state F4, and the sums in I, I’ and F are over
intermediate states & either before or after the light-cone time
of the operator insertion. Let us now take the sum over all
graphs g that differ only by the state F4 where the cutis made
but are otherwise identical. Numbering the states in F(F4)
from 1 to N, we can write

@ Springer

N Fc—1 1
F (Fa) = [ — ,
%: Cg;jl_lzlp—kl—Df-l-le
N 1
x2né(p~ — ki — D, — - i|
( 1 C)fg]p_kl_Df_le
(45)

where we abbreviated Dy = . k; . Rewriting the &

l,08"
function in this expression as

1
2718(x)=i|: __ } (46)
X+ 1€ X — 1€
we find
N 1
F(FA):i[ - -
FZA A}:[lp——kl — Dy +ie
N 1
-[[——= — |. @7)
=1 P — k| — Dy —ie

Using the theorem of residues, one can easily see that this
expression vanishes for N > 2 when one integrates over k| .
For N = 1 on the other hand, the initial § function in (40) is
reproduced. Thus one can conclude that for a PDF only needs
to consider those x T orderings of the vertices for which there
are no states “later”, i.e. with greater x, than the operator
insertion vertices H and H' on each side of the final state
cut.

The preceding argument can be repeated for the K~ inte-
gration in the expression (40) for a DPD, and one finds again
that only time orderings with no intermediate state after the
operator insertions contribute. As a result, we have

é’l (x1) = Z (xlp+)_"' (p+)N(g)—2

8
_ N(g) _
LT g T G (). (k)
D—1 D—1 ’
emP-T\ L2 @)
M(g)
xs|1— Z x|, (48)

i=1

1—x

/ dz " Félj(xl, 7) = Zzsj,f(l) (rip*)™"
g 1

0
N
« ( +)N(g)—2 dD_2k1 ) dx; dD_zk,‘ 2
P (2m)D1 Qmb-1 |7
— M(g)
< (p) GVt s 1= 5. @9

i=1
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J{

- Yy Y

Vi W H i v,
(a) LCPT graph for a PDF

R A 2 L

i W H H IR Y]
(b) LCPT graph for a DPD

Fig. 7 LCPT graphs for a PDF or a DPD. It is understood that the subgraphs denoted by blobs are identical in panels (a) and (b). One may
interchange the time ordering between the vertices V| and V», and independently the time ordering between the vertices V; and V>

where the sum over all graphs g can be restricted to the time
orderings just discussed. We integrated the DPD over its sec-
ond momentum fraction z with weight z, as is required for
the sum rules (where m = 0 orm = 1).

5.2 Equality between PDF and DPD graphs

The next step in the proof is to establish the equality

!

2(up*) ™" G = ¢ (50

for all graphs g and all partons / that contribute in (48) and
(49). This includes the statement that there is a unique cor-
respondence between the LCPT graphs g that contribute to
f Ji and those that contribute to F/1/, as indicated in Fig. 7.

We already showed in the last section that in a PDF graph
the vertex H of the twist-two operator insertion must be later
in light-cone time than the vertex V, where the final state
line / leaves the graph. Let us now show that there can be
no instantaneous propagator attached to a twist-two operator
insertion. The vertex V| where parton 1 leaves the graph must
then come before H as well, and in a DPD graph both V; and
V> must come before H. In both PDF and DPD graphs, V;
may come before or after V,. Corresponding statements hold
for \71 s \72 and H to the right of the cut.

To show this, we identify the vertex rules (in momentum
space) associated with the unpolarised twist-two operators
(2). For quarks we get a factor y /2 that connects the Dirac
indices of the parton to the left and the right of the cut, and
for antiquark we get a factor —y * /2. This gives zero when
multiplied with the instantaneous part of the fermion propa-
gator (36) because (y*)? = 0. In light-cone gauge A* = 0,
the twist-two operator for gluons gives a factor (k*)2 sit,
Here k™ denotes the gluon plus momentum, which is equal
on both sides of the cut. The index i (i") denotes the gluon
polarisation index to the left (right) of the cut and is restricted
to be transverse. This gives zero when contracted with the
instantaneous part of the gluon propagator (37).

We thus find that LCPT graphs contributing to a PDF
are related to those contributing to a DPD by inserting the
operator for the second parton on a final state line in the
PDF graph. This is analogous to the statement we used for
Feynman graphs in Sect. 3 but now includes the statement
about the relative time orderings between vertices. With PDF
and DPD graphs having the same time ordering of vertices,
they have identical light-cone energy denominators (33). We
now compare the numerator factor associated with the line
I selected by the operator for parton 2 in the DPD and the
factor associated with the corresponding final state line in
the PDF. In the DPD, the momenta k and k' carried by [ to
the left and the right of the cut have the same plus and trans-
verse components, as already noted after (40). Their on-shell
values are hence identical as well, i.e.

Kos = ks (51)

Furthermore, k is equal to the momentum of the correspond-
ing final state line in the PDF. If [ is a quark, we get

2k0s+mﬂkos+m=kos+m (52)

2kt 2 2kt 2k+
in the DPD graph. Here a factor (Kos + m)/(2k™") appears
for each propagating line (see (36)), the factor y /2 comes
from the twist-two quark operator, and the factor 2 on the
Lh.s. is taken from the 1.h.s. of (50). On the r.h.s. of (52) we
recognise the factor for the final state line / in the PDF graph,
which proves (50) for quarks. The same argument is easily
repeated for antiquarks. If / is a gluon, we get

<_gm' n ”“késkt ”ik&) 2 st

2 1
kt 2kt
1 o Pk —i—ni/k(’f;
L BTy 0s S
" ok < g K+
niklh + n“/kéts>

1 ,
— _ oMK
= 2%t ( g Kt 3)
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in the DPD graph, where the factor 2/k* = 2(x;p*)~! on
the Lh.s. is again taken from the Lh.s. of (50). The r.h.s. of
(53) is the factor for a final state gluon in the PDF graph,
which completes the proof of (50).

5.3 Number sum rule

We can now insert the relation (50) into the expression (49)
for the integral of the DPD over its second momentum argu-
ment and set the power m = 0. The validity of the number
sum rule for a bare DPD then requires that

SN G — Smrw) (aph) T (pH)VE
g

a2k, (N9 dx; dP2k;
(271’)D_1 (27T)D_1
M(g)

x G (xh ks | 1= i

i=1

L (szv +dj.55 — Sjl,jz) Z (x1p+)—n1 (p+)N(g)—2

g
5 / a2k, (N dx; P2k,
(27T)D_1 (zn)D—l
, M(g)
< Gy (e kDS [ 1= xi ] (54)
i=1
It thus remains to show that
!
i1 =85+ Y B sy = 85,7 ) = Njn» (55)
1

where j, denotes either a quark or an antiquark. The sum
over [ on the Lh.s. gives the number of partons with flavour
Jo crossing the final state cut in the PDF graph, minus the cor-
responding number of partons with flavour 75. If the observed
parton j; in the PDF has flavour j, (j2), that number is
increased (decreased) by 1. The result is obviously equal
to the difference of partons with flavour j, and those with
flavour 77 in the hadron, which is indeed N}, . The number
sum rule is thus verified.

5.4 Momentum sum rule

Inserting the relation (50) into (49) with m = 1, we find that
the momentum sum rule holds if

S lapt) ()N

@ Springer

dD_2k1 Iﬁ) dx; dD_2kl'
(271’)071 i (ZJT)D*I
M(g)

xx G () ks [ 1= > xi

i=1

= (1—xp) Z (xipt)™ (P+)N(g)_2
8

dD72k1 ) dx; dDizkl‘
- / o1 |\ L1 "amp=
' M(g)
< Gy (e ks [ 1= xi ] (56)

i=1

This just means that the sum over the momentum fractions
x; of all partons crossing the final state cut in a PDF graph
must be equal to 1 — x1, which is a direct consequence of
momentum conservation. This concludes our proof of the
sum rules for bare DPDs.

6 Renormalisation

Up to now, we have essentially shown that the parton model
interpretation of the DPD sum rules is reflected in the graphs
that represent single or double parton distributions in QCD,
where quark number and parton momentum are conserved
quantities. However, these graphs have short-distance sin-
gularities that must be renormalised. It is known that the
literal interpretation of PDFs as probability densities can be
invalidated by renormalisation. This is most obvious for the
positivity of the distributions, because one has to subtract
terms that become infinite if the UV regulator is removed. It
is hence important to establish whether the sum rules retain
their validity after renormalisation in a specified scheme. We
will show that this is indeed the case for the MS scheme. As
in the previous section, our arguments are valid at arbitrary
order in o.

6.1 Convolution integrals

The calculations in the following sections make heavy use of
multiple convolution integrals involving functions of one or
two momentum fractions. To keep expressions readable, we
introduce a shorthand notation that avoids giving the explicit
arguments of the integrands, and we derive some useful rules
of computation. In the following let D be a function of two
momentum fractions, while A, B, C are functions of one
momentum fraction only. We define
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dz X1
A<§1§D=/—A <?)D(Z,X2), (57)

Z

where the integration boundaries are determined by the sup-
port properties of the functions under the integral. Specifi-
cally, when a one-variable function, say A, is a PDF we have
A(x) =0ifx < Oorx > 1, and when a two-variable func-
tion is a DPD we have D(x1,x2) = 0ifx; <Qorxy; <0
or x1 + x > 1. The same properties hold also for the asso-
ciated evolution kernels and renormalisation factors (which
may include delta and plus distributions at the endpoints of
their support). The convolution with respect to the second
argument of D is introduced in analogy to (57) and denoted
by (? We then have a combined convolution

A®B®D=A®|:B®Di|. (58)
1 2 1 2
A second type of convolution integral we will encounter is

pga=[5o(22) a0, (59)

12 Z Z

Interchanging the order of integrations, it is straightforward
to show that

|:A®Di|®B=A®[D®Bi|,
1 12 1 12

|:A®B®D}®C=A®B®|:D®C:|, (60)
1 2 12 1 2 12

so that we can write these convolutions without the brackets.
Using the support properties of the functions stated above
and making the integration boundaries explicit, one also has

|:D ®A:| ® B
12 12
: d 1 d
Z X1 X2
- / & / —ZD(—,—)Au)B(y)
y 4 yZ Y2
X1+x2 (x1+x2)/y
1 1
d d
[ o2 [
w yz yz y y
xX1+x2 w
=D%[A®B], (61)

where ® denotes the usual Mellin convolution for functions
of a single momentum fraction.

As a shorthand for integrals over momentum fractions, we
write

/A = /dxA(x),

for functions of one or two momentum fractions, respec-
tively. We further introduce operators X" and X/ that act on
a function by multiplying with a power of the appropriate
momentum fraction,

/D:/dxz D(xy, x2) (62)

2

(X"A)(x) = x"A(x),
(X5 D) (x1, x2) = x5 D(x1, x2), (63)

such that in convolution integrals X" A and X7 D can be used
without explicitly giving their momentum arguments. For
functions of one argument, one has the well-known rules

X"(A® B) = (X"A) ® (X"B),

/X"(A@B) z/X"A /X”B, (64)

and it is easy to see that for functions of two momentum
fractions

/Xz(A(%)D):/XA/XQD. (65)
2 2

We will also make use of the following identity:
/X"(D@A)—fdx x”/d—ZD T2 A
2Rt 22 ) 2 2’z
2
duy n x\” X1
= [ — | duyu5 D(uy,u) | — | A —
ui ui ui

_ ( / XgD> ® (") (66)

2

where the subscript on the convolution symbol in the last line
indicates that the result depends on the momentum fraction
X1.

6.2 Renormalisation of DPDs

We will now analyse how the DPDs in the sum rules, i.e.
momentum space DPDs evaluated at A = 0, have to be renor-
malised. Let us first consider position space DPDs Fg(y).
These have short-distance singularities for each of the twist-
two operators in their definition (1). For a single-parton dis-
tribution these singularities are renormalised with factors
Z; j(x; [, €) as follows:

ffa=>"27i;we fi (67)
J
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Correspondingly a bare DPD is renormalised with a Z factor
for each parton, i.e.

Fi]iz (y. 7

=" Zij (W) ® Zip.jp (1) @ Fi'2 (y). (68)
J1. 2

The Fourier transform (4) from position to momentum space
involves an integration over all y and produces an additional
short-distance singularity, which is due to the 1 — 2 split-
ting mechanism. As discussed in [13,36], this mechanism
dominates the DPD at small y and gives

F(l

FR™ (y; M)‘ Z Vi (y; M)%fé

(69)

with perturbative coefficient functions Vp(x1, x2, y; 1) that
depend on y via powers of (y )% g (). The Fourier trans-
form of (69) w.r.t. the transverse distance y has a logarithmic
singularity in D = 4 dimensions and gives a simple pole 1/&
for D = 4 — 2¢. Notice the difference between this and
the UV divergences in the twist-two operators, which lead to
higher powers of 1 /& with increasing powers of a. The split-
ting singularity in Fp(A) is renormalised additively with a
renormalisation factor Z;,;, j(x1, X2; i, €) depending on two
momentum fractions:

FUR (A5 ) = 3 Zijy () ® Ziy jy () @ Fi 7 (A)
Jt.J2
+ 2 Zininj W 8 i (70)
J

Introducing single and double Mellin moments by the inte-
grals

A(m) = /dx 1A,

D(my, m2) =/dx1x;"‘_1/dx2x£"2_lD(Xl,xz), (71)
one easily sees that (70) turns into

F2 (my, my, A; )

= Z Ziy jy (my; ) Ziy jy (a3 1) Fy (my, ma, A)
JuJ2
L . J
+ D Zigip,j (mi,ma; ) [ (my+ma— 1), (72)
J

in agreement with the leading-order analyses in [17,18].

@ Springer

The renormalisation factor for PDFs has a perturbative
expansion

o0
Zijipe) =881 -0+ Y ol () 2" (i e). (73)

n=1

whereas its analogue for the splitting singularity has no tree-
level term:

o
Ziyin.j (61, %23 11, €) = Yl () Z[1) (x1.xaie). (74)

For later use, we define the inverse Z~! of the PDF renor-

malisation factor by

12 ®Z51] () = 8ia 81— x). (75)

J
The expansion (73) implies a corresponding expansion

Z; (i €) =5, 8(1 = x)

+Za W Z;;" (xie), (76)
n=1

(n)

. —1 . .
whose coefficients Z, j can easily be expressed in terms

of Z, @ by solving (75) order by order in «. At first order,

one 51mp1y has Z; 1(1) Z(l)

Implementation 0f the MS scheme The derivations in the
remainder of this paper will be significantly simplified by
using a particular implementation of the MS renormalisation
scheme. We start with the definition of this scheme given
in Sect. 3.2.6 of [26], where the bare and the renormalised
couplings are related by

ot():(xs,uzg|: +Za San: "’”] (77)

n=1 m=1

and a generic renormalisation factor reads

00 M (n) 7
=70y sy A 79

n=1 m=1

where the order M (n) of the highest pole depends on the
quantity being renormalised. The tree-level value Z© is
not important here. The coefficients By, and Z,,, are inde-
pendent of &, but Z and thus Z© and Z,, may depend
on additional variables like momentum fractions. The stan-
dard choice for the factor S, is S, = (4mwe™7)®, where
y is the Euler—Mascheroni constant. The alternative S, =
(4r)¢/T'(1 — ) was proposed in [26], and the following
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arguments are valid in both cases. The counterterms in (77)
and (78) contain finite parts that result from multiplying pow-
ers of 1/e with powers of Sc.

We now define a second renormalisation scheme by

ozo_oe—|: +Zo/"ZB/ :| (79)

n=1 m=1

and
ee) M(n) Z/
— 7O n nm
=704y o 3 (80)
n=1 m=1
where By, and Z/,,, are again independent of . The countert-

erms in this scheme are pure poles in €. This will be essential
for the arguments in the following sections.

Let us show that the two schemes defined by (77), (78)
and by (79), (80) give the same renormalised quantities at
& = 0. To this end we introduce a rescaled strong coupling

() = . /S, (81)

so that (79) and (80) become

o0 n
_ _ B,
n=1 m=1
and
M(n) 7/
zZ=2z0 +Z_”(s) sty . (83)
m=1

Consider now arenormalised quantity R (g, &, Buym, Znm) in
the first scheme and its counterpart R’ (s (¢), €, B}, Zi,)
in the second scheme. Because (77) and (78) have the same
functional form as (82) and (83), the renormalised quantities
in both schemes also have the same functional form, i.e.

R' (@, ¢, B),,, Z

'm) = R@s, & B, Zim)- (84)

nm?
The coefficients B,,, and Z,,, (B,,, and Z,, ) are uniquely
fixed by the requirement that renormalised quantities have no
poles in ¢ when expanded in rs and ¢ (o), and ). Since o (¢)
only differs from cr; by terms of order ¢, one must also obtain
an expression without poles in ¢ when expanding R’ in o
and ¢. As a consequence, the renormalisation coefficients in

the two schemes are identical, B,,, = B}, and Z,,, = Z/..,
so that (84) implies
R'(@s, &, Byyys Zyy) = R(@s, &, By Z,y)- (85)

With @ (0) = «; we thus find that in the primed scheme the
value of R’ at the physical point is

hm R (@, ¢, B}, Zhm) = R(@., 0, B, Zym)- (86)
In the original scheme, the value of R is
gi_l;%R(as’ & Bumy Znm) = R(as, 0, Bums Znm) 87

at the physical point. Consider now a case in which the renor-
malised quantity is an observable (e.g. the hadronic vacuum
polarisation). Then it must have the same value in the two
schemes, and we can conclude that o . It follows
that for any other quantity, including quantities that are not
observables (such as renormalised PDFs or DPDs), the two
schemes give the same result at the physical point ¢ = 0.

For the standard choice S; = (4mwe™7 )¢, the relation (79)
takes the form of a minimal subtraction scheme with 7> =
w?/(Se)V/¢ = p? e /(4). This way of implementing MS
subtraction is in fact well known in the literature. Our above
argument shows that one can also use the implementation of
(79) and (80) for different choices of S,. In the remainder
of this work, we will use this implementation, omitting the
primes on o, By, and Zy,,,.

:as

6.3 Number sum rule

We are now ready to prove the number sum rule for renor-
malised DPDs. Using the notation introduced in Sect. 6.1,
we need to show that the difference

Al = / F2e — (Niy,, + 83 = 8iv.in) S (88)
2

is zero. Using the expression (70) for the renormalised DPD
and the rules of computation from Sect. 6.1, we get

/Fz1tzL _ Z Z” i ®/( oo ? Fé]h)

2 J1.J2 2

+ Z/(Zmz,u,j Q 1)
J o2

+Z</ Ziliz.v»j)?flg' (89)
Jo2

The number sum rule for renormalised PDFs implies a sum
rule for their renormalisation factors, which reads

f Zi,j = / (Zij = Zrj) =8ij = bi7. (90)
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A proof can be found in Sect. 8.6 of [26]. We recall that in
the case where i is a gluon we define 7 = i, so that the above
relation is valid for all parton labels. For the first term in (89)
we thus have

. 2 _ o Jiizw
Y 2un® [ Zon [F2 =259 [
Jisj2 2 J1 2

= Zzll J1 ® (NIZL +8J1 - (Sjlyl.Z) flél
Ji

= Nipy S+ 2 (85 = 8i2) Zini ® fi- o1
J

Here we have used the number sum rule for unrenormalised
DPDs, as well as the relation between bare and renormalised
PDF in the term proportional to N;, . Putting all terms
together, we obtain

Alli2 — Z(/ Ziliz,u,j) (? fé

V)

+Z jn jlz il,j?ff];_(8i1,5_8i1,i2)fi1
= ZR,"Q"2 ® f* 92)
1
k
with
R]?u:Z(/Ziliz,u’j)(?Zji Z i1, 12_ i1,i2
V) J
—8jm+8j.) Zi i <>13>ijk. (93)

In the last step of (92) we expressed the bare PDF in terms
of the renormalised one, using the inverse renormalisation
factor introduced earlier. In the MS scheme, the perturba-
tive expansion coefficients Z and Z; ™) involve only pole
terms in €, and it is easy to see from (75) that the same is
true for Z; l(n) . The tree-level part of Z;, ; in (93) is propor-
tional to 8,1 ;j and hence vanishes when multiplied with the
combination of Kronecker symbols in parentheses. Rl”2 i
hence a sum of pure pole terms in €. Since A2 is ﬁmte at
€ = 0 according to its definition (88), we can conclude that
R} = 0 and hence A2 = (. This proves the number sum
rule for renormalised DPDs. B

The previous argument implies that ), R} ® Z; ;=0
which together with (93) yields a number sum rule

f Zivinyj = (i3 — 8iviy — 8.5 + 8j.ir) Ziy.j (94)
2

for the renormalisation factor of the splitting singularity.

@ Springer

6.4 Momentum sum rule

The proof of the momentum sum rule for renormalised DPDs
proceeds in close analogy to the previous subsection. We need
to show that

Ah:Z/XzFiliz—(l—Xl)fi' 95)
i )

is zero. The first term of this expression can be rewritten as

Z/XZF”Q: Z lej]®/X2( 1212®ij)

i2,]1,J2

+Z/X2 1112]®f3)

2,] 2

Z lej1®/ Ziy. jp /XZFléljz

i2,]1.J2 2

+ Z(/ X2 Zi.iz,j> ® (Xfp.  (96)

2,]

The momentum sum rule for renormalised single-parton dis-
tributions implies that

3 / XZi, =1 97)

for any j, as shown in Sect. 8.6 of [26]. Using this and the
momentum sum rule for bare DPDs, we have

Z Zi, ]l®/ Zir.jo /X2FI]3112

i2,J1,J2 2
J1j2
_ZZH]I®/X2FB
JtJ2

=Y Zij Q? (1= f3']
I

= fi— Zz,l ; XfB (98)
and hence
Al — Z(/ X> Ziliz,j) ® (Xfh
i2.J 3

(XF3) + X1 £ (99)

- Zzil,j (?

J

In this expression we can rewrite
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Xfp=2 X(Zji® ) =Y XZ;peXfYH (100
k k

using (64). Multiplying (75) with x and again using (64),
we see that xZ;~ (x) is the inverse of xZ; (x) w.r.t. Mellin
convolution and matnx multiplication. Tl’llS allows us to write

A =S R @ (xfk 101
; ¢ @ (X (101)
with
=S 550) 23
j i2 2
® (XZ). (102)

The tree-level part of Z;, j(x) cancels in this expression
because it is proportional to §(1 — x), so that in the MS
scheme R! is a sum of pure pole terms in €. Since Al is
finite at € = 0, we must have Rl = 0 and hence All = 0,
which concludes our argument.

From ), R} ®(XZ; ;) =0 and (102) we obtain a
momentum sum rule

Z/Xzz,»,,-z,j = (1 —X1)Zi - (103)

2 5

7 DPD evolution and its consequences

The renormalisation of momentum space DPDs results in an
inhomogeneous evolution equation, which at leading order
in oz has been known for a long time [17,18]. Our all-order
formulation of DPD renormalisation in Sect. 6.2 allows us to
derive the form of the corresponding evolution equation at
arbitrary order in «. Differentiating (70) and using that bare
distributions are independent of the scale 1, we obtain

dFi12(A) dz;, j, dzi, j,
— = Y4 Z
dln p? jZ[dln,ﬁQ? ot lljl®dln,u
1
F]l]2 A 1i2,J ] 104
® ()+Zd1w1f3 (104)

The DGLAP equations for the renormalised PDFs f i =
> Zi j f imply
dZ; i
T = 2B ® Zike
J

(105)

where P; ;(x; ) denotes the usual DGLAP evolution ker-
nels. We therefore have

dFiiz(A)
dln p?

Z[ZPZI J1 ®Z]1 ki ®thk2

kik2 = i

kik;
tZink ® D Pup 9 ijJ<21| ® Fg'2(A)
n

dZiyiy,
+ ; dlnp? 12 fB

— ZP” i ® F“’Z(A) +ZP12 i ® F“’Z(A)
J1 i

dZ,' iz, ]
+ z[m ~ X § Zis
1

j
=Y Py ® Ziljz»j:| Q fp-

J2

(106)

We now define evolution kernels P, ;, j(x1, x2; () associated
with the splitting singularity in DPDs:

dZ;i,, |
Pijip e = Z[m =2 it ® Zjii,
J J1

_Zplz ]2®Z’l]2/]®zjk’ (107)
J2
which is equivalent to
dZ; ik
dhllllz’g = Z Piyjy ® Zjirk + Z Piyjp ® Ziy jo.k
® J1 ! J2 2
(108)

+ Z Pijis, j % Zjk
J

and gives us the form

dFi2(A
Tp(ﬂ) Zp” i ® Fli2(A) 4 ZPU i ® Fl2(A)

J2

+ Z Piinj @ f! (109)
J

for the inhomogeneous double DGLAP equation at arbitrary
order in perturbation theory. Our result confirms the form
given for NLO evolution in equation (16) of [20]. Compar-
ing (108) with (109) we see that the renormalisation factor
for the splitting singularity satisfies the same form of evo-
lution equation as the renormalised DPD, in analogy to the
renormalisation factor for PDFs in (105). With the definitions
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(71) for single and double Mellin moments, we find

dF12(my, ma; A)

dln u? = Z Py ji (my) Fjliz(mlﬁ ma; A)

J1

+ Y Piy jy(ma) FY2((my, ma: A)
pp)

+ Y Puiyjmi,ma) £ my +my — 1)
J

(110)

in agreement with the LO formulae derived in [17,18].
Equations (104)—(110) are valid in D = 4 — 2¢ dimen-
sions, and whenever the lLh.s. of an equation is finite for
€ — 0, it is understood that this limit can be taken. In the
MS scheme, renormalisation factors contain only pole terms
in €, plus an € independent tree-level term in the case of Z; ;
(but not of Z; ;, ;). An important consequence of this is that
the evolution kernels P; ; and P;;,,; are independent of €.
They must be finite for ¢ — 0, and any terms with a positive
power of € would induce positive powers of € on the r.h.s. of
(105) or (108). Such terms cannot appear, because the form

= [B (a5 (0) — gas ()] (111)

dln p? dats (1)

of the renormalisation scale derivative in D dimensions
implies that there are only terms of order €¢” withn < 0
on the Lh.s. of (105) and (108).

Using these results, we can obtain the kernel P;;, ; by
isolating the term of order €” on the r.h.s. of (107). The only
renormalisation factor with a tree-level term in that equation
is ij,l, so that P, ; is given by the term of order €°
dZ;,i,.;/d1In 2. Using (111), we thus find that

Piyiy, j (1, x25 a5 (1)

—as(p)

Res Zijip, j(x1, %25 ag (), €),  (112)

d
dars ()
where Res denotes the residue of the single pole in €. Apply-
ing the same type of reasoning to (105), we obtain

Pi (x5 as(p))

= —ay (1) Res Z; j (x; a5 (1), €). (113)

0
dots (1)
Combining these relations with the sum rules (94) and (103)
for the 1 — 2 renormalisation factor Z;;, ;, we readily
obtain corresponding sum rules

1—x
/ dx2 Pip,,j(x1, x2)
0
= (8.3 — 8iv.io = 8j;m + 8j.in) Piyj(x1), (114)

@ Springer

1—x1

> / dxz x2 Pijip, j(x1, x2) = (1 — x1) Piy,j (x1)
2

(115)

for the 1 — 2 evolution kernels, where we have given
momentum fractions explicitly instead of using the compact
notation of Sect. 6.1. We note that the momentum sum rule
(115) has the same form as a corresponding sum rule derived
in [37,38] for “two-body inclusive decay probabilities”, see
equation (49) in [38]. These quantities were introduced to
describe the evolution of hadronic jets. To investigate their
relation with our 1 — 2 splitting kernels goes beyond the
scope of this paper, but we note that the two types of func-
tions start to differ at order a [39].

The derivation of the DPD sum rules in Sect. 6 did not refer
to any particular value of u and is hence valid independently
of the renormalisation scale. As a consistency check, one
can use the all-order form (109) of DPD evolution and the
sum rules just stated to verify that the DPD sum rules (9)
and (10) are stable under a change of scale. This means that
the renormalisation scale derivative of their L.h.s. is equal
to the renormalisation scale derivative of their r.h.s. Let us
first show this for the number sum rule. Using our compact
notation, the derivative of the L.h.s. of (10) can be written as

d y
dlnp? /szu - ZP" n ®/F“121v

s [P ([ e

(116)

according to (109) and the rules of computation from
Sect. 6.1. In the first term of (116) we can use the DPD
sum rule at scale p and in the last term the sum rule (114) for
the 1 — 2 evolution kernel. The second term is zero thanks
to the sum rule

/Piu,j =0

for the PDF evolution kernels, which readily follows from
(90) and (113). We thus get
d

dln p? /F”lzv_zpl] ]1®( i2,0 +51112—5j1,i2)f]1
+Z i1, — l1 i

‘Sil,iz) Z Piy.j ‘? fj-
J

(117)

=85+ 8ji2) Py @ f

= (Niz,u + i1, — (118)

On the rh.s. we recognise the derivative d £ /d In 2 and
thus the appropriate derivative of the r.h.s. of the DPD number
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sum rule (10). For the momentum sum rule, we proceed in
full analogy and start with

d . .
din 2 Z/X2 Fi =3 Pii Q}QZ/XZ o
Y 1 L)

+Z/XPiz,jz/X2Fi“/2

J2,i2 2 2
+ Z(/ X, P,-l,-z,,-) ® (X£7). (119)
Jriz )

The second term on the r.h.s. is zero thanks to the momentum
sum rule

Z/XP,-,,-:O
i

for the DGLAP kernels. Using the DPD momentum sum rule
at scale p and the relation (115), we get

d .. .
dln ;2 Z/XZ B = ZP[I"/I ng [a=x07"]

L) J1

£ Yl -0 ]@ ()

J
= ZPil,j 619 f‘i - Z(Xpilﬁj) ? (ij)
J

J

(120)

=(1—X1)ZPi1,j<Sl9ff, (121)
j

where in the last step we have used the relation (64). The last
line of (121) is the scale derivative of the r.h.s. of the DPD
momentum sum rule (9), as required. We note that the inho-
mogeneous term in the double DGLAP equation is essential
for the preceding arguments to work. For leading-order evo-
lution, this was already emphasised in [8,21].

8 Conclusion

The sum rules proposed by Gaunt and Stirling [14] present
one of the few general constraints on double parton distribu-
tions that are currently known. This has motivated us to give
a detailed proof for them in QCD. We saw in Sect. 3 that an
analysis of Feynman graphs in covariant perturbation theory
yields the sum rules in simple cases but quickly becomes
complicated for certain types of graphs, which makes this
technique unsuitable for a general proof. Instead, we used
light-cone perturbation theory in Sect. 5 to show the validity
of the DPD sum rules for bare, i.e. unrenormalised, distribu-
tions at any order in the coupling. In Sect. 6 we analysed the
renormalisation of DPDs and showed that in the MS scheme

this procedure yields renormalised distributions that again
satisfy the sum rules.

As by-products of our analysis, we derived in Sect. 7 an
all-order evolution equation for DPDs in momentum space
and obtained sum rules for the kernel P;;,, ; that appears in
the inhomogeneous term of that equation. These sum rules
can be used to verify explicitly that the DPD sum rules are
consistent with evolution at any order in perturbation theory.
They will also provide valuable cross-checks for the calcu-
lation of P;;, ; beyond the known order a,. Introducing a
compact notation and deriving a number of relations for con-
volution integrals in one or two variables (Sect. 6.1) allowed
us to keep the computations for renormalised DPDs reason-
ably short and transparent.

To construct DPD models that fulfil the sum rules —exactly
or approximately — is by far not an easy task [14,15]. The
results of the present work provides an additional motivation
for further efforts in this direction. In a forthcoming numer-
ical study [40] we will show how the sum rules can be used
to improve existing models for DPDs in position space.
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