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ABSTRACT: It is well known that cross-sections in perturbative QCD receive large correc-
tions from soft and collinear radiation, which can be resummed to all orders in the coupling.
Whether or not the universal properties of this radiation can be extended to next-to-leading
power (NLP) in the threshold expansion has been the subject of much recent study. In par-
ticular, universal forms for next-to-leading order (NLO) cross-sections have been obtained
for general colour-singlet production processes by considering only the emission of gluons.
In this paper, we extend such formulae to processes containing final state jets, and show
that the dominant NLP terms at NLO can be obtained using a similar prescription to the
colour-singlet case. We furthermore consider the emission of soft quarks, which also leads
to a class of universal NLP contributions at NLO. We illustrate our results using three dif-
ferent processes at NLO: deep-inelastic scattering, hadroproduction via electron-positron
annihilation and prompt photon production.
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1 Introduction

The calculation of ever more precise results for cross-sections in perturbative Quantum
Chromodynamics (QCD) is a perennial necessity for current and forthcoming collider ex-
periments. Results typically proceed on two frontiers. Firstly, one must proceed to higher
fixed orders in the strong coupling as. Secondly, one must supplement fixed order calcula-
tions with contributions which are enhanced in certain kinematic regions. One such region
is that of production of particles near threshold. In that case, the phase space for the
emission of additional radiation is squeezed, leading to an incomplete cancellation between
real and virtual singularities, and thus the appearance of large contributions at all orders
in perturbation theory. More specifically, if £ is a dimensionless kinematic ratio such that
& — 0 near threshold, the corresponding differential cross-section has the following form

2n—1
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The first two sets of terms originate from soft and collinear radiation (real or virtual).
They make up the leading power (LP) contributions in the threshold variable ¢ and are
localized at € = 0. The contributions have a universal form, which allows for their all-order

resummation [1-16].



The third set of terms in eq. (1.1) make up the next-to-leading power (NLP) contri-
butions to the differential cross-section, as they are suppressed by a single power of the
threshold variable. Although subleading, the increasing precision of both LP resummation
and of experimental data makes such terms numerically relevant [17, 18]. As at LP, the
highest power of the NLP logarithm at a given order is referred to as leading-logarithmic
(LL). One may then worry about next-to-leading logarithmic (NLL) contributions, and so
on. It may well be the case for collider processes of interest that the LL. NLP terms (or
beyond) must be resummed for an adequate comparison of theory with data. However,
such terms can be equally important for estimating fixed-order calculations. Precision cal-
culations are necessary for improving the modelling of SM backgrounds at the LHC, and
there remain many such processes where higher-order results (analytic or numerical) are
unavailable. Estimations of higher-order cross-sections based on the classification of NLP
terms at fixed order in o, may thus play a key role, analogous to how LP estimates have
historically preceded exact next-to-leading-order (NLO) calculations. Furthermore, numer-
ical codes (at NLO or beyond) require knowledge of soft radiation in infrared subtraction
schemes. These schemes typically need the matching of these contributions in different
phase-space configurations. Improving this matching to NLP promises to significantly ex-
tend the stability and speed of such codes [19-24].

The threshold expansion of eq. (1.1) contains contributions associated with radiation
that is (next-to-)soft and/or collinear with an external parton leg. We will define the
properties of such radiation more carefully in what follows, but here we note that much
previous work has focused on the soft expansion, with the aim to classify its effects be-
yond LP. Next-to-soft radiation in gauge theory was first studied in the classic works of
refs. [25, 26], and more recently in ref. [27]. Since then, a variety of approaches have been
used to try to systematically elucidate the structure of next-to-soft corrections [28-38].
There has recently been a revival of interest in this topic, partially motivated by more for-
mal work on so-called next-to-soft theorems of refs. [39, 40] (see also ref. [41]), which relates
soft physics to asymptotic symmetries in gauge theory and gravity. This has led to a great
deal of activity aiming to systematically classify NLP contributions to cross-sections, using
either diagrammatic factorisation formulas that generalise their LP counterparts [42-46],
or the framework of soft-collinear effective theory (SCET) [19, 47-56]. A resummation of
LL NLP effects in Drell-Yan production is recently presented using the SCET approach [57]
(see ref. [58] for a related study for other observables), confirming earlier expectations from
refs. [30-34], and results using the diagrammatic approach are presented in ref. [59]. Here
we restrict our attention to NLO in perturbation theory, similarly to how previous studies
have focused on fixed-order effects [20, 22, 60-62]. Of particular relevance for the present
study is ref. [60], which derived a universal form of the cross-section for the production of
an arbitrary number of colour singlet particles at NLO, up to NLP level, in either the ¢ or
gg channel. An especially elegant result was that the NLP cross-section can be expressed
in terms of a simple kinematic shift of the LO result, where the specific form of this shift
is dictated precisely by the next-to-soft theorems. This both illustrates the phenomeno-
logical use of next-to-soft factorisation formulas, and provides analytic information where
this was previously absent (such as in di-Higgs production). All NLP terms are captured



by the kinematic shift at this order in perturbation theory for these processes. This is due
to the fact that no final state partons are present in the leading-order (LO) process, so
that the threshold and soft expansions coincide. Indeed, most NLP studies effects (with
the exception of the conjectural but well-motivated resummation proposal of refs. [30-34])
have focused on processes in which all real radiation is manifestly (next-to) soft, such as
Drell-Yan production. It is then natural to ponder what the recently developed next-to-soft
formalisms are able to capture, if instead final state jets are allowed to be present.

As discussed above, the presence of final state jets means that the threshold and next-
to-soft expansions no longer coincide, in that the former contains collinear effects. However,
it may well be that generalisations of the formulae derived in ref. [60] can be used to capture
the LL NLP effects at NLO. We will see that this is indeed the case in what follows.
Ref. [60] included only the effects of radiated gluons dressing the LO amplitude. However,
at NLP one has the possibility to emit (anti-)quarks (e.g. see ref. [63]), which can also give
rise to LL effects. We will show how the dominant terms can indeed be represented in a
straightforward and universal way. To illustrate our results, we will use three examples of
processes with final state jets: deep-inelastic scattering, quark-antiquark pair production
in electron-positron annihilation, and the production of a photon in association with a hard
coloured particle (prompt photon production).

This paper is structured as follows. In section 2 we derive an explicit expression for the
NLO amplitude of a coloured final state in quark-antiquark, gluon-gluon or quark-gluon
scattering, which includes dominant (leading-logarithmic) terms in the threshold expansion
up to NLP level. This NLP amplitude can be subdivided into two separate contributions:
a gluonic contribution (section 2.1) and a quark contribution (section 2.2). As in ref. [60],
the amplitudes we obtain are fully general at NLO, and the results thus provide universal
corrections to any Born process with massless coloured particles in the final state. We then
illustrate how to apply our formalism in a number of examples of increasing complexity.
In section 3 we consider deep-inelastic scattering, whose Born amplitude contains a single
final-state parton, and in section 4 we examine hadroproduction in electron-positron anni-
hilation, where two final state partons are present at LO. In section 5 we look at prompt
photon production, which adds the complication of a final state which is not fully inclusive.
In all cases, we find that leading logarithmic effects up to NLP are completely captured
by performing a similar kinematic shift to that observed for colour singlet production pro-
cesses [60], and in addition by the effects of soft quark radiation. Finally, in section 6, we
discuss the implications of our results before concluding.

2 Universal NLO amplitudes for (next-to-)soft radiation

As is well-known, radiation from a massless external line of an amplitude leads to infrared
(IR) divergences, which in turn gives rise to threshold logarithms in the final cross-section.
Given a radiated particle with 4-momentum £k, a divergence will occur if this momentum
is soft (all components going parametrically to zero), or collinear to the emitting particle
momentum p*. The particle may also be soft and collinear, in which case the divergence is
maximal. Next-to-soft corrections then correspond to a systematic expansion of the entire



amplitude in the momentum of the emitted radiation, keeping the first subleading order
only. We will use the term hard-collinear to refer to a radiated particle that is collinear to
an external parton in an amplitude, but not soft or next-to-soft. Without double-counting,
we may then refer to radiated particles as either soft, next-to-soft or hard-collinear.!

For the production of massive colour singlet particles considered in ref. [60], the only
IR divergences that appear at NLO are manifestly associated with (next-to-)soft radiation.
More specifically, that study examined dressing the amplitude for production of N massive
colour singlet particles with an additional gluon, and derived a universal form for the NLO
cross-section for any such process, valid up to next-to-soft order in the momentum of the
emitted radiation. Here we will revisit this analysis when final state massless partons are
present. As is well-known, the soft expansion then does not coincide with the threshold
expansion of eq. (1.1), but must be supplemented by hard-collinear effects. However, as
we will demonstrate explicitly, the leading-logarithmic terms at NLP stem from radiation
that is next-to-soft. Thus, a similar approach to ref. [60] can be used to capture this class
of NLO corrections.

For the emission of gluons, we will recover the results of refs. [25-27, 40]. In addition,
the re-derivation presented here will allow us to set up a careful notation that is needed
for what follows. A significant extension of previous results, however, is a universal next-
to-soft amplitude for the NLO emission of soft quarks, which we present here for the first
time. The latter effect is known to be absent at LP in the threshold expansion, but must
be included at NLP level and beyond.

2.1 Radiation of (next-to-)soft gluons

Let us first consider the emission of (next-to-)soft gluons. We will do this for a generic
Born level process with 2 initial state coloured particles and n final state coloured particles
(see figure la). As mentioned above, this extends the work of ref. [60] for colour-singlet
production, itself based on the earlier work of refs. [45, 46] (see also refs. [42-44, 48, 65]).
All particles are considered massless, which will be the case for all processes considered
throughout the paper.? We must then consider all possible ways in which a gluon can be
emitted, namely the contributions of figure 1b—1f, where momenta and colour indices are
defined as shown. The first of these contributions, figure 1b, yields the matrix element

. ngtgcz o *
Z-/\/ll,q = _qu (pl —k,p2,... apn—‘rQ)(pl - %)7 u(pl)ea(k)
igstgjci M
= —m cj(pl,p% c s Pnt2)
9
X ((2})‘1’ — k%) — 218"k, — 2k“6p“p(17> u(pr)es(k), (2.1)
1

where {tfj} are elements of the colour generator in the fundamental representation, and
M_; is the hard scattering matrix element carrying colour label ¢; for the incoming quark.

'A systematic way to characterise radiated momenta is via the method of regions [64] for classifying
threshold corrections, which has been applied recently to analyse NLP effects in refs. [61, 62].
2We note in passing that our formalism would also apply for massive coloured particles.
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Figure 1. (a) Feynman diagram for a generic 2 — n scattering process where all external particles
are colour charged and either in the adjoint, fundamental or anti-fundamental representation, which
are all indicated by a double line. By My we denote the matrix element without any additional
radiation, containing all asymptotic states (spinors and polarisation vectors). (b) Feynman diagram
with the emission of one additional gluon carrying momentum k and colour ¢ from an initial state
quark carrying momentum p; and colour ¢;. The notation is such that M contains all colour
generators, spinors and/or polarisation vectors, except for the ones stemming from the line that is
emitting. Since the gluon carries away momentum k and changes the colour of the quark line, this
matrix element will depend on pj = p; — k and carries a colour label ¢;. (c) Feynman diagram
with the emission of one additional gluon from an initial state gluon. (d) Feynman diagram with
an emission off a final state quark. Here the hard scattering matrix element depends on p = p; + k.
(e) Feynman diagram with an emission off a final state gluon. (f) Feynman diagram where the
gluon is emitted from an internal line. The matrix element My, , contains all colour generators
and external states, except for €k (k).

The notation is such that M., contains all colour generators, spinors and/or polarisa-
tion vectors, except for the ones stemming from the line that is emitting. We have also
introduced the generator of Lorentz transformations for fermionic fields:

i
S = 1 Y7, 9" (2.2)

In the second line of eq. (2.1), the first two terms in the bracket come from rewriting the
Dirac propagator in a suitable form. The derivative term stems from Taylor expanding the
hard scattering matrix element M., (p1 — k) to first order in %k, where we have assumed
this to be Taylor expandable. This assumption will fail at higher loop orders due to the
presence of virtual collinear singularities, as first studied by ref. [27], and further developed
by subsequent works [42-46, 48, 65]. However, the assumption is valid for tree- and loop-



induced Born processes that are free of virtual collinear effects, which applies to all examples
studied in this paper. Carrying out a similar exercise for the case where the initial state is
an antiquark, we find

st
(p1 — k)% + ie
X Me;(p1,p2, - -+ s Pnt2)e, (k).

In the case of an emitting gluon (figure 1c¢) the resulting matrix element is:

0
iMig = v(p1) <(2p‘17 — k%) + 218"k, — 2p‘17k“apu>
1

(2.3)

- gSfcab o g
iMig = meu(pl)/\/lp,b(pl —k,p2, .., pnt2) (=97 (p1 + k)P + 9" (2p1 — k)

+29°°k") €5 (k)

gs f . o
= 201 — k)7 gP* — 20k MOOPH — 2pT kY —— gPH
et (2 - b ik
X Mp,b(p17p27 s apn+2)€;(k)7 (24)
where

MOIPI = (g7 gh™ — g7HgP) (2.5)

denotes the Lorentz generator for spin 1 particles and M, ; the hard scattering matrix
element with adjoint colour index b and Minkowski index p for the incoming gluon. To go
from the first to the second line in eq. (2.4) we have used the physical polarisation condition
for the incoming gluon to write [65]

p’f/\/lp(pl,pg, ey Pny2) =0 — p'fk:o‘aia/\/lp(pl,pg, e Pny2) = kP M, (D1, 02, - .- Dns2).

' (2.6)
We thus observe that for all species of incoming parton, the next-to-soft matrix element
with an additional gluon emission from the incoming leg consists of three terms: a universal
scalar term (which is proportional to 2pJ — k7), a term that is sensitive to the spin of the
emitter (which is proportional to either S or M) and a universal derivative term acting on
the nonradiative amplitude.

We may carry out a similar analysis for hard emitting particles in the final state.
However, the fact that the gluon is emitted after the hard scattering results in a sign
difference for the derivative term. More specifically, in considering the emission of a gluon
of momentum k£ from a final state hard particle of momentum p; + k leads to a momentum-
shifted amplitude

M(p17p27 R 23 + k7 cee 7pn+2) - M(p17p27 Y 2T 7pn+2)

0
+ka%M(plap27"'7piv"‘7p"+2)' (27)

The next-to-soft matrix element for a final state quark emitter (figure 1d) is then found
to be

igstgicj
(pi + k)2 + ic
® Mc; (p1,p2, - -, Py2)es (K),

d
iMig=— u(pi) <2p§’ + k7 + 205 kq + ng/gaapq>

)

(2.8)



and for a final state antiquark emitter:

%
. Qoo a 0 o *

Mcj(p17p27"'7pn+2) <2pg+ko—_2ls ka"‘Qk apapz> v(pz)eo(k)

(2.9)

. C
ZgSth C;

iMig= (p; + k)2 +ie

For a final state gluon emitter the next-to-soft matrix element is (figure le):

gsfdm 0
T e (py) (g (20 + KT + 20MOP R 4 2gMPpT K
(pz + k;)2 + ieeu(pz) (g ( D; =+ ) + 2 o+ g p; 8]??)

X Mp’b<p1,p2, . ,pn+2)6;(k). (210)

iMig =

As for an initial state emitter, the NLP amplitude for a final state emitter also consists of
a universal scalar term, a term that is sensitive to the spin of the emitter and a universal
derivative term.

So far, we have considered only emissions from the external legs of the non-radiative
amplitude. We must also consider the emission of a gluon from inside the hard interaction,
as shown in figure 1f. To this end, we may consider the Ward identity for the emitted
gluon, which takes the form

n+2 n+2
iMnNLP ok = ZiMj,akU +iMint ok =0 = iMook = — Z iM;ok?, (2.11)
j=1 j=1

where M, is the contribution to the total matrix element arising from gluon emission
from an external line j, each consisting of a scalar, spin and derivative contribution as
shown above. It is straightforwardly verified that the scalar and spin contributions vanish
automatically upon contracting with £, leaving only the derivative contribution, so that

upon removing the gluon 4-momentum from both sides one obtains?

. o ..
iMint,o = E nj9sTj ® a7 [iMu], (2.12)
j j

where 7; = +1(—1) for a hard emitting particle in the initial (final) state respectively.
We use the symbol ® to denote the fact that the action of the colour generator for each
external leg should be interpreted with appropriate coupling of colour indices to the hard
interaction. The derivative does not act on the asymptotic states of the hard scattering
matrix element Mpyg. Combining this expression with the other contributions above, we
can now write down a general formula for the emission of a soft gluon from an arbitrary
amplitude up to next-to-soft level:

ANLP = Ascal + Aspin + Aorb
4o

= D, -k ( Sgcal,j +ngin,j +Ogrb,j) ®iMH(p1""api7'"apn+2)6:(k)7 (213)
J

j=1

3In principle, one may add a contribution C,, to the right-hand side of eq. (2.11), that is transverse by
itself i.e. k- C' = 0. Such contributions, however, can be ruled out based on gauge invariance and locality
(see e.g. refs. [66, 67] for a recent discussion).



where My again denotes the hard scattering matrix element, and the first two terms on the
right-hand side constitute the scalar-like and spin contributions respectively. Furthermore,
the third term is the orbital angular momentum operator associated with each external
leg, and T; a colour generator in the appropriate representation. We use the symbol ®
in the same way as before, with the extension that now also the spin generator should be
interpreted with the appropriate coupling of the spinor and/or vector indices to the hard
interaction. We define each of these actions carefully, for all possible types of external leg,
in appendix A. Note that the scalar contribution commences at LP in the soft expansion,
whereas both of the angular momentum contributions are NLP only.

In eq. (2.13), the hard scattering matrix element contains only those momenta that are
also present at LO. These do not obey momentum conservation once the extra radiation
is present, and there appears to be an ambiguity in how one shares the momentum of the
additional radiation between these existing momenta (see e.g. ref. [42] for a particularly
complete discussion of this point). We will see in sections 3-5 that actually there is no such
ambiguity, as the form of the momentum shift created by the angular momentum operators
of eq. (2.13) is completely fixed. Furthermore, exact momentum conservation is enforced
by integrating over the complete phase space, which is not included in the amplitude itself.

The result of eq. (2.13) has previously been derived in a more formal context [40],
where it is known as the next-to-soft theorem. It was motivated by a similar result in
gravity [39, 41], that generalises the leading soft results of ref. [68]. Our reason for carefully
rederiving this result here is twofold. Firstly, we may contrast this derivation with a similar
analysis for the emission of soft quarks, to be carried out in the following section. Secondly,
in applying eq. (2.13) to example scattering processes in the remainder of the paper, it is
useful to have a precise record of how to keep track of colour and spinor/vector indices.
The above derivation (and the results of appendix A) are particularly useful in this regard.

2.2 Radiation of soft quarks

Having reviewed the universal NLO amplitude for the emission of a (next-to-)soft gluon, we
now turn to the emission of one additional soft quark. One must then consider all possible
partonic splittings that can lead to such an emission, which we show for the case of emission
from the initial state in figure 2. Let us first consider an initial state gluon splitting into a
quark-antiquark pair, where the antiquark participates in the hard interaction (figure 2a).
The resulting matrix element is

N a
ngtcij

iMgy = (p1 — k)% + ic

e (pr)u(k)vu(mh — F)Me,; (p1 — K, p2, - - - Poy2), (2.14)
where momenta and colour/Lorentz indices are labelled in the figure. The subscript Q is
used to indicate the emission of a soft quark. From the fermion completeness relation for
the emitted soft quark
S wlkyak) = k. (2.15)
spins
we see that the spinor for the emitted quark scales with soft momentum as O(kl/ 2). Thus,
the leading power of divergence for £ — 0 in the matrix element is O (k_l/ 2) (as opposed
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Figure 2. (a) Feynman diagram for the emission of one additional quark carrying momentum k
and colour ¢, from an initial state gluon carrying momentum p; and colour a. The momenta of the
particles is defined to flow from left to right for all external lines. The hard scattering matrix element
M., (p}) is defined to contain all external states, except for the polarisation vector €/ (p;) and the
spinor 4(k). By the emission of a quark, the identity and the colour of the external gluon changes.
(b) Feynman diagram for the emission of one additional quark carrying momentum k& and colour
cm from an initial state quark carrying momentum p; and colour ¢;. The hard scattering matrix
element M, ,(p}) is defined to contain all external states, except for the spinors u(p;) and (k).

to O(k™!) for the soft gluon case). It will therefore not give rise to a leading power
threshold contribution, but will instead contribute at NLP accuracy. Furthermore, as
the leading contribution from soft quark emission is already O(k~/2), there will be no
additional contribution from the O(k) terms in the hard scattering matrix element or the
Dirac propagator. The matrix element for soft quark emission becomes

e (pr)a(k)yup, Me; (p1, D2, - - -, Pnt2)- (2.16)

A similar exercise can be performed if the initial state involves a quark splitting into a
quark-gluon pair (figure 2b), and one obtains

iy 4b
ngtcm C;

Mats = i v ie

u(k)y u(p1) Mpp(p1,p2, - - -, Pnt2)- (2.17)

The analysis for a final state particle emitting soft quarks is similar, as is the case of
antiquark emission. Thus, we do not explicitly report the intermediate steps here. In the
previous analysis of gluon emission, we needed to consider the possibility that a gluon was
emitted from inside the hard scattering process, i.e. figure 1f. Here, while it is certainly
possible that a soft quark is emitted from inside the hard scattering process, it will not give
rise to an NLP contribution. This follows from the fact that the soft quark emission is by
itself already a subleading effect in the momentum expansion, and also that any internal
line is by definition far off-shell. Emission of an internal soft quark is then sub-sub-leading
in the momentum expansion, thus irrelevant at NLP.

As for the gluon case, we can write a compact universal formula for soft quark emission.
In order to do this, we introduce a quark emission operator Q;, which acts on a given
external parton line 7 to produce the emission of a quark or antiquark. The action of
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Figure 3. Action of the quark emission operator Q; on an external parton line j, where all possible
cases of incoming or outgoing line, and all parton species are considered. All momenta are defined
to flow from left to right. The explicit contributions to the amplitude from each possibility are
collected in appendix A.

this operator on every species of incoming/outgoing parton leg is shown diagrammatically
in figure 3, and we collect the explicit rules for the amplitude from each possibility in
appendix A. Armed with the quark emission operator, we may write the following general
formula for the next-to-soft amplitude arising from soft (anti)quark emission:

n+2
ANLp,0 = Z 2;78%% ® iMpy;j(P1,P2, -3 Pjs -+ Pry2)- (2.18)
j=1"7

This is very different to the next-to-soft gluon formalism of eq. (2.13), in that there is no
equivalent of the scalar and orbital angular momentum contributions. The quark emission
operator generates a single “external emission” from the non-radiative amplitude, that
commences at NLP in the momentum expansion. Unlike the gluon case, it must change
the identity of the parton that enters the hard scattering process.

In this and the previous section, we have derived a universal next-to-soft amplitude
for the emission of a single additional gluon from a general Born process, up to next-to-

~10 -



soft order in its momentum. We have also derived a similar result for the emission of
soft (anti)quarks, which involved introducing the quark emission operator of figure 3. As
already noted above, the use of these formulae is more limited than in the case of processes
without final state jets, considered in the previous work of ref. [60]. When final state
jets are involved, the next-to-soft and threshold expansions no longer coincide, due to the
presence of hard-collinear radiation. However, (next-to)-soft radiation is fully captured by
the above results, so one expects that the leading-logarithmic terms at LP and NLP in
the threshold expansion are correctly obtained.* This may be illustrated by considering
specific scattering processes, which we now turn to.

3 NLP contributions in DIS at NLO

In this section, we will consider arguably the simplest process that has an unobserved
parton in the final state, namely deep inelastic scattering (DIS):

e (k) +a(p) = e (K') + q(k2).

We can then use the formulae derived in section 2.1 and 2.2 to compute the NLO cross-
section, up to next-to-soft order in the momentum of the emitted radiation. For the
calculation we will utilise dimensional regularisation in d = 4 — 2¢ dimensions, and use p
to indicate the renormalisation scale. The strong coupling is denoted as usual by ay =
as(u?) = g2/(4n). Asis customary (see e.g. refs. [69, 70]), the complete squared amplitude
before summing/averaging over spins, polarisations and colours can be written as

|A’2 ~ LMVH,LLVv (31)

where HM (L*) is the hadronic (leptonic) tensor respectively. To calculate the proton
structure functions, it is sufficient to consider the hadronic tensor only. Thus, we may
assume an initial state consisting of a quark and a spacelike off-shell photon, as shown
in figure 4. Let us now consider the NLO cross-section up to NLP, which we calculate
using eq. (2.13). For the hadronic tensor, we need the squared amplitude with different
space-time indices for the off-shell photon, which reads

APATY = AP AT oRe [AF ATV AR AT 4 (3.2)

scal¥ ‘scal scal” ‘spin scal* ‘orb

where we have included only those terms in the squared amplitude that are up to NLP in
the next-to-soft expansion. By explicit calculation (similar to those performed in ref. [60]),
we find that the first term on the right-hand side of eq. (3.2) is given by

<~Ascal7 MAT

L) = 30 s [l M, lp M) (33)

(p- k) (ks - K

where the bracket notation indicates that we have averaged over the initial state color and
spin of the quark (resulting in a factor of ﬁ), and summed over final state spins and gluon

4Note that soft quark emission may lead to NLL terms at leading power, due to the fact that some of
this soft radiation is collinear.
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Figure 4. Diagrams for the DIS process: (a) shows the LO contribution, whilst (b)—(d) show all
possible gluon emissions at NLO for the quark channel. Here (p, ¢, k2) denote the 4-momenta, u and
o are Lorentz indices, and ¢; (a) denotes a colour index in the fundamental (adjoint) representation.

polarisations. Furthermore, we have defined M*(p, ky) = M* to be the LO amplitude,
with external fermion wavefunctions removed, which we have allowed at present to be fully
general. The scalar-spin contribution is found to be

1 1

(2Re [Ascal,uAlpin,yb —g3CF (M - kk2> Tr [ksz“le} . (3.4)

Finally, the scalar-orbital squared amplitude is given by

(2Re [Ascal,p,AZrb,y] )=9g:Cr

e | oo (97 35~ 3 ) 4
+Tr {;;;MWQ <5p-§)—5k2~88k2) MM] ] , (3.5)

where we have defined the momentum shifts

1 ko - kb Dok
op*=—= | kE“ ¢ — kS .
p 2( +p_k2p P > (3.6)
-k ko - k
ok = —= [ k¥ + kS * . 3.7
2 2< - k2 2 p_k2p> ( )

We are now in a position to calculate the full NLP squared amplitude for DIS. First we

will make use of the chain rule to write

(2Re AscaLHAoer]) Cpi( A k)[<5 o g )Tr [k/zMupMV}

Ty [5;@/\/1#;&/\/13} —Tr [HQMH(S@MH ] . (3.8)

The first term generates a momentum shift on the entire trace. The other two terms can
be rewritten using a Sudakov decomposition for the emitted gluon momentum:
k ko - k

p' .
EF = kY + Ht kE 3.9
Pk T kP (38.9)
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so that one finds

p-ka

t I A
<2R,€ Ascal,,qurb,V > CF( k)(kQ k)

<5 ; ks 8‘2 >Tr [%MM,;»MZ] (3.10)

+%Tr [ly/g/vlup/\/l } b k [%Mup/\/l ]]

Here we have ignored terms linear in kr, as they will ultimately vanish upon integration
over the final state phase space. The latter two terms can be combined with the scalar-spin
contribution in eq. (3.4), after which they also vanish. Putting everything together, the
complete NLP squared amplitude can be written in terms of the LO hadronic tensor

H.“V(p7 kQ) = <‘A;(LO)(p7 kQ) AISO)f(p? k2)>7 (311)

but with momenta shifted according to eq. (3.7):

(A, AD) = 42 2

v ) - .12
LP+NLP k) (k2 - k) Hyu(p + 0p, k2 = 0ko). (3.12)

This is directly analogous to the case of colour singlet production examined in ref. [60],
which also found that the squared amplitude for the one real emission contribution could
be written in terms of the momentum-shifted non-radiative amplitude. The forms of the
shifts found here differ only in that the shift in ko has an opposite sign, owing to the fact
that it is a final-, rather than initial-state momentum. Up to now we have allowed the L.LO
stripped amplitude to be fully general, but we now use the explicit result for DIS:?

MH =K, (3.13)

before projecting the squared amplitude of eq. (3.12) with:

2
T — = (g (3—2e)—L 14
! (o + -2 ) (3.14)

to obtain the proton structure function F) (z,Q?) (see e.g. refs. [69, 70]).° To calculate the
structure function, we use the following momentum parameterisation [69, 70]:

_5+Q2

=57 (1,0,...,0,1)

- —Q2 S+Q2
q_< 2\/5 707"'707_ 2\/5 )

k= (1 0,...,0,sin6, cos )

ko = (1,0,...,0,—sinf, —cosf).

wm\s

5Note that we have not included a factor of 1Qq9EM here, which we define to be part of the leptonic tensor.
50ne may also consider the structure function Fr,. However, this does not exhibit any logarithmic terms
at NLO. See ref. [32] for a detailed discussion of threshold contributions at higher orders.
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Next defining cos =2y — 1 and s = M, one has

T

201 _ 2 20y _
Q(;x Yoo, =E 2L

2 2
— g = k= 1
¢=Q°, p 57 ST (3.15)

such that the two-body final state phase space may be written as

[0~ ez () () [

d-4)/2 —

Note that there is an overall factor of 2 ( ¢, which when expanded about = =1
contributes to NLP terms in the final result suppressed by a power of €. That is, this term
contributes as €1In(1 — ). Therefore, corrections of the phase space will not affect leading
logarithmic behaviour in this case. Using these ingredients, the result for the structure

function, valid up to NLP, is

Fy 1 ponip (@ Q%) = /dq)2T2W<AuAZ> LP4NLP (3.17)
Qs 4 1 4 4—4In(1—x)
_E (_81—1,‘ —|—5—1_x+8—41n(1—a:)+(9(1—a:)>,

where we have set
[ = dme B % = Q% (3.18)

This is the result obtained for the structure function in the next-to-soft approximation, as
opposed to the full NLO result

Qg 4 1 4 3—4In(l—=x
FZNLo(xan) = ( - ( )

= i El—x—i_g H+14—41n(1—x)+0(1—x)>.
(3.19)

Comparison of egs. (3.17) and (3.19) shows that the next-to-soft expansion indeed correctly
captures the dominant threshold terms at both LP and NLP (aided by the above-noted
absence of phase space corrections at leading logarithmic order). The discrepancy between
the next-to-soft and full calculations up to NLP level is

Fy o, Q%) — Fy p npp(2, Q%) = Z—; (;m +6+0(1 - g;)> . (3.20)
This consists of a LP term which, when combined with virtual corrections, will yield a
subleading (NLL) plus-distribution. As is well-known, this can be captured by introducing
a jet function [3], which includes the hard-collinear effects that are missing in the next-to-
soft expansion. We do not do so here, given that our aim is to classify which NLP effects
are captured by using the next-to-soft expansion alone. Given that the NLP term in the
discrepancy of eq. (3.20) is a numerical constant, we see that all LL terms at LP and NLP
are correctly captured by the next-to-soft formalism.
Our soft-quark framework allows us to include the other partonic DIS channel in a
natural way, namely the one where the hard scattering is induced by a gluon that splits
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Figure 5. Contributions for the DIS F ,(x, Q?) structure function, where the (anti)quark is soft.

into a quark-antiquark pair, shown for convenience in figure 5. This contribution turns out
to be

Qg 2
Fj, = y <_5 +2In(1—2)+O(1 — x)) . (3.21)

One observes the presence of a pole associated with the initial state quark-antiquark pair
becoming collinear (but such that the quark is still next-to-soft). This in turn generates
an NLP logarithmic term in the finite part, due to the interplay of the collinear pole with
the factor (1 —z)7° in the 2-body phase space of eq. (3.16).

In this section, we have examined a first process with a final state parton (DIS), and
found that the next-to-soft formalism as derived in section 2.1 can be used to derive a
similar result to that obtained for colour singlet particle production in ref. [60]. That is,
LL LP and NLP threshold contributions in the NLO amplitude are captured in terms of
the LO amplitude, with shifted external momenta (eq. (3.12)). Contrary to ref. [60], only
the LL terms are captured, as expected given that final state collinear enhancements are
present at the first subleading logarithmic order. However, the momentum shift formula
remains a very useful result for practical applications, given that it correctly predicts all LL
terms at NLP level. To investigate how general this situation is, it is instructive to consider
a second inclusive process with two final state jets, which we do in the following section.

4 NLP contributions in eTe~™ — jets at NLO

The next process we will consider is that of hadroproduction in electron-positron annihi-
lation:

e (p1) + e (p2) = v(a) = a(k1) + a(k2) + g(k),
where we will choose ¢(k1) to fragment into the observed hadron, and be inclusive for

the other final state particles. We are interested in the transverse parton fragmentation
function (see e.g. [71])7

1 2k - 2
2\ 14 v
Fr(z,Q%) = T3 (— 2 W[j T qk?kQWW) . (4.1)
Here W, is the parton structure tensor
»d=3
W,uu(pa q) = ? dq)2<~’4,u"4l>v (42)

"We could also consider the longitudinal fragmentation function. However, as for the longitudinal
structure function Fr, in DIS, this does not contain logarithmic contributions at NLO.
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where A, now denotes the matrix element of the sub-process v*(¢) = q(k1)g(k2)g(k), and
we have also defined the partonic scaling variable

2k1 - q
pr— Q2 .

The phase space for the two unobserved final state partons takes the form

(4.3)

d d
[ a2 = 0" [ G ) @R =k~ k= k), (44)

where the momenta of the photon and the outgoing partons can be parameterised as
follows [71]:

q=+/5(1,0,...,0)

S — S12

k1 = 1,0,...,0,1

1 2\/5 (7 ) y» Uy )

ko = 52?/';2(1,0,...,O,Sin9,c089)
k:q—kl—kg.

We have introduced the invariants
_ N2 _ 2 _ 2 _ 2
5=0Q°, s1 = (k1 + k2)*, s = (k1 + k)=, s12 = (ko + k)=,

satisfying s = s1 + $9 + s12. Using momentum conservation and the on-shell conditions for

the antiquark and the gluon, we can parameterise the phase space in a convenient way using
§95812 — S1S

(s — s12)(s — s2)’

cos ) = s1=z(1 —y)s, si2 = (1 —2)s, S9 = Yz8,

such that the 2-body phase space reads

e (47;’“‘2>a -2 [ (o1 - ) (45)

As in the case of DIS, we may now calculate the one real emission correction to the v* —
q + X amplitude up to NLP, by applying the next-to-soft formalism of eq. (2.13). This
proceeds directly analogously to the previous calculation, and we find that the squared
amplitude may be written as

ki-k oz
T — g2 1° %2 Y qq (.
<~AM~AV> LPANLP gsCF (k‘l . k:)(kg - k‘) ij (lﬁ (5k1, ko 5]452), (46)

where the squared Born process is denoted by Hﬂ;_’qq and the momentum shifts are de-

fined via
| ko - k ki k
ok = —= (ke ke — LT e 47
! 2( Tk T ko 2> (47)
1 ki-k ko - k
o0kS = —= [ Kk kS — ——k% | . 4.
2 2< +k1-k22 T Fo 1) (4.8)
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Thus, as in the DIS and colour singlet production cases [60], we again find that we can
describe the squared soft-gluon amplitude using a momentum shift of the non-radiative
amplitude. The momentum shifts are similar in form to the previous cases, but both have
a negative sign owing to the fact that both hard partons are now in the final state. Putting
together all of the above ingredients, the next-to-soft result for the parton fragmentation
function Frp4+NLp (2, Q?) is®

sz (1 1 1 In(1-2)

Frrp+nLp(z, Q%) = N T " In(1 — 2)

z s
1—z<21n2_1+1nu2>) (4.9)

This may be compared with the full NLO expression, which is

o sz 21422 In(1 —2) 9
- - —9 1
Fravo (z,Q7) 1r <€1—z 11— (1+27)
1
1 (4(1 +2%)Inz +3(z — 2)2 +2(1 +z2)ln:2> ) (4.10)

Similar to the DIS case, the next-to-soft formalism predicts the LL behaviour, but fails to
capture a LP term and a constant piece at NLP:

Fravo(z, Q%) — Fripinie(z, Q%) = (4.11)
% 1 2 s
i <_1—z +4+(1—2) [E —3—2In(1-2) —ZInE —41112]) .

The LP term would be described by a conventional jet function. The missing NLP term is
again a numerical constant, so we conclude that the LL LP and NLP terms are correctly
captured by the next-to-soft formalism.

In this section we have examined a second example of a scattering process containing
a final state parton. We again find that we can successfully use eq. (2.13) to obtain an
NLO result for the amplitude that captures all LL threshold contributions up to NLP.

5 NLP cross-section for NLO prompt photon production

In this section we will consider the production of a single photon that recoils against a hard
parton at NLO, where the latter is unobserved. This process has more partonic subchannels
than the ones previously considered and it has more than one colour structure to consider
at NLO. This makes the prompt photon production process an interesting testing ground
for our next-to-soft gluon and soft quark formalisms. Furthermore, it is not straightforward
to determine where the different NLP threshold contributions originate from. This section
thus aims to disentangle the NLP contributions, and show their origin.

8Following eq. (4.2), we keep an overall factor of z unexpanded, which would cancel with a similar factor
in forming the hadronic fragmentation function.
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q g 9 q

Figure 6. Feynman diagrams for the LO processes q7 — g7y (left) and gg — g (right).

At leading order, the prompt photon production process (pp — v + X) consists of
two subprocesses: ¢¢ — vg and qg — g7, as shown in figure 6. At next-to-leading order
in the coupling, one additional particle can be radiated. This creates a variety of new
diagrams that one has to consider. Firstly, one can add an additional gluon to the two
Born processes: q¢ — vgg and qg — qgvy. The presence of this additional gluon will
create the leading power logarithmic contributions to the NLO cross-section. Apart from
that, there will be diagrams that appear for the first time at NLO and contain an extra
quark in the final state: ¢ — v¢'q", g9 — v¢q and q¢() — ~vgq\). Although only the
two Born processes need to be considered for a leading power analysis, all of the other
additional subprocesses will also contribute at NLP only due to the possibility of a final
state unobserved quark becoming soft.

Due to the presence of different subprocesses, we have divided this section into three
subsections. In subsection 5.1 we will consider the channel that only has gluons in the final
state: q¢ — ggvy. Then, in subsection 5.2, we consider the subchannel q¢ — ¢¢vy, which
does not contribute at LL. LP and only commences at LL NLP. In the last subsection, we
will consider the most involved example, namely one where both gluons and quarks are
present in the final state. We will find there that the next-to-soft gluon effects are factorised
from the soft quark effects, therefore their contributions can be calculated separately, as
was suggested in section 2. For our calculations we will use pr to indicate the factorisation
scale and the electromagnetic fine structure constant is given by o = g&,;/(47).

5.1 qg — gg7y channel

We first consider the process obtained by dressing qqg — g7 with one additional gluon,
where the relevant Feynman diagrams for this are shown in figure 7. Given that gluons are
the only partons in the final state, it should be sufficient to describe this process, up to
next-to-soft level, with the amplitude of eq. (2.13). To compute the cross-section, we must
calculate the squared amplitude, summed and averaged over final/initial state colours and
spins. This involves summing over all polarisations for the emitted gluon, and one may
restrict this to be over physical degrees of freedom by defining an arbitrary lightlike vector
[ such that [ - e(k) = 0, where €,(k) is the polarisation vector of the gluon, thus obtaining

lokg +1g ko
> R)es(k) = —nmap + 2 (5.1)

phys.
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Alternatively, one may sum over all polarisations (including an unphysical longitudinal
degree of freedom), provided one introduces external ghost particles to remove the spurious
contributions. As argued in ref. [60], however, soft ghosts do not contribute up to NLP in
the momentum expansion, and thus one may replace eq. (5.1) with?

> el (k)es(k) = —nag. (5.2)

pols.

Since the current process is more involved than the DIS and eTe™ cases due to the pres-
ence of more than two NLO diagrams, we will again provide explicit details of how to
construct the next-to-soft squared amplitude, thus illustrating the use of eq. (2.13) in a
more complicated scenario. As before, we will start with the scalar amplitude

. o o : o 1b o o
Aseal = ’l_)(pg) (ngtlc;kci (2p1 —k ) uv,a Z‘qstcjck (2p2 —k )M/u/a
scal = .
2p1 - k 2z -k
bac (90 4+ k° . . .
- LRI g e o) o) () (). (5

where the matrices ./\/lc]ck, M’c‘k”cf and /\/lc ¢; correspond to the shaded circles in the first
three diagrams in figure 7, whose dependence on the momenta p1, p2, pr and p,, is implicitly
understood. For clarity we have included explicit colour labels on the matrix element,
indicating that it still depends on the colour structure via the SU(3) generators. The
double scalar contribution to the matrix element squared, inclusive of spin/colour averaging
factors, is easily computed and results in

29 4
2 ngMgscF v * 2p1 s P2
= —"" " Tr Ty T —_—
(Mocarl”) 4C 4 []/72 g W} x| cr (p1-k)(p2 - k)
1 2p1 - PR 2p2 - PR 2p1 - p2
_|_,C’ < —+ — > . 5.4
2N\ G R B T G Bor B 1 R B ] >4

Here '™ = I'*(p1, p2, PR, Py) denotes the (non-radiative) hard scattering matrix element
for the process q(p1)q@(p2) = g(pr)7Y(py) stripped of its polarisation vectors, spinors, colour
factors and charges, and where we suppress the momenta labels for brevity.

We now move on to the scalar-spin interference term. The spin amplitude for the
qq — gg7y process evaluates to

1 b bac
- igst i gs g f
Acpin = (p2) (QZE?MQVCW e+ e zk“—gwm)

xu(p1)e,(Pr)€,(py)es (K). (5:5)

Contracting the spin amplitude with the scalar amplitude then results in

20eMm9sCE 2p1-p2 (p1+po) -k
2 =1 Tr |p,T*p T, | :
Re [AscarAlpin] 4Ca  (p1-k)(p2-k) p1-p2 ' [1”2 P W} (5:6)

9A similar distinction was not needed for the DIS and e™e™ processes, due to the fact that ghosts cannot

couple directly to quarks.
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Figure 7. NLO Feynman diagrams for the NLP contributions of the process ¢(p1)3(p2) —
9(Pr)g(k)y(py)-

Finally, we must evaluate the scalar-orbital interference term. To this end, we may first
write down the orbital amplitude

t” ) ) t0c ) B
A —ig.k- 0 CkCi MHEa_ 5 k (o O MHEa
orb = 19ska(p2) <p1 Y 1o -] Op1.a G po-k D2 P20 P2 pra CckCi

bac o o . . .
- (s m%m)M%»@mmwMM%W,wﬂ

to be contracted with the scalar amplitude. Adopting the abbreviation

(e 1 o p"k o pi-k o

2 pi-p; " DiDj
we get
2gAugaCp 1 2p1 - p2
At = B[ (0, 10)
Mo Aseat) = =45 "3 o W k)

(6% a (6% a 14 *
x Tr |:p2 <(5p1;28p% + (5])2;1 8]9%) PM plfw}

1 2p1 - pr [ < B, 9 ) . ]
+;04—F7—FTr o p—— — Sp%. Ty T*

2 A k) (or k) (P2 \PRgps T PR |
toCar— s T 5pS g — Op%g—— | THp. T | |, (5.9

2 e B)or k) (P2 \PERGpg T PRage |1 Py (5.9)

The expression for (AgaAZ,) looks similar, but with the derivatives acting on I As
in section 3, we may transform the derivatives in these expressions into total derivatives
acting on the complete trace using the chain rule, which results in

QQQ%Mgch 2p1-p2 a O a O L .
(2Re (Ao Ascal) = qu[%mmmm(%%m”%wQﬂ%T%HJ
—1Ir [57}2;;“7’ 1F’[W] —Tr [pQF“”épl,QF;J }
1 2p1'pR v T
50@@%@#®Ww @m@)ﬂMW%
Lo, 2mpn 9 »
29 G ) (o 1) (5192;38]) ‘5”“6 )Tr[%r Pl
1
2

2p1-p2 y 1
Cat iy (Wi +05 5 ) T (1,0 AT }_- (5.10)

_.I_
+
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Here we see explicitly the presence of two different colour structures, namely terms in the
square bracket which are proportional to Cr and C4 respectively. For the Cg contribution,
the derivative term is accompanied by additional contributions, involving the shifts (5;;252;1
and 531)1;2. A similar situation occurred in eq. (3.8) for the DIS process, where the additional
contributions ended up being cancelled by the spin-scalar interference term. The same turns
out to happen here if one introduces a Sudakov decomposition for k, defined here such that

a 1 a pj-k a
0Py =5 <kT(i’j) +2-2 pi> : (5.11)

Dbi-Dj
where kp(; ;) is defined to be orthogonal to both p; and p;. As in the DIS and ete™ case,
terms that are proportional to kpr will ultimately vanish upon integration over the final
state phase space, so we will ignore them in what follows. Interestingly, for the C4 term
there is no need for a cancellation originating from a spin-scalar contribution, as the terms
proportional to C'4 vanish directly up to O(kr). Putting all pieces together, the complete
LP 4+ NLP squared amplitude can then be written as

Q2ga\9aCr 1 2p1 - pa
A G By = ZEMI T N (O — =0y | ————— 22— 5.12
(lALP4+NLP gg—vgg]") 104 P50 o W ) (5.12)
X Hgyg—rg(p1 + 0p1;2, D2 + 0D2:1, Dy, PR)
1 2p1 - PR
+ - Ca————<Hygs,g(P1 + 0D1;R, P2, Py, PR — OPR;
2 o K o B q3—79(P1 1,R, P2, Pys PR R;1)
1 2p9 -
L0y P2 " PR

5 quqa'yg(plgpQ + 5p2;R7p’Y7pR - 5PR;2) )
where Hyg_yvg(p1 + 0p1;2, P2 + dp2.1, Dy, PR) denotes the trace appearing in e.g. eq. (5.10),
but where the momenta p; and ps are shifted by dpi.0 and dpa.1 respectively. This result
is directly analogous to the previous cases, which also found that the squared amplitude
for the one real emission contribution could be written in terms of the momentum-shifted
non-radiative amplitude. There is a notable difference with respect to our previous results,
however. Both the DIS and eTe™ cases had only two parton legs in the LO process, and
the final result for the squared amplitude consisted of a dipole-like eikonal factor dressing
the momentum shifted hard interaction (egs. (3.12) and (4.6) respectively). In the present
case, we see multiple dipole-like terms, each consisting of an eikonal factor involving two
hard momenta p; and p; dressing a hard interaction where the same momenta are shifted.
Furthermore, different dipole terms have correspondingly different colour structures.

As remarked above, the momentum shifts in eq. (5.12) are generated by a combination
of the spin and orbital term for the Cr colour structure and only by the orbital term for
the Cy4 colour structure. The orbital terms act as a momentum shift operator on the hard
scattering of the matrix element, while the spin term takes care of the same shift on the
asymptotic states.

We are now in a position to integrate over the final state momenta pgr and k and
compute the differential cross-section. We will separate the three-body phase space into
two two-body phase spaces, one containing the unobserved partons, the other describing
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the photon and the collective effect of the unobserved partons. To this end, we first factor
the three-body phase space as

1
dds = / dP? d®s(p1 + pa; py, P) d®o(P;pr, k), (5.13)

where the second two-body phase space factor on the right-hand side is in the center of
mass frame of the two unobserved partons, and takes the form

2\ € g s
Ay (P;pg, k) = (16”2“ ) . 1 . / d6; (sin )% / 6, (sin 6y) %
P 1670 (DT (53 -¢) Jo 0 (5.14)

after having parameterised the momenta as follows:

v/ P2
PR=—5— (1,0,...,0,sin 0 sin fy, sin 6, cos O3, cos 61)
VP2
k= (1,0,...,0,—sin @y sin Oy, — sin Oy cos B2, — cos by) .

[\)

In terms of the invariants s = (p1 + p2)?, u1 = (p1 — py)% t1 = (p2 — py)? and s4 =
(p1 +p2 — py)? = (k + pr)?, the other phase space is given by

Arsp?\© 1
d®s(p1 + p2;py, P) = < tlu’f > Srel (i _5)5+ (P? — s4) /dtl/dul. (5.15)

To compare our results with the NLO calculation presented in ref. [72], we will make a
change of variables:

up = —svw
t1 =s(v—1)
sS4 =8+t +ur = sv(l —w), (5.16)

where (1—w) plays the role of the threshold variable £ in eq. (1.1) (i.e. w — 1 at threshold).
In terms of these invariants the complete three body phase space now reads

Ay ( “(1-v)w 1-2
d<I>3:s< . ) (4T 1 %) /dv/dw/ dé; (sinb,) E/0 do, (sm¢92)
(5.17)

Furthermore, we will extract a common factor of vw(1 — v)s from the differential cross-

section as was done in ref. [72], and we obtain

w(l - v)s da(I;qP_f%I;P _ 47 p? 2 p2w(1 — ) (v2(1 = v)w(l — w))_a (5.18)
dvdw s 2(4m)40(1 — 2¢) ‘
/ df; (sin 01)1_25/ b (sin f9) ™ (| ALP 4 NLP 4g—90])-
0 0
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We can now use our NLP result for the amplitude (eq. (5.12)). Inserting the form of the
momentum shifts of eq. (5.8) and integrating, one finds

_1 4CFrTyq _1 {20F4v(v—1)2_1}
1—v

LP+NLP
do 5 CF

qq%’ygg 2
Wl =v)s— g q @S

N (hl(l—ww)>+ 2(4Cr — Ca)Tyg

S

—2
+w{qu<20Aln(l—v)+SCF1n() 20 — 80F1n>

+80F(( )U—I—l)}
41)(1)—1)2—1}

+ln(1—w){(4CF—C’A) -

FOB(1—w)+0(1)], (5.19)

where Tyg = 2v(v — 1) + 1. We may compare this result with the full NLO calculation of
ref. [72], collected for convenience up to NLP in the threshold expansion in appendix C.
Upon doing so we observe that, as before, the next-to-soft formalism correctly reproduces
LL terms at both LP and NLP. We also capture some of the NLL terms, but to complete
these would again require taking into account hard-collinear information via the addition of
a gluon jet function. However, it is reassuring that LL information is correctly reproduced
even in a less inclusive situation.

The above cross-section contains infrared poles, that must be absorbed into the parton
distributions via the usual mass factorisation procedure. This leads to a novel source of
NLL NLP contributions in the fully subtracted cross-section. Although the focus of this
paper is not to fully account for the NLL NLP contributions, we feel that it is worth
drawing attention to this particular point, as this might be relevant for future numerical
studies of NLP effects. Mass factorisation can be performed by adding a counter cross
section, which is a convolution of a scaled Born cross section with the parton distribution
functions. The phase space for the counter term consists of a two-body final state, and is

47t pi? v(l —v))
Py, = (1—w 2
d®y ( . ) 87TI‘1—5 /dv/dw5 (5.20)

There is then a difference in the e-dependence with respect to the three-body phase space

given by

of eq. (5.17), such that subtracting the counterterm leads schematically to an NLP contri-
bution in the finite part of the cross-section:

11 ampP\* (21— o)w(l —w)) ™" mp?\© (v(1 = v)~°
e(l—w), [( s ) (1 —2e) _( s > I'(1—e¢) ]
n(l—w n (p?/s n(v n(w

1—w B

—w)y  (1-w)y (I-w)
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The first and second term on the second line of this equation are part of the LL and NLL
LP contributions, whereas the fourth term is of NLP, but not LL. The third term on the
second line gives subleading logarithmic contributions (NLL) at both LP and NLP. This
is confusing at first, but has everything to do with how the threshold for this one-particle-
inclusive process is defined. Traditionally, the threshold limit is chosen to be 4p2. — s [73],
where pr is the transverse momentum of the observed photon. To perform threshold
resummation, one needs to go to a conjugate space to perform the kinematic factorisation.
The Mellin moment is taken with respect to 2. = 4p2./s and reads [73]

! d d
&(N):/0 da? (z2)N 1pT GpT = /dv/ dw (4v(1—v)w)N ! W, (5.22)

/01 dv(dv(1 — )M fw) = f (;) +0 G]) . (5.23)

The LP contributions are therefore fixed at v = 1/2, with O(1/N) terms appearing for
v # 1/2. Such an O(1/N) term originates in (v, w)-space from an NLL LP contribution,
but in Mellin space it resembles an LL NLP contribution, since

! In(1 — w) 1 In N
dww ([ ——+) ~- (*N+—)+0(1 5.24
/ld v_ 1 1N+(’)<1> (5.25)
ww ~ —In — . .
0 (1 - w) + N
Here, the first term in eq. (5.24) is of LL LP, whereas the second term is of LL NLP.

The term in eq. (5.25) is of NLL LP. However, the O(1/N) term created by the Mellin
transform in eq. (5.23) multiplied with the In(N) contribution here creates a term that is

of LLL NLP in Mellin space. This could be a crucial ingredient in future numerical studies
of NLP effects.

In this section we calculated the NLP contribution of the q¢ — ygg channel to the
exclusive prompt photon production process. Similar to the DIS and eTe™ processes, the
next-to-soft gluon formalism indeed correctly reproduces the LL terms at both the LP and
NLP. Having understood this particular partonic process, let us now consider a second
subchannel in the following section.

5.2 gq — q@~v channel

We now turn to the partonic sub-process of figure 8, whose final state contains only quarks
in addition to the photon. To compute the NLP differential cross-section, we therefore
only need to consider eq. (2.18). There are 5 types of contributions, indicated in figure 8,
which can be split into three categories: initial state splitting (I), final state fragmentation
(FF) and final state splitting (F). The contributions can be obtained by letting the quark
emission operator Q; act on the tree level processes qg — q7v, g9 — q7v, 9@ — g7y and
qq — qq. From the processes thus obtained, we then select only those with the specific
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partonic assignment gg — qgy. We obtain

igste e, ja
~ o pRU(pR)w(pl)M(g)qﬁﬁ(m,pz, k, py)

ANLP,quarks = [

2po - k q(g)—qy
1gst?

CjCm —

2pR & U(pR)’YMU(kJ)MZZj:(g),Y(plap?apRap’}/)

1gEMQq
2py - PR

19ste ¢,
— R 5 (g )y v (k) MEE (Plapz,pR,Pw)]

+ u(pr)f" (PP, Mag—(q)a(PL P2, Py, F)

igEMQq
2py - k

= A; + Arr + Ar, (5.26)

+ Mg—q(q) (p1,p2,pR,pw)pvyf*(py)v(k)]

where the notation (a) in each hard scattering matrix element M indicates that the latter
does not include the external wavefunction for parton a.!” The complete NLP cross-section
can be written as a sum of these contributions as

dJNLP

vw(l — v)sﬁ = Q2aa’ (811 +S1p + S1pFr + Spp 4+ Sppp + Spppr),  (5.27)

where Xy ; (I,J € {I,F, FF}) denotes the contribution from the integrated, summed and
averaged soft quark squared amplitude <A1AT]> (plus the complex conjugate if I # J). The
individual contributions are found to be

20t — 403 + 40?2 —20+1 n

Cr 121}4—41134—41)2—211—1—1 i Cr

Yir=— In(1— 1
=500 ¢ 1w 20, ni—w) 1 o)
Yrr=In(l-w)q{ =5v°(1-v)—=-v(3—2v(1-v)) ; +O(1)
E[,FF:O(D
o1 ﬁv(3v3—602+4v—1)+ﬁ2v6—6v5+8v4—6v3+502—3v+1
BE=T c? 1—v Ca 1—v
Crv(3v3—6v2+4v—1)
In(l—w){ =
Hn( w){C'i 1—wv
Cr 205 — 605 +8v* —6v3 +5v? —3v+1
et 1
+CA T +0(1)
Yrrr=0(1)
1 Cr
) = " T.40O(1). 5.28
FEFF= 2y 30, T (1) (5.28)

°Tn the third line of eq. (5.26), we have been careful to include only one part of the result of the Q
operator so as to avoid double counting, as explained in appendix A.
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Ple; PRe DPyw D1 PR D1 DR D2 Dy
D2.c;. by P2 Dy P1

Figure 8. NLO Feynman diagrams for the NLP contributions of the process ¢(p1)3(p2) —
a(pr)a(k)y(py)-

Here we have separated the various contributions, which exhibit terms at different logarith-
mic orders and powers in the threshold expansion. In particular, it is interesting to note
the NLL LP contribution Y rp rr, which has arisen from the soft quark emission operator
acting in the final state. This term is at LP due to the collinear nature of the quark-
antiquark pair, but it is beyond the LL accuracy that is under control in our formalism.
Furthermore, there are two types of contributions (X and X5 ) whose NLP contribution
can easily be guessed from the collinear pole. Interestingly, we also observe an interference
term that contributes at LL NLP level: ¥ . This term can be regarded as arising from
the wide-angle emission of a soft quark. The contributions where a soft quark emission
from an observed final state parton interferes with a similar emission from an unobserved
parton vanish up to O(1) and will therefore only contribute beyond LL NLP.
Putting everything together, the NLP differential cross-section for this subprocess is

w1 —v)s Caram _ o
dvdw
Qo [i{—%w@(v—l)m))—gjqu‘<2<v—1>;(<1<:)1>v+1>+3>}
+In(1—w) {ggv(l —20)%+ gi%’— Do((v— 1);((12(—1}@_) 1)o+5)+7) +3}
+(1_1w)+?%1qu+O(1)

This result is promising, in that it demonstrates that the quark emission operator that we
have introduced in section 2.2 can be used to correctly obtain the LL NLP contribution
to the NLO cross-section. Since the emission of a quark is already at NLP due to the
momentum information that is carried by the spinor, we do not need the momentum shift
of the LO matrix elements.

5.3 qg — qgv

This is the only subprocess for NLO prompt photon production that contains NLP con-
tributions due to both quark and gluon emission. Let us first consider the radiation of
a gluon, where the diagrams that we need are shown in figure 9. The derivation of the
(next-to-)soft gluon contribution is directly analogous to the ¢g — gg7y (next-to-)soft gluon
amplitude analysed previously, and hence will not be presented in full detail here. The
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D2 PRc; PR PR

P1,p,a

Figure 9. NLO Feynman diagrams for the NLP contributions of the process g(p1)q(p2) —
qa(pr)g(k)Y(py).

result is

Q79:9%m
(| ALP+NLP gg—nqg|%) = 8C (1 —¢)

1 2p1 - PR
<CF - 2CA) (p1-k)(pR - k) (5.50)

X Hgq—qv(P1 + 0P1.R, P2, PR — OPR:1, Py)

2p1 - p2
+= CAmng_)qy(pl + 5]71;27])2 + 5p2§17pR7p'7)
1 2p2 - pr

+5Ca—F7—~H p1,p2 + 0p2;R: PR — OPR;2, Py) |

2% Coa B 1) K
where the factor of 1 — € in the common denominator stems from the fact that gluons can
take 2(1 — ) different spin orientations in d = 4 — 2¢ dimensions. The expression for the
LP+NLP soft gluon amplitude leads to the following differential cross-section, valid up
to NLP:

do g,LP4+NLP QQOéOég 1 T
(1-0)s =g === | = C gy (Ca+Cr) (5.31)
1 v(v(v(2v—5)+4)—2)
+€{CFqu_CA 1—v

n (ln(l_w)> . (2CA+CF)Tyy

1—w
1 9 [i2
+m Tyg | Crln ('U (1— ))—i—QCAlnv Q(CF‘FCA)IH?

+CAU3+2CF’U(U—1)}

v(v((18—T7v)v—16)+8)
2(1—w) }

~In(1—w) {CFquJrCA

+O((1-w))+0(1) ],

where Ty = v(1 + (1 —v)?).

Next, we need the soft quark radiative contribution, and there are three 2 — 2 hard
scattering diagrams on which we can use the quark emission operator Q; to turn it into
the process q¢g — qgy. These processes are qg — ¢y, q¢ — g7 and q¢g — qg. As in
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D2,c; kob P2 kD2 Py

P1p,a Py n PR Dy P ko

Figure 10. Feynman diagrams for the NLP contributions of the process g¢(p1)q(p2) —
a(Pr)g(k)v(Py)-

section 5.2, we will only select the resulting Feynman diagrams that describe the qg — qg~y
sub-process. The generated NLP Feynman diagrams are given in figure 10, and the soft
quark amplitude then consists of three pieces:

b
ng CjCk *

ANLP,quarks = 2]{3 PR (k a pR UkMCkc“qu'y(q) (pbp%pva k)

1gst?

2p1 CJ;k (pl) (pR) Mg/lMckcz )qqug(plap27p’yu k)
’LQEMQ & ()i a
2p/y —1 (p’y)u(pR)V p Mcjbcugqg)( )g(p17p27p’77 k)

In section 5.1, we discussed the need to potentially include external ghost contributions
when summing over all gluon polarisations in the final state. In that previous case, these
contributions were absent at NLP. Here they will contribute owing to the presence of two
hard gluons, as the quark is already soft and in order to observe the photon it needs to
recoil against at least one other hard particle in the final state. The complete quark NLP
cross-section then turns out to be:

d q,NLP 2(1062
w(l—v)s g :Qq 5

q9—99Y
dvdw =~ Cy
where the various contributions are as follows:
1Crv(2u(v—1)+1)

X +Xrr+ X1 rr+ X+ X+ XFEFF),  (5.33)

Crv(2v(v—1)+1)

B =~ S G - G o)
S = In(l - w) {gAu + (1”:))} +o(1)
Yrrr=0(1)
Srp =t {;gjm C0( 1)+ ;W}
+In(1 — w) {12?@(1 — o)’ +1) + ;m} + o)
Yprr=0(1)
YrrFF = f&ﬁ% +0O(1). (5.34)
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The complete NLP differential cross-section for the qg — qg7y subprocess, where one addi-
tional quark is radiated, is

daf}’l&qp anag 1 v(v(w((v—2)v+4)—4)+2) v2(v241)
vl =vs=g g, = 6, _s{CF 2(1—0) +Ca 2(1—v)}
vilv—2)v((v—2)v N ’U3 .
1 C
+WTFT(”+O(1) ' (5.35)

We may now combine the gluon and quark radiative contributions, where the sum of
egs. (5.31) and (5.35) yields

doLPANLP 02002 1
1 ag—agy  _ %q®%s | 1 T :
vw(l—wv)s Jodw Ca 5 (1_w)+(CF+CA) 49 (5.36)

v v(v(v3 =20 —
+i{C’A2(5(v—1)v—|—4)—CF (v(v" = 2v-+4) 2)}

2(1—w)
+ (ln(l—w)) (2CA+CF)qu
+

1—w
1 2 i
+ ——— Ty | CrIn((1—v)v*)+2CaInv—-2(Cp+Ca)In—
(1—w)4 s

—i—C’Av?’—i-(ZLFU(vZ—i-GU—ﬁ)}

+1In(1—w) {_CA;(g(U—l)U+8)+CFU(U (v—2)02+4)-2) }]

2(1—wv)

This agrees to LL order with the full NLO calculation truncated at NLP, as presented here
in appendix C. Our result shows that we can separately treat the (next-to-)soft gluon and
soft fermion radiation, as is implied by our general analysis in section 2.

We have presented here three of a total of seven different partonic subchannels for
prompt photon production at NLO. The remaining channels work analogously to the ones
already presented, and are listed in appendix B. We also present results for the unsubtracted
NLO cross-sections (up to NLP) in appendix C, given that these have not previously been
presented in the literature.

6 Discussion

In this paper, we have examined the origin of leading-logarithmic (LL) next-to-leading-
power (NLP) threshold terms at next-to-leading order (NLO) in perturbation theory. Our
starting point was a previously obtained universal formula for the NLO cross-section for the
production of an arbitrary number of colour-singlet particles [60], and we have generalised
this in two ways. Firstly, we have considered procceses in which final state (massless)
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coloured particles at LO may be present. Secondly, we have considered contributions from
other partonic channels, specifically those in which additional (anti)-quarks may be emitted.

The approach of ref. [60] is based on the soft expansion, in which one systematically
expands the amplitude in the 4-momentum of the emitted radiation. This no longer coin-
cides with the threshold expansion when final state jets are present. However, the dominant
NLP contributions (i.e. those at leading logarithmic (LL) order) are correctly captured by
the next-to-soft formalism for processes were only gluons emissions are present.'! We have
explicitly verified this, and provided formulae in which the LL NLP terms in a general
NLO cross-section are given in terms of the LO amplitude, with a simple momentum shift,
as found for colour singlet production in ref. [60].

We illustrated our results using DIS, hadroproduction in electron-positron annihilation
and prompt photon production. Due to the presence of unobserved quarks in the final state
for all considered processes, we need to complement the next-to-soft gluon amplitude with
soft quark amplitudes, which also give rise to LL NLP contributions. These can be treated
completely independently from the next-to-soft gluon amplitude, and themselves factorise
in terms of universal quark emission operators, that we have defined. Adding these soft
quark contributions to the next-to-soft gluon amplitude shows that we are able to capture
all LL NLP behaviour. For the prompt-photon process, we furthermore see a soft quark
interference contribution, due to the presence of more than two coloured partons in the hard
scattering. We have also clarified that leading logarithmic terms at NLP in a conjugate
space, like Mellin space, may arise from the mass factorisation procedure, which would
need to be kept track of in potential numerical studies.

We expect that our results will be of practical use, both in estimating higher-order
cross-sections at NLO where these are unavailable, and in improving the stability of nu-
merical codes. Work on examining these issues — including detailed numerical studies of
the importance of NLP effects in specific collider processes of interest — is ongoing.

Note added. In the final stages of preparing this paper, ref. [75] appeared, which ad-
dresses the emission of soft and collinear radiation (including quarks) up to next-to-leading
power, within the framework of soft collinear effective theory.
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A Useful definitions

In this appendix, we collect useful formulae relating to the action of various operators
appearing in egs. (2.13), (2.18), as well as figure 3. First, in eq. (2.13), repeated here for
convenience

n+2
ANLP = Z 2ps _jk ( Sacal,j + ngin,j + Ogrb,j) ® ZMH(pla ceesDiyee 7pn+2)60'(k)> (Al)
j=1"

we must consider a general colour generator T, acting on an external parton line j. This
leads to a colour factor dressing the nonradiative amplitude

tgj ¢, for an incoming quark or outgoing antiquark with colour label c;;
T; =< —tg, ¢ for an outgoing quark or incoming antiquark with colour label ¢;;
if® for an external gluon with colour label a,

where {tfj} are components of a generator in the fundamental representation. Next, we
collect results for the numerator of the scalar contribution appearing in eq. (2.13). This

can be written as
gcal,j = (Qp]a' + nka)a (A2)

where 1 = +1 (-1) for a hard emitting particle in the final (initial) state respectively. The
spin contribution in eq. (2.13) can be written in the generic form

opin,j = 20ka 27 (A.3)
Here, E?a is a Lorentz generator in the appropriate representation of parton j, and given
in specific cases by

S for an incoming or outgoing quark;
sa 57 for an incoming or outgoing antiquark;
7] M?%Fr for an incoming gluon carrying Lorentz index p;

Mo%PE for an outgoing gluon carrying Lorentz index u,

where the relevant generators are defined in egs. (2.2) and (2.5). The third term in eq. (2.13)
can be written as

orbj = 2kaiL]%, (A.4)
where L;-’O‘ is the orbital angular momentum operator of parton j, defined by
) p‘; 8paja - quz By?ja for an initial state emission;

R ) o 0 faal
iP5 aps — PF e for a final state emission.

o —
L7 =
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Considering now the emission of soft quarks, the next-to-soft amplitude of eq. (2.18),
repeated for convenience here

n+2
g :
Axpo =Y 2pAS_ 1 Qi @IM;(P1, D2, Djs - Pa2), (A.5)
j=1 "7

contains the quark emission operator Q;, whose action on all possible species of incom-
ing/outgoing parton legs is depicted in figure 3. In terms of the amplitude, we may think
of this operator as acting on the wavefunction for leg 7, as follows:

Q; (u(p))) = 12, u(p)p 1" v(k)
Q; (u(py)) = ~12, . xp)ulk)r"p,
Q; (v(py)) = 12, xp)p, " v (k)
Q; (0(pj)) = 