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Abstract

Collider observables involving heavy particles are subject to large logarithmic terms near
threshold, which must be summed to all orders in perturbation theory to obtain sensible re-
sults. Relatively recently, this resummation has been extended to next-to-leading power in the
threshold variable, using a variety of approaches. In this paper, we consider partonic chan-
nels that turn on only at next-to-leading power, and show that it is possible to resum leading
logarithms using well-established diagrammatic techniques in Quantum Chromodynamics. We
first consider deep inelastic scattering, where we reproduce the results of a recent study using
an effective theory approach. Next, we consider the quark-gluon channel in both Drell-Yan
and Higgs boson production, showing that an explicit all-order form for the leading logarithmic
partonic cross section can be obtained. Our results agree with previous conjectures based on
fixed-order results.

1 Introduction

The ever-increasing precision of experimental data from the Large Hadron Collider, together with
the clear lack of any signatures of new physics, necessitate continual improvements of our under-
standing of the Standard Model. The dominance of the strong force in collider environments makes
it especially important that the theory of Quantum Chromodynamics (QCD) is better understood.
For a given observable computed in perturbative QCD, progress can be made either by including
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subleading fixed orders in the strong coupling constant, or by including certain kinematically en-
hanced contributions at all orders in perturbation theory, a process known as resummation. In this
paper, we will be concerned with color-neutral scattering processes containing a heavy (or off-shell)
finale-state particle produced near threshold (i.e. ¢q§ — v*/Z or gg — h). In all such processes,
one may define a threshold variable & which vanishes at the threshold itself. As is well-known, the
differential partonic cross section with respect to this variable has the following generic form:

d = a2 gy (In™ ¢ .
i~ (%) L;O = <§)++cg% In §+...]+c£f>5(§)]. W

Here, an overall normalisation constant o originating from the leading-order (LO) cross section is
dressed by higher-order contributions, involving a series of terms in the threshold variable £ that
diverge as £ — 0, albeit integrably so. The first set of terms in the second sum (with variable m)
and the §(£) contribution are associated with leading power (LP) in a systematic expansion in the
threshold variable. The logarithmic counting is such that those logarithms with m = 2n — 1 at
O(af) are called the leading-logarithmic (LL) terms, with m = 2n — 2 the next-to-leading logarith-
mic (NLL) terms, and so on. The LP terms are well known to originate from the emission of soft and
collinear radiation. Following the pioneering work of refs. [148] based on diagrammatic arguments,
several approaches have been developed for LP resummation, including using Wilson lines [9}/10],
renormalisation group arguments |11}, and Soft Collinear Effective Theory (SCET) [12H15]. Recent
pedagogical reviews of different approaches may be found in e.g. refs. [16-18].

Until relatively recently, much less has been known about the second set of logarithmic terms in
eq. , which constitute next-to-leading power (NLP) in the threshold variable £. Their precise
origin remains unknown to this date, but it has already been shown that their numerical contribu-
tion cannot be neglected |19H26], therefore constituting a necessity to understand and resum them.
Following previous work in Quantum Electrodynamics (QEC) [27-30], refs. [31,32] used a mixture
of diagrammatic and path-integral methods to argue that certain NLP terms should indeed be re-
summable. References [3337] reached a similar (and indeed more general) conclusion, using results
in fixed-order perturbation theory to conjecture some all-order forms for NLP terms in processes
including deep-inelastic scattering (DIS), Drell-Yan (DY) production of an off-shell vector boson,
and Higgs boson production. Following more formal work showing that next-to-soft physics can be
related to asymptotic properties of scattering amplitudes at null infinity in both gauge theories and
gravity [38,39] (itself related [40] to the earlier work of refs. [41,42]), there has been more widespread
interest in exploring the properties of NLP terms, which could not be more timely given the nu-
merical motivation mentioned above. Examples using direct QCD arguments include developing
factorisation theorems for NLP contributions that extend their LP counterparts [43-49]; carrying
out fixed-order studies that aim to motivate such formulae [50-56]; resumming NLP contributions
by combining factorisation and renormalisation group arguments [26,[57-61]; and resumming spe-
cific contributions [62]. There is also an ever-growing body of work examining NLP effects in
SCET, including identifying relevant operators contributing at NLP order and/or their mixing un-
der renormalisation [63-70]; development of factorisation formulae [71-74]; and explicit studies for
particular observables, either at fixed-order or resummed [75-86]. This has proceeded in tandem
with direct QCD approaches, with a highly useful exchange of ideas and results between what are
often cast as opposing formalisms. Indeed, it is always useful to have complementary viewpoints
on the same underlying physics, such that a more varied toolbox can be employed in extending the



frontier of QCD perturbation theory yet further.

With this spirit in mind, we turn our attention in this paper to a particular class of NLP contri-
butions present DIS and the production of a colourless off-shell or heavy boson, such as DY and
Higgs production. Much of the above-mentioned work has focused on the study of NLP corrections
to partonic cross sections which have the same initial state as the Born contribution. Indeed, these
partonic channels are the only ones relevant at LP, and it has been explicitly demonstrated that one
can resum their LL. NLP contributions in both DY and Higgs production, using SCET [79,[81] or
direct QCD [62], and in agreement with previous conjectures [34]. However, it is also the case that
new partonic channels can open up at next-to-leading order (NLO) and beyond that contribute LL
NLP logarithms, and must be counted alongside their counterparts in the kinematically leading
partonic channel. Naively, one expects that one should indeed be able to resum such contributions:
once a subleading partonic channel has been turned on, the cross section is already at next-to-
leading power, and thus any further emissions must be maximally soft and collinear. The known
resummation properties of the latter should then guarantee NLP resummation for these terms, an
expectation that turns out to be ultimately correct. Nevertheless, turning this observation into a
practical resummation formula is not as easy as it might seem. A perusal of the QCD literature
shows that the NLP coefficients 0587)1 appearing in eq. for various processes of interest do not have
an obvious exponential form, even for the highest power of the logarithm at each order of as. This is
in stark contrast to the LL terms at LP, and also the LL NLP terms in the leading partonic channel.

For DIS, important progress was made in ref. [87], which considered the kinematically subleading
gluon initial state, and presented an all-order conjecture for the LI, NLP terms in the off-diagonal
DGLAP splitting function Py4(x), as well as the coefficients appearing in the partonic structure
function. Similar conjectures could be made for the related splitting function P,,, using a Higgs-
induced DIS process, where an incoming gluon fuses with a Higgs boson at Born level. Recently,
ref. [86] confirmed these results within the framework of SCET, using the assumption that the one-
loop virtual corrections to the new partonic channel at NLO exponentiate, and showing how such
exponentiation can be obtained through re-factorisation (see also [73}/74]). Reference [37] provided
further conjectures for the LL NLP terms arising from subleading partonic channels in DY and
Higgs production, which to date remain unproven.

In this paper, we will demonstrate the validity of the conjectures made in refs. [37,87] using well-
established direct QCD arguments (see e.g. refs. [88H90], and refs. [91,92] for pedagogical reviews).
We will calculate all-order forms for subleading partonic cross sections in the LL approximation at
LP and NLP, using diagrammatic arguments that enable us to straightforwardly obtain the form
of the fully real radiative contribution at each order in the coupling, before fixing the form of the
virtual corrections using known constraints. We will then be able to obtain closed forms for the
various splitting and coefficient functions presented in refs. [37,87], finding full agreement. In DIS,
our results overlap with the SCET approach of ref. [86] (which connects to the work done in ref. [82]
on the NLP thrust distribution), but our approach is entirely complementary: where that paper
examines purely virtual corrections to subleading partonic channels at each order, we consider the
opposite extreme of the fully real contribution. Further, we derive the all-order structure of the qg
partonic cross sections by direct computation, rather than via the renormalization-group evolution
arguments as discussed in section 4 of ref. [86]. Aside from this, our results go further than ref. [86],
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Figure 1: LO squared amplitudes for: (a) DIS; (b) Higgs-induced DIS, where the Higgs boson
couples to the gluon via an effective coupling.

which did not discuss DY or Higgs production.

The structure of our paper is as follows. In section [2| we derive the all-order LL NLP terms in the
off-diagonal splitting functions in (Higgs-induced) DIS, together with the appropriate coefficient
functions. In sections [3] and [} we extend our arguments to both DY and Higgs boson production,
showing how one can obtain all-order LL forms for the coefficient functions for quark-gluon initial
states. We discuss our results and conclude in section Bl Certain technical details are contained in

appendices [A] and [B]

2 Splitting functions and coefficient functions in DIS

In this section, we consider the deep-inelastic scattering of a virtual photon with a proton. At LO,
the photon couples to a valence quark, leading to the process

q(p) +v"(q9) — q(pm), (2)

whose squared matrix element is depicted in figure We will also have reason to consider the
alternative process of Higgs-induced DIS, in which the virtual photon is replaced by a Higgs boson,
and the valence quark by a gluon:

g(p) + h(q) = g(pm) - (3)

It is assumed that the Higgs couples to gluons via a suitable effective coupling (e.g. a top-quark
loop with the top mass taken to infinity), but the precise details need not concern us here. The
squared LO Feynman diagram for eq. is shown in figure

In both of the above processes, we can define the conventional Bjorken variable

Q2

2_ _ 2 4
g @ q (4)

€r =



In the DIS case, we can then define the structure function
Fa(z, Q%) = /d@ T8 Moo (5)

where the integral denotes a sum over all possible radiative final states, \MDIS|2QB is the squared
amplitude averaged (summed) over initial (final) state partonic colours and spins, and we have
labelled photon Lorentz indices as in figure Here the open Lorentz indices o and (8 belong to
the initial-state photon on either side of the final-state cut, and we have introduced the projector

1 1
A7l — €

2
7y = (172 + 320 Tmr?). ©)
? (p-q)?
where we work in d = 4 — 2¢ spacetime dimensions. For the Higgs process of figure we may
similarly define the structure function

PM%Q%=/5¢MbM% (7)

where |Mpig|? is the summed/squared amplitude in this case, and no projection is needed to get
a scalar quantity, due to the scalar nature of the virtual Higgs boson.

Dressing the LO processes of figure [[| with additional radiation will open up different partonic initial
states at NLO and beyond. For normal DIS, there is the process of figure[2a] in which a gluon rather
than a quark is present in the initial state. There is also a crossed box diagram for this channel,
where the connection of the quark legs is interchanged in the complex conjugate amplitude (not
shown in figure . We will argue that, due to various choices to be described later, this diagram
will not contribute at LI, NLP. The equivalent process for Higgs-induced DIS is that of figure
in which the initial state contains a quark. Once the new partonic channels have opened up at
NLO, one may emit further radiation, which becomes complicated very quickly as the perturbative
order increases due to the multitude of possible Feynman diagrams. However, we are after the LL
behaviour at threshold, which necessarily corresponds to all additional radiation being maximally
soft and/or collinear. We will see that it is then possible to arrange things so that only a small set
of Feynman diagrams contribute.

A first restriction that allows us to eliminate contributing diagrams stems from the fact that the
processes of figure [2| are already suppressed by a power of the threshold variable. They involve an
emission of a quark with the soft momentum k, which, after summing over spins, leads to a factor

Y ulkq)ulky) =kq

spins

in the squared matrix element. For a soft gluon emission with momentum k, the sum over polarisa-
tion states is O(k"), which indeed has one less power of soft momentum than the quark case shown
above. The emission of the fermion puts the diagram at NLP, and after this first emission one only
needs to consider further (maximally soft and collinear) gluon radiation (i.e. the same radiation
as one would need to consider at LP for diagonal channels). Let us write the momentum of each
additional parton (including that present at NLO) using a Sudakov decomposition

ky=opu+ B4, + ki ki-p=ki-¢d=0, (8)
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Figure 2: (a) NLO correction to DIS, where a gluon couples indirectly to the photon; (b) the
analogous channel in Higgs-induced DIS.

where we have introduced the vector
¢ =q+ap, 9)

which is null from eq. . For future use, we also note the relations
pta=Q1-z)p+q, p-d=p q#0. (10)

In eq. , the d-dimensional vector
k; =(0,k.,0), (11)

containing the (d — 2)-vector k, constitutes the momentum transverse to the incoming beams.

A second restriction on the number of Feynman diagrams that contribute arises as follows. As
argued in detail in refs. [88-90], leading logarithms only arise from the kinematic region in which
the transverse momenta of the emitted partons are strongly ordered. Furthermore, one may reduce
the set of relevant Feynman diagrams for the squared matrix element to those having a pure ladder
form, as shown in figure Crossed ladders, such as the graph in figure do not contribute
at LL. In non-abelian theories such as QCD, this property is not guaranteed in general gauges,
but can be made manifest by choosing to define the polarisation states of the emitted gluons in a
particular way. Upon choosing a reference vector c,, one may define physical gluon polarisation
vectors €, (k) via the simultaneous requirements

k-e(k)=c-e(k)=0. (12)

If in addition ¢ is a null vector (¢> = 0), the sum over physical gluon polarisation states has the

f
o t kucy, + kuey
> ke (k) = = + S (13)

pols.



Figure 3: (a) A ladder graph contributing to the gluon channel in DIS at NLP LL; (b) a crossed-
ladder graph.

As explained in detail in refs. [91,92], the kinematic dominance of uncrossed gluon ladders occurs
for the explicit choice
c=4q, (14)

i.e. the same vector that occurs in the Sudakov decomposition of eq. . Although we will explic-
itly check whether the same holds at NLP, the choice of eq. will allow us to straightforwardly
obtain the purely real corrections to the processes of figure |2, at arbitrary order in the coupling, in
the LL approximation.

Summarising, we have established that to compute the NLP LL contribution of normal or Higgs-
induced DIS, we need to consider the NLO diagrams of figure 2] dressed with n ordered soft-gluon
emissions, after choosing a particularly beneficial form of the reference vector used in the sum over
physical polarisations of the n gluons. If n additional gluons are emitted, we will have to integrate
over an (n + 2)-body phase space, whose treatment will now be discussed.

2.1 Phase space for multiparton final states

Focusing on the case of conventional DIS process for concreteness, we will need to consider inte-
grating the squared matrix element for the following process:

9(p) + 7" (@) = a(pr) + a(ky) + > g(ki) (15)
=1



where we label the soft-quark momentum present in the NLO matrix element by k;, and any
additional gluon momenta by {k;}. The phase space for this process is

dd dqu n ddk‘i
/d(I)(n+2) _ (27r)d/(2w§3115+(p%)/ @) 0. (kg) LHI/(%)M‘S*U“?)]

x 5l <p+q—pH—kq—Zki>

i=1
n n 2
= (27)(n+2)(A—d)+d / d%kq 64 (k2) [H / Ak;6, (K2 | 64 <p tq—kg— Y k:) :
i=1 =1 (16)
where we use the conventional notation
5y (K*) = 0(K°)6(k?), (17)

and we have used the d-dimension delta function to carry out the integral over py in the second line
of eq. . Each emitted gluon momentum may be expanded using the Sudakov decomposition of

eq. (8)), giving

ki = aip+ Biq + ki (18)
One may find the variables @; and /3; by contracting on both sides with p and ¢':
_ 4k - pk

j ) ) 19
"opegt T peg (19)
where we use that p-¢ = p-q. Furthermore, one may rewrite the measure in an integral over k as
follows:

dk; = p - qda; df; d?2k; ) = ;C%ddi dB; dk? | (k2,)7 dal), (20)

where we have used the notation of eq. , and also introduced the differential solid angle in the

transverse directions of the gluon with momentum k;, ngLlQ. To derive eq. , one may first pick
the following parametrisation for p and ¢ (see e.g. ref. [51]):

s+ Q? s — Q@ (s+Q%
= 1,0,...,0,1 = 0,...,0,——=—= 21
2\/; ( ? 9 9 ? )7 q < 2\/; ) ) ) ) 2\/§ Y ( )
where we have introduced the partonic squared centre-of-mass energy
s=p+q’=2p-q(l-x). (22)
Then eq. together with eq. implies
Q2 1 / Q2 l-—
= ——(1,0,...,0,1 = —= 1,0,...,0,—-1 23
p 2\/;37 ( Y ) 9 ) )7 q 2\/§ €T ( 9 ) ) 9y )7 ( )
so that eqgs. yield the explicit variable transformation
1—=x = 1
b= D00 k), A= kD). (24)

B
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from which eq. follows as required.

Using egs. and writing a similar decomposition for quark momentum k, with variables ay
(B4) along the direction of p (¢’), the argument of the delta function in eq. can be written as

n 2 n n
((1—x)p+q’—kq—2ki> =2 -q [(1—3;) (1—6,1—2&) —aq—Z@i
i—1 i—1

i=1

+..., (25)

where we have neglected terms which are quadratic in k, and/or {k;}, which correspond to corre-
lations between different emitted partons. As discussed above, the emitted parton momenta are
required to be soft in the LL limit. Therefore, these quadratic terms will be power-suppressed with
respect to the terms included in eq. . Given that our matrix-element will already be at NLP,
we do not need to keep the phase-space correlations ﬂ The phase space of eq. then becomes

d—4
/ d®(H2) = (2) (DA g2 (. g / dagdBedp? | A0, (2 )T 04 (2 qag By —P2.)
x [H / dadBidk? | (K2 ,) 7 A, 5, (2p - qai B — k?,L)]
=1

xé[(l—x)(l—ﬁq—23i>—aq—zai], (26)
i=1 =1

where we have used eq. in squaring the emitted parton momenta inside the on-shell delta
functions for k, and {k;}. We may use these delta functions to carry out the integrals over p2 L
and {k? 1}, and can simplify the result further by assuming that the matrix elements we are going
to mtegrate will not depend on any of the transverse solid angles, which will indeed turn out to be
the case. We get

n —Ln n+2—(n nrn @ on
/d<I>( +2) _ 9= 3(n+1)(d+4) n+2—(n+1)d (- q) +(n+1)497 deQI

/daq dﬁq Qq /Bq [H/daz dﬂz (0 51) ]
x5[(1-@(1-@-2@)—aq—zozi]. (27)
=1 =1

Next, we may use the standard result

d—2
22
Qa—2 = g5y (28)
I (5%)
as well as rescaling B
B
RN, B NN (29)

(1-=)

“Note that such terms were considered for kinematically leading channels in DY and Higgs production in ref. [62],
where they could be neglected at NLP LL, but not at NLP NLL order. Here, however, the phase space correlations
will only contribute at NNLP, due to there being no LP contribution to the squared matrix element.

(1—=z)’




to obtain

—(n+1)9 oy (1- m)—(nﬂ)%

2T (d-4) T

/ dpmd — 2T 2yt
(n+1)d _oyn+1

(47)" 2 I (3%

< [ dagds, (@, )5 [H/dazdﬁzal@ ] lliaqﬁqZ(dHrBi)

i=1
(30)

Notice that the final delta function links all of the Sudakov variables together. We can decouple
this dependence by using the identity
o(u) = / — el (31)

—ioo 2Tl

such that eq. becomes

~(n 1) 5 —n (n+1)%5= 100
/ aoUr+d) = T () 50T st i / AT a0
a (nt1)d ot
(4m) P (452)
: / dag 8, (g B,) 2" ¢t [H / da; df; (a; Bi) T e—T(aiwi)] _ (32)
i=1

Provided all of the a and § integrals can be carried out, the final integral over T has the form of
an inverse Laplace transform.

In this section, we have derived a convenient form for the (n + 2)-body phase space in the LL
approximation. Although we considered the process of eq. , we can also apply this result to
Higgs-induced DIS, given that the phase space is insensitive to the identity of the emitted partons
in the final state, and that the definition of the Bjérken x variable is the same. Before moving
on, we note that is more convenient at NLO (the case n = 0 above) to use an alternative form of
eq. (32)), in which the dependence on (1 — ) has not been scaled out of 81, and the delta function
is left intact. From egs. , one finds

j) 27 dag B, (agBy) T 8[(1 - 2)(1— B,) — ag). (33)

Let us now proceed to calculate all-order forms for the kinematically subleading partonic structure
functions in (Higgs-induced) DIS, where we will first examine the relevant structure functions at
NLO.

2.2 The quark structure function in Higgs-induced DIS

We start our discussion by computing the NLO structure of the Higgs-induced DIS process. One
reason to consider this process is that it allows for a straightforward calculation of the off-diagonal
splitting function Py, as argued in refs. [86,87]. As shown in figure the quark initial state turns

10



on at NLO. To normalise our results, we first need the result for the LO process of figure[ID] whose
squared matrix element (summed/averaged over colours and spins) is

o AP GaPp + d5Pa vy + 4" ps
Mool =\t = )\ )

where we have used the gluon polarisation choice of eq. for the incoming and outgoing gluons,
and denoted the Higgs effective coupling to gluons by

At

where pu, v are the Lorentz indices of the gluon entering the effective vertex. Contracting indices and
combining with the phase space, one finds the following LO contribution to the structure function
of eq. :

_2m|A)?
LO 2p - q

Fy(z,Q%)

For this and subsequent structure functions, we will divide all higher-order contributions by the
prefactor og of the delta-function appearing at LO, thus introducing the normalised quantity

51— z). (35)

Wiz, Q%) = 010}}(95,@2). (36)

Now let us calculate the LO contribution to the quark structure function, given by the diagram of
figure One finds a squared matrix element (summed/averaged over spins and colours)

e CF g aa o T K doPH.5 + 45PH.0
[(Manosag? = =90 d\/\\zw (— o + H;/.p; - >
_ Crgiu* NP 1 / /
= Cr BB (- 2rmly kil + (06 Ko )+ ol o Ko )] (3

where Cp = (N2 — 1)/(2N,) = 4/3 is the Casimir of the fundamental representation, N, is the
number of colours, g2 = 4ra, denotes the (dimensionless) coupling of QCD, and x the dimensional
regularization scale. Evaluating the trace terms and using the momentum conservation condition

pr=1-2)p+q —ky, (38)
the trace contribution appearing in eq. simplifies as follows:
Tr(p pu Kq q//] + Tr[p Q/, Kq Yu| =16p- qkq- q. (39)
Converting to Sudakov variables, eq. then becomes
—— Cpg2 T YN? [d -2 4o
M h 2 — S + q 40
Mah-sag| 2p-q By Bl -z — oy (40)

where the first (second) term come from the first (second) term in the gluon polarisation sum of
eq. . Combining with the phase space of eq. , one finds

2w 1 (Q2)¢<1—x>d5“cfvgsu4dw2
(4m)2 T (757 g 2

/dq)(Z) |Mqh—>qg‘2 =

11



1
X/O dﬁq[ﬁq(l_ﬁq)]z’[ B, + 3 . (41)

The integral on the second line is given by

4

! Cagit [d=2 40 -5 _ T(FHT () | 20 (BT (9)
/0 4B 1Ba(1— )] [ P ]— ) B
-2, (42)

Note that the second term on the first line is O(e), and therefore does not contribute to LL be-
haviour. This suggests that we do not need to include the second term in the gluon polarisation
tensor for pg, and we will return to this point when discussing the higher-order corrections. Com-
bining eq. with the remaining matrix element and phase space factors, one finds

2\ € € 2 —€
@O L @ (4Tn x 27| Al _2Cp(1 —2)
/dq) |Mqh~)qg’ Ar < Q2 ) F(]. — 6) < 2p q c + O(E) . (43)

Throughout, we will follow refs. [37,|87] by defining perturbative coefficients of all quantities X by

X = ZaZX(”), as = &s (44)

4

Collecting only the single pole in the limit that z — 1, setting the renormalisation scale equal to
the hard scale of the process (u = Q) EL and recognising the LO normalisation factor from eq. ,
we find that o0
1 F _

Wil (z) = ) (45)
That this is indeed NLP in the threshold expansion can be seen by comparing with eq. , where
the threshold variable in this case is £ = (1—x). For later use, it is convenient to express this result
in Mellin space, where the Mellin transform of a function f(z) is defined by

1
(V) = /0 de a1 f(z), (46)

where it is clear from the arguments of the function whether we are in N-space or x-space. In

Mellin space eq. becomes
1 2C F N¢
Wég(N) =TT N (47)
where we have taken the N — oo limit, and we keep only the dependence on LL terms H Having
calculated the first non-zero contribution to the subleading partonic channel in Higgs-induced DIS,

we now proceed to calculate its all-order structure function.

5This is allowed at LL, since scale-dependence only contributes at NLL.
SNote that LL is defined to mean the maximum power of In(NN) at each power of as and e. Thus, the factor N°
in eq. generates LL terms at each power of € when expanded.

12



Figure 4: (a) Ladder graph contributing to q(;;), where all possible values of m must be considered;

(b) similar but for TQ(Z).

2.2.1 All-order structure function in Higgs-induced DIS

To derive all-order forms for the relevant splitting and coefficient functions, we now need to dress
these processes with arbitrary numbers of additional soft gluons. As discussed at the beginning of
section [2f we can calculate quz) by considering general uncrossed ‘ladder graphs’ such as that of
figure [al which has m gluon ‘rungs’ connecting the quark legs in the lower part, and n —m gluons
connecting the gluons in the upper part of the diagram. Furthermore, as we have argued that only

maximally soft gluons will contribute at NLP, one may apply the well-known eikonal Feynman rule

1
a—d__ Pt

VH =+ 2 T,——, 48

U (48)

for emission of a soft gluon of momentum & from a hard leg of momentum p;, where T; is a colour

generator in the appropriate representation, and the sign + for an outgoing or — for an incoming

hard particle. The summed and averaged squared matrix element for the diagram of figure [4a] is

then found to be

’-/\/lqhﬁ\qgl...gn’2

B |A|2C?+lcz—mg§(n+l) n 2% - pp- ki 5 .
o guld—1)(n+1) H q ki Te[py” Ky | —Map +

1
o k)2p kit k)P o (ki t ot Fom B2 [ (ke ot o+ Q)2 (49)

4oPHp + A5PHa
q - pH

=1

13



At NLO, we found that the second term in the remaining gluon polarisation tensor did not con-
tribute at LL order. Let us assume the same thing will happen here (we will explicitly check this
later). Then eq. simplifies to

- d 9 2ng?(n+1) B
2 m—+1,n—m 7
|Mqh—>q91...gn| - |)\| C C (p ] q)""‘l,u( Y(n+1) 1:[1 @

1
BBt B Bt Bt B2 (Bt t But B

where we have introduced the Sudakov variables from eq. . To make things look a little more
symmetric, let us introduce the variables

(50)

Bi, 1<i<my
(1—2)b; =14 By, i=m+1; (51)
Bic1, m4+2<i<n+1.

Upon combining with the phase space of eq. (suitably relabelled), we will end up with the
integral

100 dT S 1 .
/—ioo omi* | )T(mrlyal—zm—?)/do‘qaq e (H/docl )
n+1 . Zi:l i
H / dbib® |
bi(bi +b2)%... (b1 + b2+ ...+ bypy1)?

- — _ \(n+1)(d—4)

2 2 ) T[(n+1)d—4n— 3|
n—l—l db b 2 ei Z?ill bz 52
H/ b2 b1+b2) (b1+b2+---+bn+1)2’ ( )

where we have already scaled out the 1" dependence from the Sudakov variables in the first line,
and carried out the (ag, &;) integrals in the second line, as well as the inverse Laplace transform in
T using

300 _ a—1
/ 9T ramype - L2077 (53)

—1400
To carry out the remaining integrals, we may recall the above remarks that crossed-ladder contri-
butions are kinematically subleading. This means that we may add those contributions, ignoring
the colour factor, such that one may replace the factor
1
bl(bl—I—bg)...(bl—l-bg—i-...—l—anrl)

with a sum over all permutations 7 (see Appendix [Al for the justification of this replacement). This
means we can write
1 2
bl(bl+bz)...(bl+bg+...+bn+1)

_)
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2
1 1

(41! [ br, (br, 4+ bry) oo . by + by + -+ bryy)

(54)

To explain the combinatorial factor on the right-hand side, note that expanding the brackets gives
[(n + 1)!]? terms in total (including identical contributions). The diagonal terms are simply rela-
bellings of the original term on the left-hand side of eq. , in which each denominator is explicitly
squared. There are (n+ 1)! such terms, and we must correct for this overcounting. We do not have
to worry about the cross-terms: these correspond to the kinematic parts of crossed-ladder graphs,
and thus are kinematically subleading. The right-hand side of eq. is now written in a form
that allows us to apply the eikonal identity, i.e.

n+1
! “1[ = (55)
by (b, +bry) oo (bry +bmy + .o+ bryy) P b’

in each bracket, so that the {b;} integrals simply become

n+1 d—2 e~ Z;Lill bz
H /dbi b; * 2 2 2
Pl bl(b1+b2) ---(b1+b2+---+bn+1)

n+l n+1 (d—4 n+1
1 d—6 rn+ 1 1
—>||/dbib.2ebi: (5) _ —= +....
(n+ 125 ’ (n+1)! (n+1)! €

(56)

For the reader who is not convinced by this argument, we provide a direct computation of the
integrals in eq. in appendix finding the same result. Indeed, this also justifies the statement
that crossed ladders are kinematically subleading and would only contribute beyond NLP LL, i.e. at
NLP NLL.

We may now substitute our result for the {b;} integrals from eq. into eq. , and then
combine with the remaining factors from the phase space and matrix element. Dividing by the LO
normalisation and keeping only the leading € behaviour, one finds

n n (n+1)e 2n+1
(n+1) . m+1,m—m 22n 'u2 _1
Wy, '(x)= < E CpmC% > CESACE ) ; +..., (57)

m=0

where we have used the fact that the kinematic part of each ladder diagram is the same to imme-
diately sum over all possible colour structures. In N space one then finds up to LL

) _ [N e | 2N (AN 1
Woa ' = (mZ_:OCF Ca >€N<62 (n+ 1)1 (58)

We can resum the tower of higher-order contributions into a closed form:

Wea| = i alw
d):q LL - — S ¢,q
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_ 2a,CpN° 1 dagNe\ ™" 4asCpN° 4dasCAN¢ 5
N e N Cp—Cy €2 P €2 - &P €2 ' (59)

In understanding this result, it is useful to take note of the identity

Cn+1 Cn+1 n I m
W ZC c" (60)

which demonstrates that the inverse factor of (Cp — Cy4) in eq. (59) simply combines with the
colour factors arising from expanding the exponentials, to reproduce the democratic sum of factors

of the form CL.CY% in eq. .

We now come back to verify an assumption we made above, namely that the second term in the
gluon polarisation tensor of eq. gives a subleading contribution and can therefore be neglected.
The relevant contribution to the squared matrix element is

AP i1 emm 2 - T 2¢-pp-ki 46PH,8 + d3PH
2 omtlom—m S(n+1) (4—d)(n+1) Ty B a
s Cr e L[l v [ K] e

1
- (p-k1)2[p- (ki +k)2 . lp- (k1 + .o+ km+ k)2 o (k14 ...+ kp + kg)]2 (61)

The trace combination appearing on the first line is

(dopr,ps + dspme) Te[Y” k™) =8 prke-d —p ke d +p-d ke pr)
=16ke-¢pP-q+ ..., (62)
where we have used eq. to eliminate pp, and neglected terms which are quadratic in soft

momenta {py, k;}, which is consistent with neglecting such quadratic terms in the phase space.
Substituting this back into eq. and transforming to Sudakov variables gives

2APCEH Oy D (gt aqq_ ST & [H o

y (1_$)n+2
BB+ P2)2 (Brt e F B4 B2 (BrA o+ B+ By)?

(63)

where we have rescaled the j3; and /3, variables by 1/(1 — ). We now notice that the delta function
in the phase space of eq. allows one to make the replacement

n n
l—x—aq—2@¢%6q+2ﬂ_¢, (64)
i=1 i=1
so that eq. becomes

2\ 2CmHOnm g2t U=t Dgn L gyl - gyt g [H g]
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1
. BEBL+B2)? (Bt A+ Bm+B)% (Br+ 4 Bu1 4+ B)>(Br+ o 4 B+ By)?

Note the difference with eq. ; here we have an additional factor of o, in the numerator and
[ZZ Bi + ﬁq} “!in the denominator, whereas we are missing the factor of 3, with respect to eq. .
Upon combining with the phase space of eq. and scaling the T" dependence out of the Sudakov
variables, the afore-mentioned difference will result in an additional factor of T" such that the overall
T integral becomes

(65)

ico T 1 1 (1 _ x)(n+1)(d—4)
/ T _
oo 270 T(nt+1)(d—4) 1—z I[(n+1)(d—4)]
2 1
_ _(’fjx)e (1—a) 20wy (66)

There are 2(n+ 1) remaining integrals over the rescaled Sudakov parameters &;, Bi, B4 and ay, each
of which may potentially contribute at most one singularity in e. However, contrary to eq. , the
oy integral is now not singular due to the additional factor of ay in eq. . Together, the total
contribution to the structure function from the second term in the gluon polarisation tensor must
be O(¢=?") or higher. This is indeed subleading compared to the contributions we have already
considered, and thus we were justified in neglecting it ﬂ

2.2.2 Adding the virtual corrections

By construction, eq. only includes the pure real emission contributions at each order in per-
turbation theory. There are also virtual corrections, and in a direct calculation of the structure
function one must include all possible channels, with different numbers of real and virtual gluons,
combined with appropriate phase spaces. As is well-known, however, it is not necessary to do this
at LL order: all of our additional gluon emissions are associated with the emission of soft gluons.
These lead to infrared singularities, which must largely cancel between real and virtual graphs (after
phase space integration) [93H95], leaving only collinear poles that can be absorbed into the parton
distribution functions. To be more specific, the purely real result of eq. is O(e=2"*t1) at O(a®),
which must reduce to O(e~") upon combination with the virtual corrections. We may then fix the
latter by the argument made below, which is a variant of the soft gluon unitarity requirement that
has previously been adopted at LP [4].

The effect of the virtual corrections is to modify the real emission contributions at each order,
removing singularities which are simultaneously soft and collinear. Thus, they will modify the

double poles in eq. as follows:
N¢© N+ A
2 7 T2 (67)
for some constant A, where the second term on the right-hand side is down a power of N€¢ due to

having swapped a phase space integral for a real gluon with an integral over a virtual momentum.

"Note also that the factor of 1/(1 — ) in eq. gets cancelled against a factor of (1 —z)? in the matrix element
squared contribution, eq. .
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Making this modification everywhere in eq. , one obtains the ansatzﬂ
2a,Cp N© 1 (4%(]\76 + A1) ) ! [4a5(A20F + )\30,4):|
— — exp

I/qu’q‘LL_ e N Crp—Cy €
o { [4(1301:(]\75—1—)\4)} B |:4asCA(N6—|—)\5):|}
exp exXp :

€2 €2

2 €2

(68)

We have been extra general in allowing for the possibility of an overall prefactor, consisting of
exponentiated virtual corrections that modify both terms in the bracket equally. As a result, there
is some redundancy in this parametrisation, as we will see. At O(as) no poles will get removed by
the virtual corrections (as indeed, no virtual correction exists at that order for the gg channel), and
W(l)‘ obtained from eq. should be equal to the purely real correction obtained by expanding

é,q
eq. up to O(as). Upon doing so we find the condition

Wu)‘ _20r Cru+1)—Ca(As+1) _ 20p1
P4 |LL N(Cp —Ca) e(A\+1) N €’

(69)

which we use as a constraint on )\;. Starting from O(a?), we may impose that all poles e ™ with
n+1<m < 2n — 1 vanish due to the virtual corrections, leading to the solution

Cadg+Crla+Ca Cadg+Crla+ Cr
— s )\4 - — )
C'A CF

Upon using this in eq. , we see that the Ao and Az coefficients cancel, and we find the solution

A5 = A =—1. (70)

W ’ _ 2a,CpN° 1 dag(N€—1)\ "
P4l e N Cp—Cy €2
4 N¢—1 4 N¢—1
y {exp[ asCFi2 )} _exp[ aSCA<E2 )}} (71)

which is our final result for the all-order structure function in Higgs induced DIS. Understandably,
the effect of the virtual corrections has been to simply remove the double pole wherever it appears,
and one may question the pedantic nature of our above procedure in this case. Later on when
discussing the DY and Higgs production channels, however, we will see a case that is not so simple
a priori, and thus we have trodden carefully here.

2.2.3 Discussion of the result

Eq. is the all-order LL form for the quark component of the structure function of eq. . As
such, we may check it against ref. [87], which conjectures an all-order form for the Cr terms, again
at LL order only:

(n)
W¢,q

_ L) )\
o = 1o (WZQ) . (72)

Here W(z()lg has been given in N-space in eq. , and we have also introduced the LP NLO
contribution to the conventional DIS structure function of eq. :

Ne -1
Wy = 4CF(72) Fo (73)

€

8Using this form we have implicitly assumed that the virtual corrections exponentiate. However, we do not have
to make this assumption, and we come back to this point in section
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It is straightforward to check that upon setting C'4 — 0 in eq. and expanding in as, one verifies
eq. (72). Reference [87] further conjectured that all remaining colour structures would be obtained
by replacing

n

n+1 m+1, - m—m

Cptt = > cptten
m=0

at O(a?). Again, this agrees precisely with our result in eq. .

Equation also reproduces the result found in eq. (3.50) of ref. [86]. Therefore, it may be useful
to explicitly mention the differences between the methods used here and in [86], which, taken
together, gives us a more comprehensive understanding of the qg DIS cross section. In eq.
we obtain by direct computation the all-order contribution to the total cross section, due to the
real emission diagrams in figure [ calculated in the limit in which the radiated particles are soft.
Instead, in [86] one obtains the all-order contribution after calculating the virtual hard diagrams
(see eq. (2.23) there). There, the result is obtained first by assuming the exponentiation of the
one-loop virtual contribution; subsequently, the exponentiation is justified within a re-factorisation
approach in SCET, which allows one to write down a two-step renormalisation group evolution for
the short-distance coefficient responsible for the virtual-diagram contributions to the total cross
section. The two towers of contributions (all-real soft-emission and all-virtual hard diagrams)
contain equivalent information, which is sufficient to reconstruct the full DIS cross section. This
is possible because of the existence of consistency conditions, related to pole cancellations. In [86]
such conditions have been obtained by requiring the finiteness of the hadronic cross section, while
here we require that the partonic cross section has at most poles e™™ at order n, after real and
virtual contributions to the partonic cross section have been summed. The application of these
conditions leads to the characteristic pattern IN¢ — 1 appearing in the exponents of eq. , also
pointed out in eq. (3.53) of [86].

2.3 The gluon structure function in DIS at NLO

After having discussed the quark structure function in Higgs-induced DIS, we now consider the
case of conventional DIS to extract the gluon structure function. Following ref. [87], we may define
W3 4 to be the gluon contribution to the structure function of eq. , with the LO normalisation
divided out. To be more precise, the LO structure function is straightforwardly found to be

F2(x,Q2>) —006(1 —2) + O(e), 9= e

LO £ (74)

such that one defines )
Wag = (70 /d(I) T2aﬁ ‘Mgv*—>q<7|2aﬁ' (75)

The gluon channel first occurs at NLO, and the squared amplitude is given by the diagram of
figure where in line with the comments above, and refs. [91,/92], we can ignore the crossed box
diagram as it is kinematically subleading. Averaging (summing) over initial (final) state colours
and spins, one finds a squared matrix element

—_— eagat ™ Tr[kor” (B— Ko)vs Prva(P— K" q.pv + 4P
M gal? o = T2 4 9/ 18 @ q <_ L+ f‘”“) . (76
Mgy —sqql af R (d—2) (p — kg)? ym p-q (76)
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where we have used the gluon polarisation choice of eq. , and introduced the normalisation
factor of the QCD colour generators in the fundamental representation, T = 1/2. At LL level,
all propagators must be maximally soft and/or collinear, so that we may take the 4-momentum of
the emitted quark k;, — 0 in the numerator. Introducing the Sudakov variables from eq. and

projecting onto Ty P defined in eq. @7 one finds
(d—2)ezgin" (1 - B,)
27 By

Combining this with the phase space of eq. , one may carry out the oy integral using the delta
function, yielding

T2aﬂ |M9’Y*_>Q<j‘2a,8 =Tg : (77)

aBi a2 A —€ 2\ ° e a2
/d¢(2)T2/B|Mgv*—>qq’2a,8 - (E) 2TR (1 — ) (Iu> /dﬁq@f (1 —Bq) 2t

Q2
- () e -a (&) Tt

- (%) [_2TR<1 —W] i (78)

where the ellipsis denotes terms that are suppressed by powers of €, and thus do not contribute
at LL order. The contents of the square brackets constitute the first non-zero contribution to the
gluon channel for DIS. Note, however, that we have only included a single quark in the diagram of
figure We must instead include all possible massless (anti)-quark flavours, which amounts to
simply multiplying eq. by a factor of 2n;. From eq. , we find the O(ay) gluon structure
function

1 2n —e
Wiy (@) = ==L (1 —a)7, (79)
which in Mellin space becomes.
Wy = _ 2 N
WQ,g( ) ; N+..., (80)

in the N — oo limit. Note that one may obtain eq. directly from the Higgs-induced DIS NLO
result of eq. by the simple colour replacement

Cr — ny, (81)

as remarked in ref. [87].

2.3.1 All order structure function in DIS

Similarly to the Higgs-induced DIS case, we can also calculate an all-order LL form for the structure
function W5 4 in conventional DIS. This will be given by the ladder diagram of figure where
again all emitted partons are soft. Dressing eq. with the requisite eikonal Feynman rules and
taking k, — 0 where possible, one obtains the (summed and averaged) squared matrix element

Mo sazran |2 = Tr O Cpme2gd ™) p= it D) (9 .k,
97" —qq9g1-..gn 4(d . 2) Pl q/ . k-l
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p-q
TP
(p-k1)2p- (k1 + k)i [p- (ki ook + k)2 - (k1 + o4k + k)2
(82)

/ !
4,y + d.p
x Tr[ K™ #Ya BV V) <_77;w 4 R )

X

Substituting the projector of eq. @, contracting indices and carrying out the trace gives

—— TRCF O (B Bo(1— iy — 3, i)
‘Mg’y*—ﬂ]qgl...gnP = o Iu,(d_4)("+1) (p Q) H a B%(Bl + 82)2 o (Bl + .. Bn + 5(1)2 )
(83)

i=1

where we have used momentum conservation to replace py, and introduced the usual Sudakov
variables. To make the 3, and j; integrals easier, we can borrow the trick from the previous section
of symmetrising over all crossed ladders. One may also use the delta function that appears in

eq. to replace
_ 1 3
K3 K2

We then get

M - 7o TrCY cgfmeggg(nm pA= D) () )= an(d — 2) ﬁ 1\ ag+ 3, &
9Y*—q4g91---gnl — o (n n 1)! 1— =+ U di@ /Bq .

(85)

After rescaling the 3; and 3, variables by a factor of 1/(1—z) and combining with the phase space,
all integrals may be carried out similarly to the previous case, and one ultimately finds

9TrasN¢ [ 4a,Ne\" CCm™
€ €2 (n+1)! 7

/d@(n+2) |Mm*—>qq’gl..-gn|2 = (86)
which is valid at NLP LL order. As in the Higgs-induced case, we must sum over all values of m
to include all ladder diagrams, where m gluons couple to the gluon leg (lower part of the diagram),
and n —m to the quark leg (upper part of the diagram). We must also multiply by 2ny to take
account of all (anti-)quark species that could be coupling to the gluon. The result is that the pure

real emission contribution to WQ(ZH) can be easily obtained from eq. by replacing a single
power of C'r with ny, and interchanging Cr <+ Cy elsewhere, as in fact was already noted as part

of the conjectures in ref. [87].

Given the above replacements, it is not necessary to repeat the soft gluon unitarity argument in
order to furnish eq. with virtual corrections. We can simply take the final result of eq.
for the Higgs case, and make the necessary colour factor replacements to obtain

W ’ _ 2amyN¢ 1 dag(N€—1)\ "
29| e NCi—Cr €2
4 Ne—1 4 Ne—1
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2.4 Resummed form for splitting and coefficient functions

We have now derived all-order forms for the partonic structure functions for subleading channels in
(Higgs-induced) DIS. As a consequence, we can derive resummed forms for the off-diagonal splitting
functions Py, and Py, and also for the coefficient functions which control the finite parts of the
structure functions ﬂ To define things more precisely, let us recall the mass factorisation procedure,
by which those infrared poles remaining in the structure functions after combining real and virtual
contributions can be factorised as follows:

Wo i = CaiZit (88)

Wa,q — ~ ~ qu qu
( Wa,g > a ( Cag Cag ) < Zgg Zgg ) (89)
Here, éa,i is an infrared finite coefficient function, and the transition function matrix Z = {Z;} col-

lects all the infrared divergences. The latter is related to the DGLAP splitting functions, contained
in the matrix

or, in matrix form,

P, P
P= a9 > . 90
< Pyq Pyg (50)
By definition, this satisfies
az. . _,
= 1
dln Q2 ’ (91)

where (? is the hard scale of the process, which has been taken to be equal to both the factorisation
and renormalisation scales. Note that the ordering of the matrix and its inverse in eq. are
important, given the matrix-valued nature of Z. In Mellin space, it is also conventional to define
the anomalous dimension matrix

—( Yaa Tag > —
Yga  TVgg

Let us focus explicitly on the function Py,, which can be obtained from the Higgs-induced DIS

process, as discussed in refs. [86,[87]. Once we have extracted Py, we may use the colour replace-

ments to straightforwardly get Fy,. One can obtain Py, from the transition function Z,, using the

relation [ ~
74 = ”m Z B oy (o), (93)

nl
m=

This equation was stated without proof in ref. [87], but we prove it in appendix [B| We are after

obtaining %52—1)’ which can be found directly from Zég) by extracting the O(e~!) term of eq. .

This can be seen by requiring that k =0andn—m—-1—k=n—m—1=0in eq. , resulting
in
(n—1)
Z(n) 1 79‘] (94)

94 k=0, m:n—l € n ’

9This can be done following the steps described in section 3.2.3 of ref. [86]. Nevertheless, we find it pedagogical

to provide an independent derivation in what follows.
10 A5 usual, we normalise perturbative coefficients in terms of as = as/(4m). However, following convention, ’yZ(J )

defined to be the coefficient of a?*?.
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(n)

from which we see we indeed only need the O(e~!) part of Zy,
of the mass factorisation formula for W, is

(

to obtain 'ngfl)

. The explicit form

W¢7q = éathqq + db,ngq ) (95)

where our aim is now to find both the quantities 5¢’q and Zg4, on the right-hand side. That we only
have a single equation for two unknowns corresponds to the fact that the splitting and coefficient
functions are not unique but defined only up to a choice of factorisation scheme. However, imposing
the MS scheme such that the transition functions contain only poles (and some particular numerical
constants that need not explicitly concern us) is sufficient for us to find the above quantities, as
we will see. Given that Z,, and Cy 4 already start at NLP, we will need the remaining elements on
the right-hand side of eq. at LP, where they are fixed by standard resummation arguments.
Quoting from ref. [87], we have

4aSCFlnN} ~ [4CLSCA(NE—1—elnN)]

Cg9 = exp 5 (96)

€

Zqq = €xXp [ c

That is, the LL transition function Z,, can be obtained by simply exponentiating the pole in the
NLO result. Likewise, for the gluon coefficient function in Higgs-induced DIS, one removes the pole
terms from the NLP result and exponentiates what is left.

As the coefficient function édaq is necessarily finite, one may rearrange eq. to obtain the
constraint ~
@m _ Wo.q _ Z9qCo.g
’ Zqq Zqq
This equation implies that all € poles must cancel between the first and second terms on the right-
hand side. In particular, this must be true for the O(e~!) contribution, which we will need to
consider to get the single € pole term of Zy, en route to the anomalous dimension 7,4, as dictated

by eq. . For the first term in eq. , we may substitute the results of egs. , and
rearrange to get

Weoq Cr

Zgq  Cp—Ca2NIN

~ O(e%). (97)

€2

f(—eln N) {exp [4“$CF(N6 -1 ﬁlnN)}

4 N¢e—1—€elnN 4 — In N
exp asCa( ' eln N) B as(Cp — Cy)lIn ]}’ (98)
€ €
where we have isolated the function
x > Bm ..
f(z) = w1 Z—'m , (99)

which acts as the exponential generating function for the Bernoulli numbers {B,,}. We want to
find the O(e~1) part of eq. , for which we can note that the entire first line is finite as € — 0. In
the second line, we can recognise the coefficient function Cy 4, from eq. , such that the second
term of eq. together with the prefactor can be written as

o o0

Wy, Coy  Cr 3 L4(Ca — Cp)"In" N 3 Bpn(—elnN)™

~ _ s len !
Zqq poles 2NIn N Cp — Cy = nle ot m!

(100)
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By defining
00 -1
Zgq = Z Z azﬁmzég’m)’ (101)
n=1m=-n

where m labels the power of €, we can write eq. @ as

5¢,q = O(EO)
. 1 Cr  [4(Cq—Cp)"In" N XN Bp(—eln N)™
N C¢7g;as [2]\7111]\7 Cr—Cy nle mz_:o m!

-1

1
—— Y ezl (102)
qu

where we have extracted a common factor of 6’(,5,9. The above equation implies that the pole
cancellation must apply within the square brackets. We remind the reader that we are in particular
interested in the cancellation that happens for the O(e~!) part of this equation. For this reason,
we can neglect the inverse factor of Zy,, as it will only contribute further poles in €. In the first
term, the O(e~1) contribution can only arise from the term in the second sum with m =n — 1. In
the second term, we need the term with m = —1. Demanding that these contributions cancel each
other leads to the following result:

2a,C B, _
(n,—1) _ _2UsF _ 2 arn—1 n—1
Zgy ™ = == Aas(Cp — Ca) 0 N] D1 (103)
Combining this with eqgs. yields
o 2aSCF 2
qu(N)‘LL = S Bofda,(Cr — Ca) In N, (104)
where -
Bo(z) =) Bn_n (105)
o (n!)?

Equation ([104]) is precisely the result conjectured in ref. [87], including the full colour dependence.
This result has also been obtained in section 3.2.3 of ref. [86], following an equivalent derivation,

that leads from the expression given in eq. to egs. (102 , exploiting eq. .

Using the all-order form of P4, and as in ref. [86], we can go further and derive the all-order LL
form of the coefficient function CN'gq. Indeed, this is straightforward given the results of egs. |
. We have seen in eq. that the pole contributions from the first term in eq. @ have an
explicit factor of éqﬁ,g in them. Thus, all the second term in eq. does is to remove the poles
in the first term, and any other terms in which higher-order in € contributions in 5(15,9 interact
with the poles. We can thus find the coefficient function CNZ'W] by simply taking the O(e”) piece of

eq. , ignoring the higher-order € terms in éqﬁ,g as we do so. The first term in eq. is finite,

and taking e — 0 gives
Cr

1
 Cp—Cs2NInN

exp [4a,CpIn® N . (106)
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In the second term of eq. , we can expand to get

CF e2asCAln2N i [ 4GS(CF—CA IDN Z

—InN)™, (107)
Cp—Csq 2NInN =
such that the O(e”) piece has m = n in the second sum, yielding
Cr e2asCa In? N 2© ) B,
—4as(Cp — Cy) In” N|*
Cr—Cs 2NInN Z;[ as(Or = Ca) NI s
C e2asCaln* N
=G j G ONEN Boldas(Cr — C4) In% NJ. (108)
Putting things together, we get
Coa =t CF [Bo[zm (Cp — Ca)In? Nje?asCaln® N _ 20.Cpln® N (109)
4L~ 2InN Cp — Ca s ’

which matches the result in refs. [86,87].

Given the colour replacements in going from eq. to eq. , we can easily recycle our results
to provide the counterparts of egs. (104)), (109) in conventional DIS:

2as
} a ”f Boldas(Ca — Cp) In? N;

Coaly, = 5 G G [Boldas(Ca — O In? N]2eCrii N 2eCam® X (110)
To summarise, in this section we have derived all-order LL forms for the kinematically subleading
structure functions in (Higgs-induced) DIS. We used them to derive resummed results for the
off-diagonal DGLAP splitting functions and the infrared-finite coefficient functions. Our results
are in agreement with refs. [86,87], but our complementary approach — constructing the structure
functions using real emission contributions plus soft gluon unitarity — means we do not have to make
any assumptions about the exponentiation or otherwise of the virtual corrections. Furthermore, it
seems clear that our arguments should generalise to other processes. Indeed they do, as we discuss
in the following sections.

3 Resummation of the gq channel in Drell-Yan production

DY production of a vector boson is a canonical testbed for new resummation ideas, as well as
being of phenomenological importance in its own right. Production of SM vector bosons is a key
background to many new physics processes, and the production of new heavy bosons via an s-
channel resonance is an important potential discovery mode of new physics that is actively being
probed. For our purposes, we will consider the original DY process of production of an off-shell
photon, where the latter decays to a lepton pair, which at LO corresponds to:

q(p1) d(p2) = v (@) = e (q1) e (q2) - (111)
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Figure 5: (a) LO squared amplitude for the DY production of an off-shell photon, with decay to a
lepton pair; (b) the gg channel at NLO.

We quickly review the ingredients for the LO computation of this process, as their definitions will
be needed in what follows. The squared amplitude for this process is shown in figure The
virtuality of the off-shell photon is conventionally written as

Q*=¢, 9=q +aq, (112)

and we also define the variable

== 113
i= (113)

where s = (p; + p2)? is the partonic centre-of-mass energy. Thus, z represents the fraction of the
centre-of-mass energy that is carried by the vector boson, such that z — 1 corresponds to threshold
production.

The squared matrix element from figure [fa] summed (averaged) over final (initial) state colours and
spins evaluates to

_ 1
(Mg 2 = E6462 (cos(26) +3), (114)

where e = y/4magwy is the electromagnetic coupling, e, the charge of the quark in units of e, and ¢
the angle between the z-axis and the e lepton. We may write the 2-body phase space of the LO
final state in d = 4 dimensions as

1 s
/dc‘b@)(pl  poi gy o) = m/ deost, (115)
0

leading to the LO cross section:

1 -
Tqq—y* = 28/d<1>(2)(p1 + P2, 1, @2) [ Mg 2 (116)

2 2
i 47raEMeq

Q> 3Ca
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where we have used the fact that z = 1 at LO in the second line. In calculating higher-order
corrections in what follows, we will normalise to this LO cross section. In particular, the following
expression will be useful:

/ A2 (p1 + 2, 41, 42) | Mo | = 8Q°Ca 057 (117)
where the left-hand side contains the squared amplitude before spin and colour averaging. Note

that this squared amplitude can be written as a contraction between a hadronic and leptonic tensor,
defined as follows

Mgy = Hii Ly, (118)
where
Hieo = ;T [po* $17"], (119)
and
o2
L, = @TT (17 oy - (120)

We aim to show how LL logarithms can be resummed in the kinematically subleading g¢ channel
for DY, which starts at NLP. We now proceed in the same way as before: we first compute the
all-order phase space in the NLP approximation, then we examine the NLO ¢g channel before
moving to the all-order results.

3.1 All-order phase space for DY production

In considering higher-order corrections to DY production, we will need to integrate over the multi-
parton phase space for a given number of real emissions. As we discussed for DIS in section we
must then find suitable variables such that this phase space is tractable. The solution is again to
use a Sudakov decomposition for the emitted parton momenta, and the analysis proceeds similarly
to section albeit with minor changes due to having a different threshold variable.

Consider the emission of one additional soft quark with momentum £, and n additional gluons with
momenta {k;} dressing the LO process, which includes already the two leptons in the final state.
As is well-known, the (n + 2)-body phase space can then be decomposed as follows:

: 1
Jaoo = [a@? [aa D+ pigik k) [ 000G, (2)

which has a straightforward physical interpretation. The second integral on the right-hand side
is over the intermediate phase space of the off-shell photon (with fixed virtuality) and additional
partons; the third integral corresponds to the decay of the photon into the lepton pair. Finally, one
must integrate over all virtualities for the photon, and include an appropriate normalisation factor.
Considering the second integral, we may evaluate this further as (suppressing the arguments for
brevity)

n

d dp..
/dq>("+2) = (27r)d/(27(i)3_15+(q2—622) [H/é;ﬁf_ﬁ#@)]

i=1
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x / WM/@ 5@ <p1 Fpy—q—ky— Zki> : (122)

=1

We may then take p; and po as the null vectors in our Sudakov decomposition, writing each parton
momentum (including the quark momentum) as

ki = aip1 + Bip2 + ki, kio-p1=kii p2=0. (123)

The §(¥-function can be removed using the d%q integral. The overall 04 function then becomes

n 2 n n
04 (pl +p2—zk‘i> —-Q? 225(1—2—20—%—2@)7 (124)
i1 i1 i1

where, similarly to eq. , we have neglected terms that are quadratic in the soft parton momenta.
Transforming from the usual momentum components to the Sudakov variables, one finds

_ d—4 )
ddk,-:deidﬂi (K2,) % dk?,dey,. (125)

As in the DIS analysis, all matrix elements we encounter will not depend on transverse angles, so
that we can simply replace the differential solid angles with their integrated results of eq. . We
find

I |
=1

s (47r)("+1)% rntl (%

n

X /daqdﬁq (aqﬁq)% ST(1—2—ag—By— Z(di + Bi)).  (126)

i=1
This may be used in eq. (121)) together with eq. (115)).

3.2 The gg channel at NLO

To show how LL logarithms can be resummed in the ¢q channel for DY, we will use similar
arguments to those used in the DIS analysis of section [2l There, we heavily made use of the results
of refs. [88-90] (reviewed in refs. [91,92]) to greatly streamline the effort involved in calculating
all-order matrix elements. The key idea was to make a particular reference vector choice for the
gluon polarisation sum, which in turn led to only pure ladder graphs being relevant for the real
emission contributions at arbitrary order. As discussed in detail in refs. [91,92], this idea readily
generalises to DY production, and we will choose py as our reference vector E With this choice,
the squared matrix element of figure pb| evaluates to

1 egegggu4_dCF 1

M .- 2 L
\ng—w q| 2(d _ 2) CE& 1 HY (2]91 . kq)?

11n fact, refs. [91,/92] advocate the use of a more general reference vector, involving a superposition of p; and
p2. Whilst this leads to a more physical interpretation of the resulting Feynman diagrams, it makes the phase space
integrals more difficult, hence we will not adopt this here.
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XTr [goy" 177 K’ 17" <_gop+ et z p)
P1 - P2
Tr gip'™?
2CA 2p1 . kq

|qu%'y* |2 : (127)
Defining Sudakov variables for the emitted quark momentum via

kq = agp1 + Bgp2 + kg1, (128)
we obtain

_— droagpu*~ TR 1 1 9
‘MQQ—W*q’P 72014 gﬁq’MqQ—w*| :
We may integrate this over the phase space using eq. (121)) for the case n = 0. Including also the

flux factor and the integral representation of the § function (eq. ), one finds a cross section

1 [d@? 1 o a1 dmas ptd Tp
=, * o = —_— —_— d 6 J- * 2
T9a-a 2s / s 16w / €03 0| Mag s (4m)3 T (%52) 2Ca

+i00 dT _ _
></ ,eT(l_Z)/daqe_To‘q (ozq)d?ZL/que_Tﬁq (ﬁq)% . (129)

—i00 211

The required integrals are straightforward using the methods of section [2] After normalising to the
LO cross section using eq. (117 one finds

L doggomg _ <O‘S> [_2TR(1 _z)ﬂ +..., (130)

O qg—y* dz 47 €

where we have kept only the LL dependence at NLP. Following ref. [37], we will expand the cross
section normalised to the LO result as in eq. , writing

o

1 dopygg (n)
9 = Wiy gq = Y alWEy o, 131
Ogqye  dz DY.97 Z %5 Y'DY g (131)

n=1

where we have shortened the notation 045 .~+gg;..g, t0 ODY ¢q. From eq. (130), we then find the

Mellin space result
1 2T N2%¢
Wiy 4g(N) = A (132)

3.3 All-order form for the gg cross section

Having calculated the NLO result for the ggq channel using the choice of po as the reference vector,
let us now generalise the calculation to higher orders. As for the DIS case, the emission of a soft
quark at NLO has already placed us at next-to-leading power in the threshold variable, so that
we need only include further emission of soft gluons at higher orders. As discussed above, only
ladder graphs will be relevant. Furthermore, our choice of py as a reference vector means that only
gluons emitted from the upper half of the squared amplitude in figure [5b| will contribute E Indeed,

12Tt is for this reason that refs. [91,[92] advocated using a more general reference vector, that interpolates between
axial gauges in the upper and lower halves of the amplitudes, making each half of the DY amplitude look more
DIS-like.

29



(a)

Figure 6: (a) Ladder diagram contributing to the ggq channel in DY production; (b) similar but for
the gg channel in Higgs production.

applying eikonal Feynman rules to emissions in the lower part of the diagram results in a vanishing
factor
pQ,,u,kV + pQ,VkV) -0
p2-k '
The most general ladder diagram we have to consider is shown in figure and contributes to the
summed-and-averaged matrix element

Py (—mw + (133)

,CmC gg(n+1)u(4fd)(n+1)

= _
’MDY,HII| €q 0124 1 2(d — 2)
LMV
X Tr [poy" 17" K7 $177]
(2(p1 . (kl + km+kq))2 1
L P P P oy
pr-ki pr- (k4. k) pr- (k4 ket kg) pr- (ki ket kyg)

Py Py p?mﬂ pon
prokr pre (bt Em) pr (bt Bt g)pr (R Eg)
™ ki v, + l,.k?‘ .
" (_ gy + P20V p270p17p> (_ G, + Pt + P, W,) |
D2 -p1 i pa - ki

X

(134)

n

)
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This can be simplified enormously by realizing that in the the —g,,,, contributions vanish as p? =0,
and that the trace times the polarization sum for the incoming gluon evaluate to
v

) = (d_2)2p1-kqli—2. (135)

D2,pP1,0 + D2,06P1,p
P2 - p1

Tr [ P17’ Kqy” 17" <_gp0' +
Introducing again the Sudakov variables, we find

My -2 m— n—m n n 2 (
(Mbpy gq> = TrCY'C} g2t (A=d)(nt1) Qg+l

IM*

r Bi
i

1
X — — = = = = =
(B2 (Brt 4 Bm)2(Br+ 4 B+ Bg)? - (B + -+ B+ B)?
To efficiently carry out the phase space integral, we can apply a similar trick to the DIS case of

section [2| and symmetrise over crossed-ladder contributions, given that genuinely crossed ladders
will be kinematically subleading E The result is

. (136)

22(n+1) 1 n 1
M 137
]gn+1 (n + 1) ’ qq—=* ‘ ﬁq H 04161 ( )

=1

[Mbpy 4q% = TRC1Cm™ g2(n+D) |, (4=d)(n+1)

We must combine this with the phase space of eq. (126]). Upon rewriting the delta function according
to eq. , one obtains

" 92(n 1) ) 5 (47d)2(n+1)
(n+2) 12— m—1,m—m [ ¥s\" W o
/ch> [ My gq] TrCOY ™ Cp (47r) 2 8s (n+1)! < s> [ Magsye|
2n+1 (d—4 d—2
F ( 2 ) F ( 2 ) (1 _ Z)*(?’L‘Fl)(dfﬁl) . (138)

F(n(d—4)+d—3)

Combining this with the remalmng integrals in eq. and using eq. ., one finds that the
normalised contribution to eq. at O(a?t1) is

(n+1 mn—m 1 2TR n —2e(n+1)
i) (ZC o ) it (172 o (139)

where we have summed over all possible ladders, and kept LL terms only. In Mellin space, this
result may be written as

(i) o 1 1 2TgN? [4N?\"
Wy o (N (Z cRey ) TN e S )+ (140)
which may be resummed via eq. into the closed form
. ‘ 2asTrN2 1 [4agN2\ ' 1 4a,CpN% 4a,C g N2
il == — exp|———| —exp|———| ¢.
DYoa|y € N €2 Cr—Cy P €2 P €2
(141)

13This statement has been checked explicitly at NNLO. Moreover, if one computes the phase-space integrals with-
out the symmetrisation over crossed-ladder contributions, one arrives at the same answer as demonstrated in ap-

pendix
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This is the pure real emission contribution, and must be complemented by virtual corrections. As in
section [2] we may fix these using soft gluon unitarity, i.e. the requirement that sufficiently divergent
infrared contributions must cancel when real and virtual corrections are combined, leaving only
those collinear poles which can be absorbed into the parton distribution functions. The argument
here is necessarily more complicated than that of section however, as each double pole in €
appearing in eq. (141) is accompanied by a factor of N2¢ rather than N¢ as a result of the different
phase space in DY as opposed to DIS. We may modify each such pole according to

N2 . Nze—i—)\iNe—i—)\j

h (142)

€2 €

for some constants \; and \;. Furthermore, we may again allow for an overall multiplicative factor
involving both C4 and Cp, which motivates the following ansatz:

2a,TrN? 1

WDY’gq’LL - N [

o ((Aas(N*+ AN + X) g
62 CF — CA
2e € 2e €
o {exp [4(150}?(]\7 + A7 N€ + )\8)] ~exp |:4asCA(N + AgN€ + )\10):| } ' (143)

4CLS[CF(>\1NE + )\2) + CA()\3N€ -+ )\4)]:|

€2

€2 €2

One can directly simplify this expression by looking at the possible colour structures at each order.
At the first order in as, there are no virtual corrections needed. At this order, the only possible
colour structure (after factoring out the Born one) is proportional to T, which can only be created
by eq. by setting Ag+A1g = A7+ Ag, whereas Ag+ 19 = A7+ Ag = A5+ Ag is needed to have the
correct normalisation of the real emission contribution. Expanding to O(a?) furthermore requires
that A\7 = \g (and therefore that A\ = \g), whereas at O(a?) we find the constraint \; = A5 (and
therefore \g = \g). We then arrive at the reduced ansatz

W _ 2a,TpN* 1 4as[Cr(AMN€ + Xo) + Ca(A3N€ + \g)]
DY.9q)p, = € NP €2

y (4%(]\72e + AsNE + /\6)>1
2

€

1 4asCr(N? + AsN€ + Xg) 4asCA(N%* + AsN€ + Xg)

——— q eXp — exp .
Cr—Cy €2 €2

(144)

Contrary to the DIS case, here we find that expanding eq. (144) and requiring that higher-order
poles vanish is not quite sufficient to fix all of the coefficients. However, there is more information
that we can use. Mass factorisation implies that, at NLP order, the unfactorised cross section can

be written as N B
Wby g = CDY,quqqug + CDY,qcizquqq ) (145)

where we have introduced the relevant infrared finite coefficient functions épy,ij, and the transition
functions Z;;, which are already known from the DIS analysis in section |2, Given that both Cpy 4g
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and Zyy(= Zgq) start at NLP, it is sufficient to know éDY’qq at LP, which is given by standard

resummation as
4a;Cp(N?¢ —1 —2¢In N)

Cby gg = exp = (146)
Rearranging eq. (145]), we obtain the constraint
~ Woyes Cpy.gZ
CDY,g(j — 99 4949 = O(EO) . (147)

quZQQ Zgg

We have quoted the all-order LL form for Z, (= Zgg) in eq. (96]), and its counterpart for the gluon
is

4 In N
aCAn} ‘ (148)

Zgg = exp [ .

The ratio Z,,/Z4, may be obtained directly from eq. 1} since the 5¢,q coeflicient is necessarily
of O(eY) and the transition functions capture all the poles in €, we find that

[e.e]

Zgq _ ay Cr  [4(Ca—Cp)|"In"N
Zqg = 2NInNCp—Cy nlen

f(—€lnN) (149)

poles

The explicit amplitude results of section [2] imply that we can find a similar equation for the com-
bination appearing in eq. ([147) by relabelling ¢ <> g, replacing C'r by Tk in the numerator of the
prefactor in eq. (149)), and replacing C4 <> Cr elsewhere:

Q

Z, i am Tr  [4(Cr— Cx)"In" N

Zgg 2NN Cy—Cp nlen

f(—€elnN) (150)

poles

We may now substitute eqs. [143] [146] [148] [150) into eq. (147), and expand eq (147) to fixed
order to constrain the coefficients \; by requiring that Cpy 4 is of O(e?). At O(a2) we constrain
A1 and Ao to be

CA(Q)\g + A5 + 1) + CF()\5 — 1)

AL =— Ay = —
1 2CF ) 2

Ca(2M1 + X6) + Cr(Xe +2)
2CF '

(151)

At O(a?) we find the additional constraints
A =X—1, X=0. (152)

After this order we do not find any new constraints, as the A3 and A4 coefficients are cancelled from
Whpy ¢q- We may therefore write the full LL form of the unfactorised gg cross section as

Tr 1 (NE 1) 4a;Cp(N¢ —1)
WDY.4q L 2(Cp—C4)N N P €2
y {exp [4asCFN2(N _1)] . [4asCAN2(N _1)”‘ (153)
€ €

We now come back to a point raised already in section concerning our implicit assumption
on the exponentiation of the virtual contributions. Some readers may therefore be concerned that
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our ansatz of eq. (143)) is not general enough. An alternative procedure would be to expand each
order of the partonic cross section as follows:

(n) 1 n,l)
WDy ,gq = Ne2n 1 NEADY 90 (154)

where the right-hand side includes all permissible powers of N€. The coefficient A](jy Z% is fixed
from eq. -, and reads

The remaining coefficients at each order can be fixed using the constraint from eq. . Upon
carrying out this exercise, we obtain precisely the coefficients {A](;’(l’)gq} conjectured in ref. [37],
based on exact calculations of the fixed-order cross section. These coefficients agree with the terms
we find from expanding eq. , which is obtained using the exponentiated ansatz for the virtual
corrections. This shows that indeed we do not need to assume the exponentiated nature of the vir-
tual corrections, although the procedure of obtaining Wpy 4g is simplified if we do. Note a similar
procedure may be employed for the DIS results of section [2| as well.

We may now proceed to also find the NLP LL resummed form for the coefficient function éDY’gq.
From eqgs. (153} [148] [146[), one finds for the first factor appearing on the right-hand side of

eq. (147)
Woy g5 ~Tr f(=€ln N) 4a,Cp(N?¢ —1 —2¢In N)
ZgZsg ~ Cr—Ca 2NInN 2
" {exp [4a5(0p - C’A)lnN] exp {4a5(C’A —Cp)[N¢ (N —-1) — elnN]] } ~(156)

€ €2

Recognising that éDYm multiplies the entire result, we see that the only effect of the second term
in eq. (147) is to remove the poles of the first term, and also any contributions from these poles
hitting higher-order terms in Cpy ;. We can thus find the coefficient Cpy 44 by taking the O(°)
piece of eq. , ignoring any higher order terms in C:Dyyqq— as we do so (n.b. this argument is
similar to finding the coefficient 5¢,q in eq. ) The result is

TR 1
L. C4—Cp2NInN

5’DY,g§‘ [6801:(1S In?2 NBO[4QS(CA - CF) n2 N] - 6(20F+6CA)(LS In?2 N:| 7 (157)

which precisely matches the conjecture in ref. [37]. Given that the resummation of LL NLP terms
in the kinematically leading channels in DY production has already been established previously,
see refs. [62,/79], this analysis, for the first time, completes the resummation of the DY process at
NLP LL order. We examine the closely related Higgs production process in the following section.

4 Resummation of the gg channel in Higgs boson production

The final process we will consider in this paper is that of Higgs boson production via gluon-gluon
fusion, which is closely related to the DY process from the resummation point of view. The LO
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Figure 7: (a) LO squared amplitude for Higgs boson production via gluon-gluon fusion; (b) the
quark-gluon channel at NLO.

squared amplitude is shown in figure[7a], where we assume the same effective coupling as in figure
The summed and averaged LO squared amplitude corresponding to figure [7a] is

VP AP 1 Cup1y + 1 il + ¢V ply
2 __ ‘ 1% vV V. sH 2 2
|IMygnl? = (d—27 NZ -1 <—77W + e v e ) (158)

where ¢/ is the reference vector entering the gluon polarisation sum. In contrast to the DY case
of the previous section, we now face the complication that we cannot simply choose ¢ = ps, as the
second gluon polarisation sum is then ill-defined. However, it would be desirable to keep this choice
for any final-state gluons, given that it means that we only have to consider ladder graphs associated
with the upper part of the amplitude. A simple calculational fix is to choose different reference
vectors for initial state and final state gluons, which amounts to defining polarisations differently
for incoming or outgoing gluons. There is nothing to forbid this, although Bose symmetry demands
that we treat all initial (or all final) gluons on an equal footing. For the initial-state gluons, let us
leave ¢, general, but satisfying the conditions

=0, c-pp=c-pp=0. (159)

For final state gluons, we will continue to use py as the reference vector.

With the above general ¢, eq. (158 can be simplified to

s AP 1
|Mgg*>h’2 = (d — 2) NCQ -1 } (160)
such that the LO cross section is found to be
1 N———— T |)\|2 1
Ogg—h = 92 /d(I)( ) ‘Mgg—>h‘2 = ?(d —2) Ncg — 15(1 - z), (161)
where we have defined ) )
p=L =T (162)
s s

As for DY, the threshold variable is simply given by £ = (1 — z). Thus, we may reuse the same
phase space for n soft-gluon and 1 soft-quark emissions, provided we ignore the additional two-body
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phase-space due to the decay of the virtual photon into the lepton pair. The relevant phase space

is then given by eq. (126)).

The prefactor in eq. is needed to normalise higher-order contributions. Keeping with the
theme of the paper, we will be concerned with the gg channel that opens up for the first time at
NLO, as shown in figure [Tl How to resum NLP contributions at LL in the gluon-gluon channel
has already been discussed in refs. [62,81]. Analogous to the DY case, the LL contribution to the
qg channel at arbitrary order will originate from general ladder diagrams such as that shown in
figure [6D] which gives a summed and averaged squared matrix element

2(n+1)ﬂ(4_d)(n+l)|)\|2 C%nJrl n—m

7 _9s A T a B CaP2,8 + CBP2,a
[ Mgl 8(d—2) N2 1 [k P17 ( Nop + Do -cC
“r2p1 - pepr - ki 1
X . 163
(zl;ll pa - k; [p-k‘l]Q...[p-(k1+...+kn+kq)]2 ( )

The second term in the gluon polarisation tensor will not contribute. To see this, note that con-
tracting it with the trace and using the conditions of eq. (159) yields

Tr[fq ¢ ¥1 o] + Tr[kq o ¥1 ¢) =8ky-cp1-p2. (164)

This projects out the transverse components of k, which, occurring linearly in the phase-space
integral, will vanish. Simplifying the remainder of eq. (163)), we may convert to Sudakov variables
and symmetrise over crossed-ladder contributions as in the DY case, finding

gz(n+1),u(4—d)(n+1) |)\|2Cg}+102_m gng—n—1 i n 1
Nz -1 (n+1)! By o aifi

(M g1 = (165)

We must combine this with the phase space of eq. (126)) and the flux factor to obtain the cross
section. The integrals may all be carried out similarly to in section 3| and after dividing by the LO
normalisation in eq. (161]) we find the NLP LL contribution

v G = e (@) (-7 L GROT e (160
m=0
which in Mellin space becomes
(n+1) N) = 1 QCFNge_l ANZN" & cmon—m 1
Wit ( )_—(n+1)! - 2 ZO O+ (167)

Perhaps unsurprisingly, this is exactly what one would obtain from the DY formula of eq. ,
upon making the colour replacements we have already seen, namely Tr — Cr in the prefactor and
Cr — Cy elsewhere. The reason for these replacements should hopefully be clear: the replacement
in the prefactor reflects the difference in colour structure (but similar kinematics) of the NLO pro-
cesses. The second replacement follows from having interchanged the gluon and quark backbones
of the ladders, and the fact that eikonal Feynman rules depend on the colour representation of the
emitting particle, but not its spin.
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The above replacements allow us to immediately recycle egs. (153} [L57) to get the all-order LL
form of the gg cross section

Wi ‘ .
haglyp, 2(Cy — Cp) N¢—1 ¢ €

y {exp [4asC’ANE(N€ - 1)} . [4asC’pN€(NE - 1)} }

Cr e(N< 1) y [4asCA(]2\T€—1)]

> - (168)

as well as the resummed coeflicient function

hagl L, T Cr—C42NIn N

Again, these results match the conjectures of ref. [37].

[eSCA‘IS In? NBoldas(Cp — C4) In? N| — e(2Ca+6Ck)as In® N} ,  (169)

5 Discussion

In this paper, we have investigated the resummation of logarithmically enhanced contributions af-
fecting the threshold production of heavy particles, specifically those contributions which are LL at
NLP in the threshold variable. Previous studies have established that such terms can be resummed
in those partonic channels which contribute already at LP in the threshold expansion. Here, we
have completed the set of L. NLP terms by examining those partonic channels that start at NLP,
due to the emission of a soft quark at NLO. In some sense, one expects these contributions to be
straightforward to resum, in that they originate from an underlying NLO process which is dressed
by purely soft gluon radiation. However, the combinatorics of the resummation is rather intricate,
as has been previously discussed in refs. [37,86,87].

Our resummation approach uses well-established diagrammatic arguments [88-90] to efficiently cal-
culate all-order forms for the purely real emission contributions to partonic structure functions and
cross sections at LL order. We then fix the virtual corrections using a variant of the soft gluon
unitarity procedure that has been applied at leading power [4], namely by requiring that virtual
corrections cancel appropriate higher-order poles in the dimensional regularisation parameter e,
leaving only those collinear singularities that can be absorbed into the parton distributions. Our
all-order forms for the structure functions and cross sections lead straightforwardly to resummed
splitting and coefficient functions, once mass factorisation is carried out.

As specific examples, we consider DIS induced by both a virtual photon and a Higgs boson, and also
DY and Higgs production. We confirm the conjectures for splitting and coefficient functions that
were first given in refs. [37,87]. The DIS case was also obtained in ref. [86], under the assumption
that the one-loop virtual corrections to the underlying NLO processes exponentiate, motivated by
a re-factorisation and renormalisation-group evolution in SCET. Our approach is complementary
to this, in that we focus primarily on an explicit calculation of the real emission contributions, with
the virtual corrections uniquely determined by consistency requirements.

It would be very interesting to see if our methods can be applied to other scattering processes of
immediate phenomenological interest, where the results could supplement existing LP resummation
formulae at NLP LL. We hope that our study might be useful for those working on a variety of
approaches to NLP resummation, including regarding how to relate these different methods.
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A Direct calculation of ladder integrals

A.1 DIS

In this appendix, we show how to directly calculate the multiple integral appearing in eq. .
One may start by transforming from the {b;} variables to the set {;}, given by

&1=b1, &L=0bi+by, & =br+ba+...b,, (170)
or, in matrix form,
& 100 --- 0 b1
I R I am)
£ 111 1) \ b

This allows us to quickly work out the Jacobian which, given the triangular form of the matrix, is
simply equal to 1. The inverse transformation is

by =&, b=—-&, ... b=&§ &1, (172)

so that the {b;} integrals become

d d—2

sl T (6 — )3 )
OI/%JQ (£=&)7T (G -&)7 . ()7 (173)
1=1

2 2 2
§& &

Given that the singularities are associated with all b; — 0, and thus £ — 0, we are free to set
the upper limits of the {&;} integrals to arbitrary values. We may now evaluate the integrals in
sequence, starting with the &; integral, which is

a—2 a—2

dﬁlfld%(a(&—fl) 2 = Sg/d&&f?(l—ﬁw

[(d-2) (174
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where we have scaled £ — £1&2, and then set the upper limit of the &; integral to 1. Next, we have
the & integral which, including the additional factor of & from rescaling &, is

d—2 3d_=1'(d — 4\ d

2

(175)

If we carry on in this fashion then it is not too difficult to spot the pattern: the product of the first
n {&} integrals gives

n id (o 4 n 1Nl d _ T d
Hl/d&isﬁ Tt =11 S (;])

=1 F[( 2 2
1 1\"
=——-- e 176
n! ( e) * (176)
There remains the final integral over &,1, which is
(n+1)d (n+1)_1 _ d —4 1

d S+l =T HN{—||=————+... 177
/ St bntd ‘ [(TH )( 2 ﬂ 1) {77

so that the full {¢;} integrals evaluate to

This is exactly the same result as found in eq. , as claimed.

A2 DY

Like in the DIS case, we may also prove eq. (137) for DY without the symmetrisation of crossed-
ladder contributions. We start with eq. and integrate over the phase space appearing in
eq. . Introducing the Laplace transformation of the § function we find for the cross section
and making the replacement of eq. we find

21
ODY, g3 — 28/ 22 16 /dCOSH|M mcg’*mgg(n+1)u(4_d)(n+l) (179)
X /ﬂoo geT(l—z)S(nH)% 92(n+1) 1
—300 27 8(471' (n+1 T+l (%)

X [H/ddie_T“i (o_zi)dgG] /daqe_TO‘q (aq)%
n+1 d
[H / dbie= T (b)) 2"

Now we scale out the T' dependence from the Sudakov variables by making the replacement a; —
Ta2 (and similary for ag, b;). We find that the T-dependence becomes

Fioo qT T d—6 ___ d-4 d—2 (1- z)(”+1)(d_4)
22 TA=2)p—ntF =S p—(nt+1) 5= _
/m omi” bt " T T+ 1) —4n—3) (180)

1
(b1)%... (b1 + - 4 bpy1)?
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The &; and o4 integrals may computed easily, whereas we transform the b; variables to ; as in
eq. (170). As above, we may do the set of §; integrals in sequence to find the final result

1 dopy,gq Ly quantl 92n+l 1\ 2t
—% = (1- e(n+1) p,omem—m ( s) el 181
Tggy dz (=7 fATE 4 (n+1)! € ’ (181)

where we have neglected terms that come with a higher power of . Summing over all possible
ladder orderings and using. to extract W]g?’glg we 'inde.ed match the result of eq. . The
fact that we may symmetrise over crossed-ladder contributions and find the same answer indeed
proves that these crossed-ladder contributions are kinematically subleading.

B LL form of the Z,, transition function

In this appendix, we prove eq. , which is needed to relate the transition function Z,, to the
splitting function P,,. Whilst this result may or may not be standard, we were unable to find an
alternative proof in the literature, which is our reason for providing one here. We begin by noting

that eqgs. imply
dZ

dIn Q?
We may rewrite the left-hand side using the expression for the running coupling in d = 4 — 2¢
dimensions:

_— (182)

dag
dIn Q?
Using standard arguments, we may ignore the § function at LL level, since including it would

introduce logarithms of the renormalisation scale, which replace In(N) at a given order in «y, and
thus result in subleading logarithmic contributions. Then eq. (182]) becomes

= —eas + PB(as) . (183)

d < Zaq  Zag ) _ U ( Yag  Tag ) < Zaq Zag > (184)
das \ Zgq Zgg € \ Yga Tag Zgqg Zgg
so that Z,, satisfies
dZ a a
ﬁ - nggqu = ?S’quzqm (185)

This is a first-order ordinary differential equation (ODE), and can be solved using the method of
integrating factors. That is, given a first-order ODE in the form

dy(z)
dx

+ Pr)y(r) = Q(x), (186)

one may define the integrating factor

I(z) = exp [ / ’ dx’P(a;’)} . (187)

Multiplying this factor with eq. (186]) yields

dy(z) d

I(z)= = + P(a)l(z)y(z) = — [[(2)y(2)] = [(2)Q(z), (188)



which may be straightforwardly integrated to get

y(z) = I (2) / " a0 (189)

where the lower limit of integration on the right-hand side will be determined by the boundary
conditions. Comparing with eq. (185]), we can immediately write down the solution:

Zgqlas) = I_l(OLs)1 /Oa5 o I(ag) vgq(ay) Zyq(ag) (190)

/
€ a’,

where we have implemented the boundary condition Z,,(0) = 0. The integrating factor I(as) is

given by
1 [ dd)
I(as) = exp [/0 ; vgg(a;)] . (191)

€ a’,

Note that the lower limit of integration is arbitrary, as it will cancel out on the right-hand side of
eq. (190). We may thus choose it to be zero for convenience.

Thus far, all of our statements have been exact. However, we can simplify things by restricting
ourselves to LL order, in addition to noting (as above) that we may ignore NLP contributions
in the diagonal anomalous dimensions and/or transition functions. Furthermore, the higher-order
diagonal anomalous dimensions have the large N behaviour E

A D(N) ~In(N) + ..., (192)

where the ellipsis denotes non-logarithmic or power-suppressed terms. That is, 74, and 744 only
have a single logarithmic enhancement at all orders in as;. Hence, as noted already in ref. [87],
leading logarithms in Z,, can only come from keeping the first-order terms in 744 and vgq:

Yooaa(ts) = as7D(N), D =4Cpin(N), 79 =4CsIn(N). (193)

Using this result, the integrating factor of eq. (191)) simplifies to

s _(o

I(ay) = exp |~ (0] (194)
which is now a simple function of as, without an additional integration. Next, we can use the
known all-order LL form for the diagonal transition function Z,, given in eq. . Substituting
this equation along with eq. (194)) into eq. (190)), the LL solution for Z,, takes the form

1 Qg as da/S a/ a,s
o) = oo [22)] [ G o0 [ 29| et exp [ 234

s
s €

o0 (m) a /
_ Ygq ' (V) as _(0) S m _%s (0 _ (0
= mz_:o o exp { ; ygg} ; dag (a;)™ exp ; ('ygg p ) , (195)

“Following ref. [87], we adopt the MS factorisation scheme throughout. The large N behaviour of higher-order
anomalous dimensions might be different in other factorisation schemes.
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where in the second line we have substituted the perturbation series

’qu as Z a’m+1'7gq ) (196)

Let us now focus on a given value of m on the right-hand side. We may first transform to the
integration variable
(0) (0)
x/ — als(’ygg — ’y(]q ) (197)
€

such that eq. (195)) can be integrated to give

(m) (0) (0)
€"Vgq s (0 as(Ygg — Vaq )
Z = [— ( )} 1, —————=|. 198
9q 'Yg(zgn) ( (0) ’y[go))m_l_l €xXp P ’Ygg y{m + 6 ( )
where we have introduced the lower incomplete gamma function
4
(e, 2) :/ dttote™t, (199)
0
not to be confused with an anomalous dimension. It has the series expansion
Sk
= ! S — 200
V(a,z) = 2% OékzoaJrkJrl) (200)
Implementing this in eq. (198 leads to
0 0
7 _ mHWéq 7 m! exp quq Z (L]g 759) - %gq))k
94 fm) € ’ Oek (m+k+1)!
o0 0 k+l+m+1<() ©) _ (O\E
Vg ) (Y99’ — Vagq )
|
7/m! kzog T Nmtk+ 1) (201)

where in the second line we have also expanded the overall exponential factor. We are currently
still working at all orders in as. But let us now isolate a particular coefficient, say of aZ, so that
one may set k =n — [ —m — 1 on the right-hand side:

m n—m-—1 n—Il—m—
_ g )m! (i) (s — syt

v e 2 (n —1)!

=0

4

(202)

(0)

To connect to eq. (93)), we want to write the summand in terms of pure powers of 4, and 752). To
do so, we may use the binomial theorem

(z+y)" = Zn: ( Z ) 2Py P (203)

p=0

to arrive at

(m —m— _1\n—l-m—k—1 n—-m—1—k k
(n) _ Ygq m! 1) n—l—m-—1 0) 0)
qu ézl) en—m Z M(n— l)' k (’qu ) (799 ) '
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The last step consists of removing the double sum. First, we interchange the order of summation
in k and [, and then relabel | - n —m — 1 — k — [, to rewrite eq. (204)) as

e G 1O NC ) R

lo'

n—m—1
(n) ’qu
qu V(W en—m Z
k=

9q

The sum over [ has the form
Zk: (1)~ n—Il—m-—1 _1zk:(_1)l n n—Il—m-—1
lfol!(n_l)! n—k—-m-1/) nl l n—k—m-—1
k
_(_1)k n k+m-—n
=2 k-1 ) (206)

where in the second line we have used [96]

< Z ) = (1) * ( _nk__kl ) . (207)

We can then use the Chu-Vandermonde identity

> (1) (i)

B ()= (1)

Substituting our results back into egs. (205)), we find eq. as required, upon reintroducing the

sum over m. Recall that ’Yg(/T) contributes at O(a”™*1), so that the upper limit of the m sum must
be n — 1 rather than n.

) (208)

ES
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