UNIVERSITY OF AMSTERDAM
X

UvA-DARE (Digital Academic Repository)

Next-to-soft radiation from a different angle

Van Beekveld, M.; Danish, A.; Laenen, E.; Pal, S.; Tripathi, A.; White, C.D.

DOI
10.1103/PhysRevD.109.074005

Publication date
2024

Document Version
Final published version

Published in
Physical Review D

License
CcCBY

Link to publication

Citation for published version (APA):

Van Beekveld, M., Danish, A., Laenen, E., Pal, S., Tripathi, A., & White, C. D. (2024). Next-to-
soft radiation from a different angle. Physical Review D, 109(7), Article 074005.
https://doi.org/10.1103/PhysRevD.109.074005

General rights

It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations

If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

UVA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

Download date:21 Jan 2026


https://doi.org/10.1103/PhysRevD.109.074005
https://dare.uva.nl/personal/pure/en/publications/nexttosoft-radiation-from-a-different-angle(f319b54a-1f4f-4ed4-92be-aefc3fa292cb).html
https://doi.org/10.1103/PhysRevD.109.074005

PHYSICAL REVIEW D 109, 074005 (2024)

Next-to-soft radiation from a different angle

Melissa van Beekveld,"” Abhinava Danish,>" Eric Laenen®,>*** Sourav Pal,** Anurag Tripathi,>! and Chris D. White””

lRudolf Peierls Centre for Theoretical Physics, Clarendon Laboratory, Parks Road, University of Oxford,
Oxford OX1 3PU, United Kingdom
2Departmem‘ of Physics, Indian Institute of Technology
Hyderabad, Kandi, Sangareddy, Telangana State 502285, India
*Institute of Physics, University of Amsterdam, Science Park 904, 1098 XH Amsterdam, The Netherlands
4Nikhef, Theory Group, Science Park 105, 1098 XG Amsterdam, The Netherlands
SInstitute for Theoretical Physics, Utrecht University, Leuvenlaan 4, 3584 CE Utrecht, The Netherlands
Theoretical Physics Division, Physical Research Laboratory, Navrangpura, Ahmedabad 380009, India
Centre for Theoretical Physics, Department of Physics and Astronomy,
Queen Mary University of London, Mile End Road, London EI 4NS, United Kingdom

® (Received 4 October 2023; accepted 7 March 2024; published 8 April 2024)

Soft and collinear radiation in collider processes can be described in a universal way, that is independent
of the underlying process. Recent years have seen a number of approaches for probing whether radiation
beyond the leading soft approximation can also be systematically classified. In this paper, we study a
formula that captures the leading next-to-soft QCD radiation affecting processes with both final- and initial-
state partons, by shifting the momenta in the nonradiative squared amplitude. We first examine W + jet
production, and show that a previously derived formula of this type indeed holds in the case in which
massive color singlet particles are present in the final state. Next, we develop a physical understanding of
the momentum shifts, showing precisely how they disrupt the well-known angular ordering property of

leading soft radiation.

DOI: 10.1103/PhysRevD.109.074005

I. INTRODUCTION

The calculation of scattering amplitudes in perturbative
quantum field theory continues to be an area of intense
activity, due to its many applications to current and future
collider experiments. While it is often possible to obtain
complete amplitudes at a given order in the coupling
constant, we sometimes wish to consider approximate
results, particularly where these can be resummed to all
orders in perturbation theory. A particularly well-studied
case is the emission of soft and/or collinear radiation
dressing an underlying scattering amplitude. This generates
infrared singularities, which will cancel for suitably inclu-
sive observables, such as total hadronic cross sections.
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However, large contributions remain in perturbation theory,
typically involving large logarithms of dimensionless
energy ratios. A variety of methods have been developed
for resumming such contributions (see e.g., Refs. [1-13]),
all of which rely on the tight relationship between kine-
matically enhanced terms and infrared singularities, plus
the fact that soft and collinear factorization can be
described in terms of universal functions acting on arbitrary
amplitudes. The latter property has a simple quantum
mechanical interpretation: soft radiation has zero momen-
tum, and thus an infinite Compton wavelength by the
uncertainty principle. Thus, it cannot resolve the details of
the underlying scattering amplitude that produced the hard
outgoing particles. A similar story applies to collinear
radiation, which instead has a zero transverse momentum
relative to a given outgoing particle.

Heuristic arguments such as these are also useful for
understanding the wider implications of soft radiation.
Crucial for this paper will be a particular property of soft
radiation that is emitted from pairs of (color) charges, or
dipoles, in QED or QCD. Including all possible quantum
interference contributions in the squared amplitude, one
finds in QED that radiation is confined to a cone around
each charged particle, whose half-angle coincides with the
angle between the two charged particle momenta. This is
known as the Chudakov effect, and textbook treatments

Published by the American Physical Society
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may be found in Refs. [14,15]. A corresponding effect
holds in QCD, where for two color charges there is no
radiation (at leading soft level) outside the cones surround-
ing each particle. For more complicated configurations of
partons, clusters of particles radiate according to their
combined color charge at sufficiently large angles. All of
these phenomena have a common quantum mechanical
origin similar to that already mentioned above: at large
angles, the wavelength of the emitted radiation is such that
it can only notice the combined color charge of a given
subset of partons. If this combined charge happens to be
zero (or color singlet in the QCD case), then there is no
radiation at large angles.

So much for soft radiation, whose properties are already
well known. Until recently, much less has been known
about how to systematically classify the properties of
radiation at subleading order in a systematic expansion
in the total radiated momentum. The frontier of such
attempts is at next-to-leading power (NLP), and the last
few years have seen an increasing number of techniques
aimed at clarifying whether any universal statements can be
made about such radiation, including its possible resum-
mation. The range of methods [16—77]—some of them
inspired by the much earlier work of Refs. [78-80]—
mirrors that used for soft radiation, and this body of
work is ultimately motivated by the fact that the numeri-
cal impact of such contributions may be needed to increase
the theoretical precision of collider physics observables
[44,81-91]. As well as studies aiming to develop new
resummation formulas, there is also scope for case studies
that look at well-defined consequences of next-to-soft
radiation, in order to build up our collective intuition of
how it behaves. The aim of this paper is to carry out such a
case study.

Our starting point is to consider a formula—first derived
in Ref. [31] and extended in Ref. [32]—that states that
leading next-to-soft radiative contributions can be
expressed in a particularly compact and elegant form.
That is, the squared amplitude including such radiation
can be written in terms of nonradiative amplitudes, but
where distinct pairs of partonic momenta are shifted in a
prescribed way. The shifted squared amplitudes are
then dressed by overall factors which are identical to those
that occur in the leading soft limit. Potential uses of such
formulas include increasing the precision of numerical
NLO calculations, and similar comments, independently
and using different methods, have been made in
Refs. [36,37,57]. However, the obvious similarity of these
momentum-shift formula to their leading-soft counterparts
means they are an excellent starting point for examining the
physics of next-to-soft radiation in a particularly trans-
parent way.

In this paper, we will first review the momentum-shift
formulas of Refs. [31,32], and introduce them by consid-
ering a process that has not previously been considered

before in this approach. That is, we will consider radiative
corrections to W production in association with an additional
hard jet." This is more general than either of the processes
considered previously in this approach. Reference [31]
looked only at color-singlet final states, whereas Ref. [32]
considered only final states with massless particles. As we
will yet again see, leading next-to-soft radiative corrections
take the form of a series of dipolelike terms.”

Next, we consider the effect of the momentum-shift
formulas on the emission of soft radiation from a single
final-state dipole. We will briefly review the well-known
calculation of how soft gluon emission is confined to cones
surrounding each hard particle, before correcting this to
include the effects of the momentum-shifts, and hence
leading next-to-soft effects. We will show explicitly that the
next-to-soft corrections break the angular ordering prop-
erty, in that they lead to emission outside of the usual
angular region. That this property is not preserved beyond
leading soft level will perhaps not surprise anyone.
However, the mechanism by which this happens, including
the details of the calculation, are interesting. Furthermore,
given that the origin of the momentum shifts is well-
understood as arising from orbital angular momentum
effects [31,32], we will be able to precisely interpret the
physics of how angular ordering breaks down. We believe
that this story offers novel insights into the physics of next-
to-soft radiation that, as well as being compelling in
themselves, may be of broader use.

The structure of our paper is as follows. In Sec. II, we
examine W + jet production at NLO, showing that the
inclusion of radiative corrections up to next-to-soft level
reproduces the same momentum-shift formula as was
found for prompt production in Ref. [32]. After drawing
attention to the dipolelike nature of this formula, in Sec. 11
we show that next-to-soft corrections lead to radiation
outside the cone regions associated with leading soft
radiation, and interpret the physics of this effect in detail.
In Sec. IV, we discuss our results and conclude.

II. A MOMENTUM-SHIFT FORMULA
FOR W PLUS JET PRODUCTION

A. W plus jet production up to NLO
We start by considering the LO process

q(p1) +a(p2) = W(p3) + g(pa), (1)

whose Feynman diagrams are shown in Fig. 1. This is itself
a correction to the Drell-Yan production of a W boson, but
we will consider that the final-state gluon is constrained to
be hard (e.g., through a nonzero transverse momentum

'For previous work on this process in the context of next-to-
soft physics, see Refs. [37,92].

2Very recently, Ref. [93] has provided alternative formulas for
capturing next-to-soft radiation, which also work at loop level.
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Py ——————— ,D3 Py Jp3

Py ———————OOOCCE000 Py P, 'p,
(a) (b)
FIG. 1. Leading order diagrams for W plus jet production in the

qq channel.

requirement), such that no infrared singularities are present.
Our aim is to show how next-to-soft corrections to this
process can be written according to a certain formula, and
we will be able to illustrate our point without having to
consider the alternative partonic channel gg — W + g,
which in any case can be obtained from crossing.
Denoting the W boson mass by m, the various momenta
satisfy

P= p3 =m?, (2)

pi=p3=p;=0,

and we also define the Mandelstam invariants

s=(p1+p)?  t=(pi-p3)*

(3)

It is also conventional to define the alternative invariants

H=1t—m? uy = u—m?, (4)
which obey
ﬁ
P AYAVAVAVAVAVI =Y Py
Py ——————"000000000C" P4 Py —————
(@
ﬁ
P (000000000 Pa Py ————rf
e AVAVAVAVAVAVY 2 Py —————

u=(py—p3)*

s+t +u +m>=0

(5)

as a consequence of momentum conservation. With this
notation, the squared LO amplitude, summed (averaged)
over final (initial) colors and spins, is given by

o Cr (2m* =2m(t +u) + 7 + )
"N, 2tu

MO = 2g . (6)

where g, and g, are the strong and -electroweak
coupling constants respectively, Cr the quadratic
Casimir in the fundamental representation, and N the
number of colors.

Let us now consider the radiation of an additional
gluon, for which there are two types of diagram. First,
there is radiation of a quark or antiquark, as shown in Fig. 2.
These diagrams would also be present in the case of Wy
production, which was first calculated at NLO in Ref. [94].
Next, there are diagrams in which the gluon is radiated
off the final state hard gluon, as in Fig. 3. Although the
full set of NLO diagrams for W + jet production (including
all partonic channels) has been calculated before [95],
full analytic expressions are rarely reported due to their
cumbersome nature. Thus, we have recalculated these
diagrams independently in FORM [96] and FeynCalc [97],
finding agreement. Here, we will report analytic results for
the squared and summed / averaged matrix element
expanded to first subleading order in the emitted gluon
momentum. To do so, we can introduce the Mandelstam
invariants

Py ————— AN Py

ﬁ
P, 000000000 Py

(b) (©

Py ——————(COB0O00000" Pa

ﬁ
P, AVAVAVAVAVAVI S

FIG. 2. NLO diagrams to W plus jet production, in which a gluon is radiated off an (anti)quark.
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s=(p1+p2)% a=(p1—p3)?* q2=(pr—ps)*
so=(p3+ps)? @1 =(pi—ps)* = (pr—p3)
(7)
and
= (p1 — k)2, uy = (py — k)2,
wy = (p3 + k)2, wy = (ps + k)% (8)

where we have adopted notation for ease of comparison
with Ref. [31] (see also Ref. [98]). The various Mandelstam
invariants in Egs. (7) and (8) can be expressed in terms of

Next, we can perform the next-to-soft expansion by
introducing a book-keeping parameter 4 via

tk - j,l‘k, up — /luk, (10)
before performing a Laurent expansion in A to first
subleading order. Finally, one sets A = 1. Compact results
are then obtained upon using a particular Lorentz frame for
the final-state momenta. Following the case of Wy pro-
duction in Ref. [94], we can choose the center of mass
frame of the W boson and hard gluon, for which an explicit
parametrization is

five independent invariants, using the relations p1=(E 0,E));
A =(E,,0,...,0,wsiny,wcosy —E|);
Go=mr—s—1t, —q; p2=(E; . U4 w—E)
Sy =5+t + g k=(w,0,...,0,wsiny,wcosy);
. =(wy,...,—o'sinf, sind,,—a' sind, cosd,,—w' cosb, );
fh:mz—s—uk—fh; P3 ( /W / 1 2/ 1 /2 1)
=(&,...,0' sin@, sinb,,w’sin@, cos@,,w’ cosd,); (11
W1:m2—(]1—(]2—fk; P4 ( 1 2 1 2 1) ( )
Wy = (g1 — {4y — Ug. ) with
|
s+t s+ u UpS — Sot
E, = +k, E, = i k, cosy/:—(k Zk) )
2\/s, 2\/sy (tx +up)(s + 1)
t 2 2
_ (k+uk) w,:(sz m)’ ww:(sz—km). (12)
25 205 25,

Then the (next-to)leading power contributions to the squared matrix element (summed/averaged over colors and spins) are

4C%Es((p* = 1)%cos?0; + (p* +1)?)

lgg
M = sIw ) _
MO = 00

4CACFS\/lkMk

(p* = 1)(cos*0; — 1)
((p* -

1)%cos?0; + (p* + 1)?) sin 0, cos 6, }

(0% = 1)%(cos?0; — 1) (—2sin 6, cos O /Trtg 4 cos Oy (1 — uy) + 1 + uy

16C2
(p* = 1)*(cos®0, = 1)?

—_— 1
(1)2 _ gsgw _
MO ey = - L2

(p* + 1)p* (1 + )]

X [=(p=1)(p + 1)(p* + 1) sin @, cos O, cos O/t uy + (p* + 1)p*cos?0, (t, + uy) —
. 2C+C,
2 —1)%(=2sin @, cos O, \/Truy + cos 0y (1, — uy) + 1y + uy)?)

(p? = 1)*(cos?0
x [-

+ (1 — ug)?) + dtyuy sin @, cos 0 (p*ty + 207 (1, + ug) — i)
(

+ 2cos*(6,)
— p? /T (p*

—482u; sin 0, cos )

= 2tguy(p

+ 4p*cos’ (01) txur (p* (1 + ) + 1 = 3uy) —

45in 0, cos O, (t,uy sin @, cos 05 (2p0t; + 2p* (1, + uy) + p*(t + uy)

(
(p* +1)(sin 91 €08 0 (/T (—4p* (17 + 6ty 4 uf) 4 p* (= (1 — ur)?)

= 2(p* = 4p* = Dt (e + uy))
— I+ Mk)

(7 + up) + 7+ p* (6 + we)” + At + up)) + g ((p° + p* + 7p* = Dy
= (p° +p* =9 = 1)) + (p* = 1)cos*(6,)(=(p* — 1) sin 0, cos O (1, — uy)?
e+ w) + 207 (g = 31) + 1+ wy))

— (p* = 1)’cos’(6,)(sin 0 cos O (1 — ) /T (1 + i) —

Ly

4tkllk)

(p* + 1)?sin 6 cos O (1, — uy)/Trug (. + uy))
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+ cos @, (sin O, cos 0,(8(p* + 1)t,u; sin @, cos 0, ((2p> — 1)t — 2(p* — 1) sin O, cos O/Truy — uty)
— (P* = 1)2(3p* + 1)(ty — w) VI (1 + wi)) — 4(p* + Do 2p* 1 + (p* = 20° = Duy))

+2@”—U%wwmﬂﬂﬂa—w»ﬂ}

where we have introduced the dimensionless parameter

pPP=—. (14)

A cross-check of this result can be obtained by considering
only the C% terms, which arise from the diagrams of Fig. 2.
These diagrams would also arise in Abelian gauge theory,
where C2 would be replaced by the appropriate squared
electromagnetic charge of the incoming (anti)quarks. Then,
one may verify that taking p — 0 (i.e., the limit of zero W
mass) reproduces the case of yy production examined
in Ref. [31].”

B. A momentum shift formula
for Wg production

Having obtained the gluonic (next-to)-soft contributions
to the NLO Wg matrix element, let us now see how these
can be obtained from a momentum-shift formula analogous
to those presented in Refs. [31,32]. Schematically, we can
|

i

El/p ® M(O) — 4

o7, @ MO

= i(gﬂ/)gua _ gﬂag/w) ® Ml(l())ga

i 0
L) @ MO = ,-<p,,

We have used the symbol @ in Eq. (15) to mean that the
various terms must be sandwiched (where necessary)
between the external wave function of line i, and the
nonradiative amplitude M ({p;}). Examples can be
found throughout Refs. [31,32], and we will see how this
works in detail below. Equation (15) follows from the
classic works of Refs. [78—80].4 In more modern literature
on scattering amplitudes, it is known as the next-to-soft

*It is not immediately obvious that the limit of a massless W
boson should reproduce the photon process. However, this is
ultimately related to the fact that parity-violating terms in the
squared amplitude for W 4 jet production turn out to be absent.
Furthermore, the longitudinal polarization state does not con-
tribute due to QED Ward identities.

*For off-shell gluons, there is an additional term in Eq. (15)
that is o k*. It vanishes for on-shell gluons, however, after
contraction with the polarization vector.

— = Piy—
apiﬂ Mapiy

(13)

I
write the contribution of a next-to-soft gluon emission from
a given Born amplitude as

P ik J.)
nipi-k+ie np;-k+ie

Migy =S atrelin)|
® MO({p,). (15)

Here the sum is over all external parton legs in the Born
amplitude, T¢ is a color generator on line i, where we have
adopted the Catani-Seymour notation of Refs. [99,100],
and # = F1 for an incoming or outgoing particle respec-
tively. There is a polarization vector e’ (k) for the outgoing
(next-to-soft) gluon, and we also introduced the total
angular momentum generator for each parton leg, which
can be further decomposed into its respective spin and
orbital contributions as

I ==+ LY. (16)

Here

for Figs. 2(a) — 2(f),

for Figs. 3(g) and 3(h),

) ® MO for Figs. 2(a) — 3(h).

|
theorem [101,102] (see e.g., Refs. [103,104] for details of
how things are related), and has led to the discovery of
interesting mathematical ideas relating bulk spacetime
physics to a conformal field theory living on the celestial
sphere at null infinity [105,106]. Here, we will be much
more applied, and show how Eq. (15) leads to a simple
formula for next-to-soft gluon emission, whose physical
interpretation can be elucidated further.

Let us now consider the explicit case of Wg production.
In applying Eq. (15), we must start with the nonradiative
amplitude whose Feynman diagrams are given in Fig. 1. It
will be convenient to write the (gauge-dependent) sub-
amplitude My corresponding to a given Feynman diagram
X, where the latter spans the labels in Figs. 1-3. In book-
keeping all possible next-to-soft contributions, we will then
follow Refs. [31,32] in separating the three different kinds
of effect appearing in Eqgs. (15) and (16).

074005-5
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Py ————ri Py Py

z\ k

Py
k

P, *«—m@ Py ———— Py
Py

(9) (h)

FIG. 3. NLO diagrams to W plus jet production, in which a
gluon is radiated off the hard gluon.

1. Scalar terms

The first term in the square brackets in Eq. (15) acts
multiplicatively on the whole nonradiative amplitude, with
no additional spin structure. The physics of this is that this
term corresponds to leading soft level, and hence cannot be
sensitive to the spin (or orbital angular momentum) of a
given hard particle. Acting on the nonradiative amplitude,
one finds that the scalar terms sum to

+ p’]l ” p4
= k T + I3 + T
Miea = gseu( )<—p1 1T —ps -k pa-k >

x (Mg + My). (17)

Upon squaring the amplitude, we may evaluate all color
factors using the relations

C[T{M,] = C[T{M,] = C) = Ciap;
C[T4M,] = C[T4M,)] = C) = Cy):
CIT{M,) = CITGM,] = Cpy = Cipe (18)

where C|...] denotes taking the color factor of a given
diagram, and we have recognized the color factors {C ) }
of specific diagrams appearing in Figs. 2 and 3. Then,
evaluating all color traces in the squared amplitude before
summing/averaging over final/initial colors yields

Cy 2p;-p>
= |C.| C L e
|Mscal| |: F< F— 2 ) P - kp2 Tk

2 , , .
+CACF< 2Py - Pa 2ps - Py >]|M<°)\2.
2 p1-kps-k  py-kpy-k

(19)

Here, we recognize the usual form of leading soft correc-
tions to a squared amplitude, where the individual terms
that appear correspond to separate pairs of color charges
that are linked by soft gluon emission. For each pair or
dipole, there is an appropriate color factor, plus a kinematic
prefactor that results upon combining the eikonal Feynman
rules for the gluon. As is well known [14,15], this
kinematic factor leads to a pronounced radiation pattern,
including the angular ordering property described in the
introduction, and that we will see in more detail in Sec. III.
For now, we simply note that the remaining (next-to)soft

gluon corrections will lead to corrections to this simple
radiation pattern, and our next task is to write them in a
manageable way.

2. Spin terms

Given that a coupling of the emitted gluon to the spin
angular momentum of a given hard particle is already next-
to-soft level, for the spin contributions to the total squared
matrix element, we need only worry about the interference
contribution

2Re [MbcdlMspm]
up to next-to-leading power (NLP), where My, collects
all the spin effects at amplitude level. To find the latter, we
need the explicit forms of the Lorentz generators associated
with different parton legs. These are

T = 1 o (20)

and
T = i85 — 526l (21)

for a spin-1/2 and spin-1 particle respectively, where lower
indices in these equations are spin-indices that must be
contracted along the line (n.b. lower-case Latin letters
denote spinor indices). From Eq. (15), one then finds that
the spin contribution to the NLO amplitude up to NLP level
is given by

10 2
MOrryr k) —
ap T

Mspm gsv (pZ){ [k7 yy]M(O)py

TZ ( Ty [SH sy v
MO (38— }
x u(py)eu(k)eh(pa)e; (ps), (22)

where M (00) represents the nonradiative amplitude, stripped
of external wave functions. This must then be combined
with the scalar amplitude of Eq. (19) and summed over
polarizations and colors to find the interference contribu-
tion. Color factors may again be evaluated using Eq. (18),
and one may also simplify the result by repeated use of
anticommutation relations for Dirac matrices. One finally
obtains an interference contribution

fal = P kpy k. IMOZ(23)

2Re[M i, M

3. Orbital angular momentum terms

For the orbital angular momentum contributions, we
need the explicit form of the angular momentum operator
associated with leg i in momentum space:

074005-6
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J 9
L = xapl) — xﬁp,—l(lvlap pfam)- (24)

Then, similarly to the spin case, the orbital angular momentum contribution can be written as

T¢ 0 0 TS 0 0
M = ig,D 1 <k- — k- —)M( v g ( -k — k- )M(O)/’}’
b = ig,9(p2) [pl K PGk, P o, " o

T 0 3}
+ -k — phk- —> M(OW} u(py)el(k)es(pa)el (p3). 25
(g5 (P)EL (R} (s)ei (p) (25)

Once again, this must be combined with the scalar amplitude of Eq. (19) in order to find the relevant interference term.
Applying similar steps to those outlined in Ref. [32], we find

2p1-py J J , 0yt
2R6[M0rngca1] {N C2 szk 5[71_2 a D1 =+ 5[)21 dpz Tr(ﬂQM(O)/}’lﬂlMl(W)z )

0 0
- Tf(fsiffz,lM(O)py‘ﬁlM/(Jyl) - Tr(ﬂzM(O)py‘fslfl,zMﬁ)y)z)]

CaCr 2p; - 0 0 201 Pa P P
+ > [ p1‘kpz ﬂlz +ﬂ21 o +p1-kp4'k Pia o Pa S

2py - pa 0 a
A e T 0)pr1 PYz 26
+ by kps -k (17/2 4 35— —Pan- 4)] t[HhMOP M, ]} (26)

[

where P72, denotes the W boson polarization sum. We  so, we may first introduce a Sudakov decomposition for the

have used the chain rule where necessary, and also emitted gluon momentum:

introduced the momentum shifts X X

= PUZ oy P2IE g (28)
P1-DP2 P1- P2

1 pj-k pi-k
5pl‘?fj—E<k“+pi_pjp?—pi_pjl9?- (27) where

kr-py=kr-p,=0. 29
Equation (26) looks cumbersome, but we have yet to T rp @)
combine it with the spin contribution of Eq. (23). To do Equation (27) then implies
|

5ﬁ12——<kT—|—2 ﬁ1> 6pa1 ———<léT+2 152> (30)

pPi1-
where upon substituting this into the second line of Eq. (26), we may ignore the terms ~O(k.): upon carrying out all Dirac
traces, k’; will only ever be contracted with hard momenta in the process, to first order in soft momentum, and all such
contractions vanish. We then find

* D2

- (p1+p2) -k
kpz k

p1-kpy -k

NG —Tr(8p2 MO LMY = Tr(poMOP11 5, , M) P2, =2 IMOPR. (31)

Thus, upon combining Eq. (26) with Eq. (23), the second line of Eq. (26) is canceled. Up to next-to-soft level, one may then
absorb the various momentum shift terms into a redefinition of the squared nonradiative amplitude, to give the final result

C 2p1 Py s
|MNLP| = Cp <CF A) L2 MO (py + 8P122 P2+ 6pa 1. D3 Pa)
2 Pr- kpz -k
CiCr 2p)-pys —5
+ A2 Fp] . }(p44k|M(0)|2(pl +5p]y4,p2,p3’p4 _5p4,l)
CiCr 2py-pys — 5
A2 sz -§<P4 é.‘k |M(0)|2(P1,P2 +0p24, P3s Pa — OPa2). (32)
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This is our final result for the NLP matrix element, and it agrees with a similar formula derived for prompt photon
production in Ref. [32], thus showing that this is more general than previously thought. Indeed, the above arguments would
appear to generalize to arbitrary n-point scattering processes, with either massive or massless particles. Given Eq. (6), we
may implement the momentum shifts as in Egs. (27) and (32), and then expand to next-to-leading power using a similar
method to that outlined in the previous section. Explicit results for the three shift terms appearing in Eq. (32) are

respectively as follows:

s(p* = 1)%cos?0; + (p* + 1)?

0, 4gig. C
|MNLP|2‘1: £ C

fyug N

(p* = 1)*(cos?0; — 1)
1) sin @, cos @, cos Oy /Truy — (p* + 1)p* (1 — cos?0; ) (1 + uy)|

(P* = 1)*(cos’d; — 1)? ’
s((p* = 1)*cos’0; + (p* +1)%)

3, _ 20{g.CrCy
|MNLP|2‘2: ot

N,

(p? = 1)t (cos 0; + 1)(=2sin @, cos O /Truty + cos O, (1, — uy) + t + uy)

+ (4cos*0, (0 (2p* 8 + 13 + p* (1 + wy)* + ) — sin 0y cos O/ (=2p° (uy = 211) + p* (1 + 3uy)
— 13+ 2p%uy + uy)) + cos 0, ((3p° — p* 4+ 5p% + 1)13 4+ 4sin6, cos 0,(2(p — 1) (p + 1)(2p* + 1)1tu
X sin @ cos 0 + /i (=200 (2t, + uy) + p* Bty + uy) = 20* (tx + up) + te +wi)) + (p = 1) (p + 1)
x (Tp* + 6p% + 3)taup + 4p%(p* + Du2) + 4p2cos30, ((p* + p*)12 — (p* + 2p = 3)tyuy — (p* + 1)u?)

+
X

(p? = 1)3cos*@, (sin O, cos Or/Trug (uy — 31y) + ti(tx + u)) — (p* + 1)(sin O, cos 6,
(8p? tuy sin O cos 0, — /Ty (p* (3t — uy) + 4p* (tx + 3uy) — 3t + uy)) + (tx + uy)
(

x ((p* = Dte + 4p*wr)) + (p* = 1)’ 14,c08°0, (1 — 3uy))

1

1

—_— 24tg2CrC
|MNLP|2‘3: w2l |-

p? — 1)t (cos @, — 1)(cos @, + 1)*(=2sin @, cos O\ /Truty + cos O, (t, — uy) + t; + ug)?]’
s((p? = 1)%cos?0, + (p* +1)?

N

(p? = 1)%ui(cos @, — 1)(=2sin O, cos O /Truy + cos Oy (t, — uy) + 1y + )

+ (—4cos®0, (p* (17 — 2t,uy — u?) + (p* — 1)%uy sin 0, cos O, (\/Truy — 13 sin 0, cos 0,)

+ pOuy(ty — uy) + PPt (tx + uy)) — 4cos?0, (p* (17 + p* (1 + ug)® + 2p*u? + u?)

+ sin @, cos 0, ((p? — 1)ty sin 0, cos O, — /1 (P4t + p? (4t + ug) — t + 3p%uy)))

+ cos 0, (4(p* + p?)12 + 4sin 0, cos O, ((p® + p* — 3p? + 1)t,u; sin 0, cos O,

— Vau(ptt 4 1+ 3p%u = pPuy)) + (p* = 1)7(3p* + Dy + (3p° = p* 4 5p% + 1)uz)

— (p* = 1)3cos*@, (sin 0, cos O (1, — 3up)v/Trug + ur(t + up)) + (p* + 1)(sin @, cos 0,

X (Vo (p* (1 + ) = 4p* (B3t + wi) = 1 — ) = 4(p* = 2p* — 1)t sin 0, cos 05) + (1 + )
x (4t + (p* = D)) + (0* = 1) ucos 0, (1 + uy))

1

X

(p? = 1)2ug(cos 0 — 1)*(cos @, + 1)(=2sin ) cos Op/Truy + cos 0, (ty — uy) + tp + ug)*]’

Upon adding these results and simplifying, we find precise
agreement with the truncated NLO squared amplitude of
Eq. (13), thus confirming the validity of Eq. (32).
Comparing Eq. (32) with Eq. (19), we see that the
effect of the next-to-soft corrections is to modify the
leading power soft gluon squared amplitude by shifting
the momenta of the nonradiative amplitude. Crucially,

(33)

I
however, the corrections do not modify the dipolelike
nature of the result: in each term, the momenta that are
shifted in the nonradiative amplitude are the same hard
momenta that appear in the accompanying dipole radiation
pattern. This suggests a particularly nice physical inter-
pretation of the next-to-soft corrections, which we explore
in the following section.
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III. THE PHYSICS OF ANGULAR-ORDERING
BREAKDOWN

As discussed above, a well-known property of soft
radiation from pairs of (color) charges is that it is confined
to certain cones, centered around the hard particles that emit
the radiation. Put another way, successive soft gluon emis-
sions from the same pair of charged particles are strongly
ordered in angle, and this effect is built into angular-ordered
parton-shower algorithms to incorporate soft-gluon interfer-
ence effects in a straightforward way [14,15]. Given that
the leading next-to-soft gluon radiation that is captured by
Eq. (32) preserves a dipolelike form, it is natural to ask
whether the momentum-shift contributions lead to a breaking
or otherwise of the angular-ordering property. We will see
that, unsurprisingly, angular ordering indeed does not persist
at next-to-soft level. However, the origin of the breaking can
be traced very directly to the momentum-shift formula of
Eq. (32), which allows us to understand in physical terms
how it happens.

A. Angular ordering of soft radiation

Let us first recap the arguments leading to angular
ordering of soft radiation, where we will follow closely
the presentation in Refs. [14,15]. These arguments are
reproduced here to make our presentation self-contained, as
well as being necessary for the next-to-soft generalization
to be discussed below. We will consider a final state dipole
in QED, consisting of e.g., an electron-positron pair, as
shown in Fig. 4(a). In the limit in which the emitted photon
momentum is soft (¥# — 0), the NLO squared amplitude
for this process assumes the form

|~/\/1LI:'|2 ~ Wij|M<O)

g (34)

where M) is the Born amplitude, and we have introduced
the radiation function

_ E%Pi‘l’j
pi-kp;-k

P
y %k

p; ‘
@k i \
P; P;
) (b)

(a

ij

FIG. 4. (a) A dipole consisting of two oppositely charged
particles, emitting a photon; (b) similar situation, taking into
account a nonzero displacement of each fermion from the origin.

This consists of the eikonal dressing factor that we see in
e.g., Eq. (19), multiplied by the square of the photon energy
E; to make the radiation function dimensionless. The
energy dependence will be compensated elsewhere in the
total squared amplitude, but it is the radiation function that
controls all angular dependence of the emitted radiation. To
probe the latter, it is standard to write

Wi = WEIJ] + W%-],

(36)

where the modified radiation functions appearing on the
right-hand side are given by

Y G S ;
Y2\ 1-cosfy  1—cosy)’

1 1 1
TS (YRS N R

Y 1—cosfy  1—cosfy

The reason for this—which is not necessarily obvious
a priori—is that the modified radiation functions have
precisely the angular ordering property noted above. That

is, the soft radiation captured by Wyj]

around particle /, with a half-angle given by the angle
between particles i and j. To see this, we can choose a
Lorentz frame such that the 3-momentum p; is oriented
along the z direction, and the 3-momentum p; lies in the
(x, z) plane:

is confined to a cone

ptl = Ei(l,O, 0, 1),

pg’ = E;(1,sin6,;,0,cos6;;);

k* = Ei(1,sin 0y cos ¢y, sin 0y sin ¢y, cos 0;).  (38)
Here {6,,} and {¢,,} denote the polar and azimuthal
angles between particles a and b in a conventional spherical
polar coordinate system. Then
pj-k=EEa—bcosy),

b = sin;; sin 6. (39)

a =1—cos0;;cos by,

However, by choosing an alternative frame in which the
3-momentum of particle j defines the polar axis, one may
also surmise

pj'k:EjEk(l—COSij), (40)
such that comparing Eqgs. (39) and (40) implies
1 —cos@; = a—bcos . (41)

The integration over the final-state phase space will include
an integral over the azimuthal angle ¢;; of the emitted
photon, and a useful intermediate step in integrating Wy]] is

to consider the integral
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. 2 . 1
IE’} — A dpa 1 (42)

27 1 —cosfy’

which occurs in the first and third terms of Eq. (37), whose
explicit form in angular coordinates is

o1 1 —cos6;; 1
Y2 \(1=cosBy)(1 —cos@y) 1 —cosfy

IR ) (43)

1 —cos 8

Following Refs. [14,15], we may transform to z = elia,
such that Eq. (42) becomes a contour integral around the
unit circle in the complex z-plane:

2
. 7{ dz _a a
N SN
Vi | (- z)(z -z AR
(44)
Only the pole at z = z_ lies inside the unit circle, such that

one may carry out the integral using Cauchy’s theorem,
yielding

1 1
ij 5

7 _
@2 — b2 |cos@; —cos6;

)

Using this result and Eq. (43), one integrates over the
azimuthal angle to obtain:

/2ﬂ do whl — 1 | (cos Oy — cos 6;;)
o 27 Y 2(1—cosfy) | cos 0 —cos 6] |

(46)

A plot of this function is shown in Fig. 5 in blue, for
cos6;; = 0.2. We see that there is nonzero radiation only

10

cos ()

FIG. 5. Blue: distribution of soft photon radiation from a dipole
with opening angle cos 0;; = 0.2; Orange: corresponding result
coming from the leading next-to-soft correction, as captured by
the momentum shifts in Eq. (32). The dashed line shows the
nonangular ordered contribution to the next-to-soft result.

for polar angles around particle i which are less than or
equal to the opening angle 6;; between the dipole, as
expected. Furthermore, the divergence at cos 8;;, — 1 coin-
cides with the emitted photon becoming collinear with
particle i.

Here we have explicitly considered QED, where this
pronounced radiation pattern is known as the Chudakov
effect. The same arguments apply to QCD in the case of
single gluon radiation from a dipole, where this is an overall
color singlet [14,15]. In both cases, the simple quantum
mechanical argument for the suppressed radiation outside
the cone is that the wavelength of the emitted photon
becomes such that it cannot resolve the individual (color)
charges in the dipole.

B. Next-to-soft radiation from a dipole

Having recalled how angular ordering arises from
soft radiation, let us now examine how the additional
momentum-shift corrections in Eq. (32) modify the picture.
To this end, we may again restrict ourselves to the simplest
possible case of a final-state dipole in gauge theory, namely
the electron-positron pair of Fig. 4(a). Then the effect of an
additional photon emission up to next-to-soft level is to
modify Eq. (34) to

|MNLP|2 ~ Wij|M(0)(pi - 5Pi,j, pPj— 5pj,i)|2’ (47)

using the momentum shift definitions of Eq. 27).° Up
to NLP level, we can expand to first order in the momen-
tum shifts, and also use the fact that the squared Born
interaction depends only on the Mandelstam invariant
s =2p;- pj, to get

| Mnppl* ~ Wiif(s)=2[6p; ;- p;+6pji- pdWiif'(s).
(48)

where
fs) = |MOP (49)

is the squared Born amplitude with unshifted kinematics,
and the prime denotes its first-order derivative with respect
to the Mandelstam variable s. To examine the angular
properties of the next-to-soft term, we define the dimen-
sionless radiation functions

Wi = (PR OPui P i
ELE; E\E; v

(50)
such that

An explicit derivation of this formula can be found in
Ref. [32], and uses similar steps to those presented here in
Sec. II B.
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. Lo S -D: Sp.i-D.
Wij—WEIJ]‘FW%]—_( Di.j pj+ Dj.i pt>W[l] (51)

E(E; ELE; i

controls the total next-to-soft correction to the radiation
pattern. Using the parametrization of Eq. (38), we have

W[j] = (1 —cos Hik)WE»j] + (1 = cos ij)WZ].

(52)
In the first term, the prefactor is independent of the
azimuthal angle ¢;,, and thus does not affect the integration
over the latter. We can thus reuse the previous result for the
azimuthal integration of WEZJ] when calculating the radiation
pattern. In the second term of Eq. (52), the prefactor cancels

the singularity in cos 6, such that one finds

dgpy = 1
[ w5+

+1/2”d¢ik [1 —cosb;; N

2Jo 2m |1—cosby

1 cos B —cosb;; T 5 (O
2 [1 + |cos9,»k—cost9ij|} i < 2 >C0t ( 2 ) (53)
This is our final result for the azimuthally averaged next-
to-soft radiation pattern from one particle in a dipole.
Interestingly, it has the form of a sum of an angular-ordered
term, analogous to the pure soft case, plus a breaking term,
which has a remarkably compact analytic form. We show
this function in Fig. 5, and can see clearly the effect of
the angular-ordering term, in that there is a discontinuity
at cos 0 = cos 0;;. However, for cos; < cos@;;, corre-
sponding to gluon emission outside the cone region, there is
indeed a nonzero radiation distribution. For completeness,
we show the effect of the nonangular-ordered term [i.e., the

second term in Eq. (53)] inside the cone. This is shown as
|

CcoS gik — COS 9,1 :|

|cos By —cosb;;

a—bcosgy, |
1 —cos8;

v; —cos 0y

cos(6ik)

FIG. 6. Blue: distribution of soft photon radiation from a dipole
of massless particles with opening angle cos 6;; = 0.2; Orange:
corresponding result if particle j is massive, such that v; = 0.5
in Eq. (54).

the dashed line in Fig. 5, and we see that it smoothly joins
the radiation outside the cone, as it should. There remains a
(hard) collinear singularity around particle i, which acts as
a next-to-soft correction to a collinear emission which is
also strictly soft. In interpreting the figure, we must

remember that the LP and NLP radiation functions (WZJ

and W,[l]] respectively) are defined with different energy
ratios to make them dimensionless. Thus, the overall
normalization between the two curves in Fig. 5 is not
particularly meaningful. Rather, Fig. 5 illustrates the
significant qualitative difference between the angular dis-
tributions of soft and next-to-soft radiation: the latter breaks
angular ordering.

Note that a similar effect appears for massive emitters at
leading soft level, as is well-known [14,15]. Denoting
the energy-normalized velocity of the two dipole legs with
v; and v; respectively, one obtains for the azimuthally
averaged emission pattern

CcoS 9,-k - Uj COSHI'J'

/2” doix W[i] _ v;
0

2 U

This reduces to the massless form when v; =v; = 1.
However, when v; # 1 (but v; = 1) the sharp transition
is replaced by a smooth damping of the total radiation from
the dipole, which extends to angles larger than the opening
angle of the dipole. This is shown in Fig. 6, which contrasts
the massless and massive cases. Here, the presence of an
intrinsic momentum scale results in the breaking of
angular-ordering, and it would be interesting to further
examine the interplay between next-to-soft and massive
effects.

Let us now understand the next-to-soft effect in more

physical terms. We can do this given that radiation outside

2(1 = v;cos ) | 1 = v;cos Oy \/(cos Oy — v;cos 0;;)* + sin 07 (1 — v7)

(54)

|

the cone is associated with the specific momentum shifts in
Eq. (27), whose origin is the orbital angular momentum
contributions to the squared matrix element. One can only
generate such an orbital angular momentum if the two
worldlines of the fermions in the dipole are mutually
displaced. In particular, let us choose the origin of space-
time such that both lines are displaced to 4-positions x* and
xJ; , as shown in Fig. 4(b). The relationship between such
displacements and next-to-soft corrections was considered
in Ref. [21] (see also Ref. [107]), which used Schwinger
proper time methods to write the scattering amplitude for
hard particles emitting radiation in terms of quantum
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mechanical (first-quantized) path integrals over their space-
time trajectories. More specifically, one can show that such
an amplitude is given by

Alprseeopa) = /DAM {H/ddxie_ipi'xff(xi,Pi;A,,)
i=1
x H

(xX1...x,5 A, ) Sl (55)

U
where H(xy,...x,;A,) is a hard function that produces
the outgoing particles at initial positions {x;} with final
momenta {p;}. The formal definition of this quantity can
be found in Ref. [21], and will not be needed in what
follows. The path integral in Eq. (55) is over the (next-to)
soft gauge field, and includes the usual dependence on the
action S[A,], where we suppress the dependence on the
matter fields for brevity. Associated with each hard particle
is an integral over its initial position x;, a certain expo-
nential factor, and further factor f(x;, p;;A,), which for
scalar particles is

[ 2
f(xi pisA,) _/DZieXP[iA dT(%"’Qi(ﬂ"'_x)'A(xi

+pi+ ) +%0'A(xi + it + Zi)>:| .
(56)

In this equation, we have parametrized the spacetime
trajectory of the ith particle via

x0(1) = x; + pir + zi(2), (57)

where f; is the 4-velocity associated with the final
momentum p;, and 7 the proper time. The quantity z;(7)
then constitutes a fluctuation about the classical straight-
line trajectory, and the path integral over z;(7) corresponds
to summing over all possible fluctuations. This path
integral is carried out subject to the boundary conditions
of fixed initial position x; and final momentum p; for each
particle. Finally, g; is the electric charge of hard particle i.

As shown in Ref. [21], the path integral over worldline
trajectories in Eq. (57) can be carried out perturbatively.
The leading term—corresponding to keeping the classical
trajectory only—amounts to the hard particle not recoiling,
and thus emitting pure soft radiation only. Expanding
order-by-order in z;(z) then amounts to including all
possible wobbles in the spacetime trajectory which, by
the uncertainty principle, amounts to including the emis-
sion of radiation at progressively subleading orders in the
momentum of the emitted radiation. By keeping the first-
order term only, Ref. [21] found a set of Feynman rules
corresponding to the emission of next-to-soft radiation
from hard particles. Repeating the analysis for fermionic
emitting particles leads to an extra term in Eq. (56), that

corresponds to the spin-dependent part of the next-to-soft
theorem of Eqgs. (15) and (16).

Now let us focus on the contribution to Eq. (55) that
stems from the initial separation of the dipole members,
namely the nonzero initial positions {x;}. At next-to-soft
level, keeping track of these nonzero positions means
that the path integral in Eq. (56) can be replaced by its
leading term (i.e., the classical trajectory only). The hard
particle factor of Eq. (56) then reduces to the well-known
Wilson line describing the emission of soft radiation [21]:

f(xi.pizA,) = exp |:iQi /O defii A, (x; + Bi7)

g / d’k piA, (k)
T e pk

et +O(q?).
(58)

where we have transformed to momentum space in the
second line, and expanded in the coupling so as to isolate
the effect of a single photon emission in the second term.
Next, we can expand the exponential appearing in the k
integral, where the first subleading correction corresponds
to the next-to-soft contribution. Collecting these factors
on all lines, the effect of the nonzero initial positions in
the path integral of Eq. (55) is

X , E dk pi-A(k)
ddxie‘”‘f'pf} { q;—— (—ix; - k) ’7}
[1] s [Soap i 075
XH(py,....p,) =TFA,, (59)

where carrying out the integrals over the positions {x;}
yields

dk & b 0
I :/— q-(—jky >H Pis--s Pn)- (60
(zﬂ)d j:l J ij apﬂ/ ( 1 ) ( )

In the path integral over the gauge field, this looks like
an additional Feynman rule for the emission of a single
photon from each line, which involves a derivative acting
on the hard function. In fact, the result of Eq. (59) is
incomplete. In Eq. (55), the hard function depends upon
the gauge field, as it must. Expanding this order-by-order
in the coupling amounts to including the effects of soft
photon emissions from inside the hard interaction (see
Ref. [21] for a detailed explanation). As shown in the
very early work of Ref. [78], such contributions can be
fixed by gauge invariance. The most straightforward way
to implement this here is to note that the factor I'* will
form part of a complete scattering amplitude A* for the
emission of a photon of momentum &, which must satisfy
the Ward identity k, A* = 0. This in turn implies that we
must modify
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-1, k" = 0. (61)

Requiring a local combination of momenta yields the
unique result (see also Ref. [108])

dp & ’ y
tr= [ L5 g (Ll 0
(27)" = pj kopj, pj kopj,

X H(piy..os Pn)- (62)

Comparison with Eq. (24) allows to explicitly recognize
the form of the orbital angular momentum of each hard
particle,6 a fact which was not clarified in Ref. [21].
However, it makes precise the above expectation, that
nonzero initial positions of the dipole members will
indeed give rise to the orbital angular momentum part
of the next-to-soft theorem.

The physics of angular-ordering breaking is then as
follows. Soft radiation has an infinite Compton wavelength,
and thus is unable to see the separation between the two
fermion worldlines, as they emanate from a given hard
interaction. Next-to-soft radiation, on the other hand, is able
to resolve the length scale corresponding to the difference
in initial particle positions, which manifests itself in the
orbital angular momentum contributions being nonzero, as
captured by the momentum shifts in Eq. (32). The fact that
wide-angle radiation now sees the initial “size” of the
dipole means that it will no longer see a zero net charge.
Hence, radiation can be present outside the cone.

Our analysis in this section was of radiation in QED,
but a similar analysis could be carried out in QCD. For pairs
of color charges forming a color singlet, the above analysis
straightforwardly generalizes: there is no radiation outside
the cone at leading power [14], but there would indeed be at
next-to-leading power. A more involved analysis would be
needed for partons which do not form a color singlet. In that
case, there is radiation outside the cone even at leading
power, but one would expect the radiation profile to change
at next-to-leading power, as could be analyzed on a case-
by-case basis.

IV. CONCLUSION

In this paper, we have performed a case study looking
at the physical interpretation of next-to-soft radiation.
The characterization of such radiation is of great interest
in furthering the precision frontier at current collider

®Note that similar formulas are obtained in alternative ap-
proaches to (next-to) soft physics e.g., SCET. See Ref. [109] for a
recent discussion.

experiments, as well as addressing interesting conceptual
questions in field theory. In addition to building up new
methods and techniques, it is important to build intuition
about next-to-soft physics, that may in turn inform further
developments. With this motivation in mind, we have here
focused on a particular formula for incorporating gluon
radiation using a dipolelike formula that incorporates next-
to-soft effects through shifts of the momenta appearing in
the nonradiative amplitude. This formula first appeared for
color-singlet final states in Ref. [31], and was extended to
particular processes with partons in the final state in
Ref. [32]. We have here checked its validity in another
process (Wg production), and we expect our analysis to
generalize further. Next, we looked at the physical conse-
quences of this formula, which stem from the fact that it has
the form of a sum of dipolelike contributions.

One of the most well-known properties of soft emission
from dipoles is that interference effects lead to suppression
of the radiation outside cones surrounding each hard
particle, whose half-angle corresponds to the opening angle
between the constituents of the dipole. Faced with Eq. (32),
then, we can ask if the inclusion of next-to-soft corrections
breaks the angular-ordering property. Indeed it does, and
the physical mechanism of this is that the momentum shifts
capture precisely that part of the next-to-soft physics—
orbital angular momentum contributions—that is associ-
ated with an initial separation between the dipole constitu-
ents. This provides a new length scale, which the radiation
is then able to resolve. Although this creates some radiation
outside the cones described above, there still remains a
significant discontinuity in the radiation distribution at the
edge of the cone.

We hope that our results provide useful physical intuition
to researchers working in this area, as well as inspiring
further similar studies.

ACKNOWLEDGMENTS

E.L. and A.T. would like to thank the MHRD
Government of India, for the SPARC Grant No. SPARC/
2018-2019/P578/SL, entitled Perturbative QCD  for
Precision Physics at the LHC. C.D.W. is supported by
the UK Science and Technology Facilities Council (STFC)
Grants No. ST/P000258/1 and No. ST/T000759/1. M. v. B.
was supported by a Royal Society Research Professorship
(RP\R1\180112), and by the STFC Grant No. ST/
T000864/1. S.P. would like to thank Satyajit Seth for
useful discussions. S.P. would like to thank the Physical
Research Laboratory, Department of Space, Government of
India, for a Post Doctoral Fellowship. A. D. would like to
thank CSIR, Government of India, for an SRF fellowship
(09/1001(00 49)/2019- EMR-I).

074005-13



MELISSA VAN BEEKVELD et al.

PHYS. REV. D 109, 074005 (2024)

[1] G. Parisi, Summing large perturbative corrections in QCD,
Phys. Lett. 90B, 295 (1980).

[2] G. Curci and M. Greco, Large infrared corrections in QCD
processes, Phys. Lett. 92B, 175 (1980).

[3] G. Sterman, Summation of large corrections to short
distance hadronic cross-sections, Nucl. Phys. B281, 310
(1987).

[4] S. Catani and L. Trentadue, Resummation of the QCD
perturbative series for hard processes, Nucl. Phys. B327,
323 (1989).

[5] J. G. M. Gatheral, Exponentiation of eikonal cross-sections
in non-Abelian gauge theories, Phys. Lett. 133B, 90
(1983).

[6] J. Frenkel and J. C. Taylor, Nonabelian eikonal exponen-
tiation, Nucl. Phys. B246, 231 (1984).

[7] G. Sterman, Infrared divergences in perturbative QCD, in
Proceedings, Perturbative Quantum Chromodynamics,
Tallahassee (1981), pp. 22-40, https://pubs.aip.org/aip/
acp/article-abstract/74/1/22/744598/Infrared-divergences-
in-perturbative-QCD?.

[8] G.P. Korchemsky and G. Marchesini, Structure function
for large x and renormalization of Wilson loop, Nucl. Phys.
B406, 225 (1993).

[9] G.P. Korchemsky and G. Marchesini, Resummation of
large infrared corrections using Wilson loops, Phys. Lett. B
313, 433 (1993).

[10] T. Becher and M. Neubert, Threshold resummation in
momentum space from effective field theory, Phys. Rev.
Lett. 97, 082001 (2006).

[11] M.D. Schwartz, Resummation and NLO matching of
event shapes with effective field theory, Phys. Rev. D
77, 014026 (2008).

[12] C. W. Bauer, S.P. Fleming, C. Lee, and G.F. Sterman,
Factorization of e"e”™ event shape distributions with
hadronic final states in soft collinear effective theory,
Phys. Rev. D 78, 034027 (2008).

[13] J.-y. Chiu, A. Fuhrer, R. Kelley, and A.V. Manohar,
Factorization structure of gauge theory amplitudes and
application to hard scattering processes at the LHC, Phys.
Rev. D 80, 094013 (2009).

[14] R.K. Ellis, W.J. Stirling, and B.R. Webber, QCD and
collider physics, Cambridge Monogr. Part. Phys., Nucl.
Phys., Cosmol. 8, 1 (1996).

[15] J. Campbell, J. Huston, and F. Krauss, The Black Book of
Quantum Chromodynamics (Oxford University Press,
New York, 2017).

[16] G. Grunberg and V. Ravindran, On threshold resummation
beyond leading 1-x order, J. High Energy Phys. 10 (2009)
055.

[17] G. Soar, S. Moch, J. Vermaseren, and A. Vogt, On Higgs-
exchange DIS, physical evolution kernels and fourth-order
splitting functions at large x, Nucl. Phys. B832, 152
(2010).

[18] S. Moch and A. Vogt, On nonsinglet physical evolution
kernels and large-x coefficient functions in perturbative
QCD, J. High Energy Phys. 11 (2009) 099.

[19] S. Moch and A. Vogt, Threshold resummation of the
structure function F(L), J. High Energy Phys. 04 (2009)
081.

[20] E. Laenen, L. Magnea, G. Stavenga, and C.D. White,
Next-to-eikonal corrections to soft gluon radiation:
A diagrammatic approach, J. High Energy Phys. 01
(2011) 141.

[21] E. Laenen, G. Stavenga, and C.D. White, Path integral
approach to eikonal and next-to-eikonal exponentiation,
J. High Energy Phys. 03 (2009) 054.

[22] D. de Florian, J. Mazzitelli, S. Moch, and A. Vogt,
Approximate N3LO Higgs-boson production cross section
using physical-kernel constraints, J. High Energy Phys. 10
(2014) 176.

[23] N. Lo Presti, A. Almasy, and A. Vogt, Leading large-x
logarithms of the quark & gluon contributions to inclusive
Higgs-boson and lepton-pair production, Phys. Lett. B
737, 120 (2014).

[24] D. Bonocore, E. Laenen, L. Magnea, S. Melville, L.
Vernazza, and C.D. White, A factorization approach to
next-to-leading-power threshold logarithms, J. High
Energy Phys. 06 (2015) 008.

[25] D. Bonocore, E. Laenen, L. Magnea, L. Vernazza, and
C.D. White, Non-Abelian factorisation for next-to-
leading-power threshold logarithms, J. High Energy Phys.
12 (2016) 121.

[26] D. Bonocore, Asymptotic dynamics on the worldline for
spinning particles, J. High Energy Phys. 02 (2021) 007.

[27] H. Gervais, Soft photon theorem for high energy ampli-
tudes in Yukawa and scalar theories, Phys. Rev. D 95,
125009 (2017).

[28] H. Gervais, Soft graviton emission at high and low
energies in Yukawa and scalar theories, Phys. Rev. D
96, 065007 (2017).

[29] H. Gervais, Soft radiation theorems at all loop order in
quantum field theory, Ph.D. thesis, SUNY, Stony Brook,
2017.

[30] E. Laenen, J. Sinninghe Damsté, L. Vernazza, W.
Waalewijn, and L. Zoppi, Towards all-order factorization
of QED amplitudes at next-to-leading power, Phys. Rev. D
103, 034022 (2021).

[31] V. Del Duca, E. Laenen, L. Magnea, L. Vernazza, and
C. D. White, Universality of next-to-leading power thresh-
old effects for colourless final states in hadronic collisions,
J. High Energy Phys. 11 (2017) 057.

[32] M. van Beekveld, W. Beenakker, E. Laenen, and C.D.
White, Next-to-leading power threshold effects for inclu-
sive and exclusive processes with final state jets, J. High
Energy Phys. 03 (2020) 106.

[33] D. Bonocore, E. Laenen, L. Magnea, L. Vernazza, and
C.D. White, The method of regions and next-to-soft
corrections in Drell-Yan production, Phys. Lett. B 742,
375 (2015).

[34] N. Bahjat-Abbas, J. Sinninghe Damsté, L. Vernazza, and
C.D. White, On next-to-leading power threshold correc-
tions in Drell-Yan production at N3LO, J. High Energy
Phys. 10 (2018) 144.

[35] M. A. Ebert, I. Moult, I. W. Stewart, F.J. Tackmann, G.
Vita, and H. X. Zhu, Power corrections for N-jettiness
subtractions at O(«y), J. High Energy Phys. 12 (2018) 084.

[36] R. Boughezal, A. Isgro, and F. Petriello, Next-to-leading-
logarithmic power corrections for N-jettiness subtraction

074005-14


https://doi.org/10.1016/0370-2693(80)90746-7
https://doi.org/10.1016/0370-2693(80)90331-7
https://doi.org/10.1016/0550-3213(87)90258-6
https://doi.org/10.1016/0550-3213(87)90258-6
https://doi.org/10.1016/0550-3213(89)90273-3
https://doi.org/10.1016/0550-3213(89)90273-3
https://doi.org/10.1016/0370-2693(83)90112-0
https://doi.org/10.1016/0370-2693(83)90112-0
https://doi.org/10.1016/0550-3213(84)90294-3
https://pubs.aip.org/aip/acp/article-abstract/74/1/22/744598/Infrared-divergences-in-perturbative-QCD?
https://pubs.aip.org/aip/acp/article-abstract/74/1/22/744598/Infrared-divergences-in-perturbative-QCD?
https://pubs.aip.org/aip/acp/article-abstract/74/1/22/744598/Infrared-divergences-in-perturbative-QCD?
https://pubs.aip.org/aip/acp/article-abstract/74/1/22/744598/Infrared-divergences-in-perturbative-QCD?
https://pubs.aip.org/aip/acp/article-abstract/74/1/22/744598/Infrared-divergences-in-perturbative-QCD?
https://doi.org/10.1016/0550-3213(93)90167-N
https://doi.org/10.1016/0550-3213(93)90167-N
https://doi.org/10.1016/0370-2693(93)90015-A
https://doi.org/10.1016/0370-2693(93)90015-A
https://doi.org/10.1103/PhysRevLett.97.082001
https://doi.org/10.1103/PhysRevLett.97.082001
https://doi.org/10.1103/PhysRevD.77.014026
https://doi.org/10.1103/PhysRevD.77.014026
https://doi.org/10.1103/PhysRevD.78.034027
https://doi.org/10.1103/PhysRevD.80.094013
https://doi.org/10.1103/PhysRevD.80.094013
https://doi.org/10.1017/CBO9780511628788
https://doi.org/10.1017/CBO9780511628788
https://doi.org/10.1088/1126-6708/2009/10/055
https://doi.org/10.1088/1126-6708/2009/10/055
https://doi.org/10.1016/j.nuclphysb.2010.02.003
https://doi.org/10.1016/j.nuclphysb.2010.02.003
https://doi.org/10.1088/1126-6708/2009/11/099
https://doi.org/10.1088/1126-6708/2009/04/081
https://doi.org/10.1088/1126-6708/2009/04/081
https://doi.org/10.1007/JHEP01(2011)141
https://doi.org/10.1007/JHEP01(2011)141
https://doi.org/10.1088/1126-6708/2009/03/054
https://doi.org/10.1007/JHEP10(2014)176
https://doi.org/10.1007/JHEP10(2014)176
https://doi.org/10.1016/j.physletb.2014.08.044
https://doi.org/10.1016/j.physletb.2014.08.044
https://doi.org/10.1007/JHEP06(2015)008
https://doi.org/10.1007/JHEP06(2015)008
https://doi.org/10.1007/JHEP12(2016)121
https://doi.org/10.1007/JHEP12(2016)121
https://doi.org/10.1007/JHEP02(2021)007
https://doi.org/10.1103/PhysRevD.95.125009
https://doi.org/10.1103/PhysRevD.95.125009
https://doi.org/10.1103/PhysRevD.96.065007
https://doi.org/10.1103/PhysRevD.96.065007
https://doi.org/10.1103/PhysRevD.103.034022
https://doi.org/10.1103/PhysRevD.103.034022
https://doi.org/10.1007/JHEP11(2017)057
https://doi.org/10.1007/JHEP03(2020)106
https://doi.org/10.1007/JHEP03(2020)106
https://doi.org/10.1016/j.physletb.2015.02.008
https://doi.org/10.1016/j.physletb.2015.02.008
https://doi.org/10.1007/JHEP10(2018)144
https://doi.org/10.1007/JHEP10(2018)144
https://doi.org/10.1007/JHEP12(2018)084

NEXT-TO-SOFT RADIATION FROM A DIFFERENT ANGLE

PHYS. REV. D 109, 074005 (2024)

in color-singlet production, Phys. Rev. D 97, 076006
(2018).

[37] R. Boughezal, A. Isgro, and F. Petriello, Next-to-leading
power corrections to V + 1 jet production in N-jettiness
subtraction, Phys. Rev. D 101, 016005 (2020).

[38] N. Bahjat-Abbas, D. Bonocore, J. Sinninghe Damsté, E.
Laenen, L. Magnea, L. Vernazza, and C.D. White, Dia-
grammatic resummation of leading-logarithmic threshold
effects at next-to-leading power, J. High Energy Phys. 11
(2019) 002.

[39] A.H. Ajjath, P. Mukherjee, and V. Ravindran, On next to
soft corrections to Drell-Yan and Higgs Boson produc-
tions, Phys. Rev. D 105, 094035 (2022).

[40] A.H. Ajjath, P. Mukherjee, V. Ravindran, A. Sankar, and
S. Tiwari, On next to soft threshold corrections to DIS and
SIA processes, J. High Energy Phys. 04 (2021) 131.

[41] A.H. Ajjath, P. Mukherjee, V. Ravindran, A. Sankar, and
S. Tiwari, On next to soft corrections for Drell-Yan and
Higgs boson rapidity distributions beyond N3LO, Phys.
Rev. D 103, L111502 (2021).

[42] T. Ahmed, A. A. H., P. Mukherjee, V. Ravindran, and A.
Sankar, Rapidity distribution at soft-virtual and beyond for
n-colorless particles to N* LO in QCD, Eur. Phys. J. C 81,
943 (2021).

[43] T. Ahmed, A.H. Ajjath, G. Das, P. Mukherjee, V.
Ravindran, and S. Tiwari, Soft-virtual correction and
threshold resummation for n-colorless particles to fourth
order in QCD: Part I, arXiv:2010.02979.

[44] A.H. Ajjath, P. Mukherjee, V. Ravindran, A. Sankar,
and S. Tiwari, Next-to SV resummed Drell-Yan cross
section beyond leading-logarithm, Eur. Phys. J. C 82, 234
(2022).

[45] D. W. Kolodrubetz, I. Moult, and I. W. Stewart, Building
blocks for subleading helicity operators, J. High Energy
Phys. 05 (2016) 139.

[46] 1. Moult, L. Rothen, I. W. Stewart, F.J. Tackmann, and
H.X. Zhu, Subleading power corrections for N-jettiness
subtractions, Phys. Rev. D 95, 074023 (2017).

[47] 1. Feige, D. W. Kolodrubetz, 1. Moult, and 1. W. Stewart,
A complete basis of helicity operators for subleading
factorization, J. High Energy Phys. 11 (2017) 142.

[48] M. Beneke, M. Garny, R. Szafron, and J. Wang, Anoma-
lous dimension of subleading-power N-jet operators,
J. High Energy Phys. 03 (2018) 001.

[49] M. Beneke, M. Garny, R. Szafron, and J. Wang, Anoma-
lous dimension of subleading-power N-jet operators. Part
IL, J. High Energy Phys. 11 (2018) 112.

[50] A. Bhattacharya, I. Moult, I. W. Stewart, and G.
Vita, Helicity methods for high multiplicity subleading
soft and collinear limits, J. High Energy Phys. 05 (2019)
192.

[51] M. Beneke, M. Garny, R. Szafron, and J. Wang, Violation
of the Kluberg-Stern-Zuber theorem in SCET, J. High
Energy Phys. 09 (2019) 101.

[52] G.T. Bodwin, J.-H. Ee, J. Lee, and X.-P. Wang, Renorm-
alization of the radiative jet function, Phys. Rev. D 104,
116025 (2021).

[53] I. Moult, I. W. Stewart, and G. Vita, Subleading power
factorization with radiative functions, J. High Energy Phys.
11 (2019) 153.

[54] M. Beneke, A. Broggio, S. Jaskiewicz, and L. Vernazza,
Threshold factorization of the Drell-Yan process at next-to-
leading power, J. High Energy Phys. 07 (2020) 078.

[55] Z.L. Liu and M. Neubert, Factorization at subleading
power and endpoint-divergent convolutions in h — yy
decay, J. High Energy Phys. 04 (2020) 033.

[56] Z.L. Liu, B. Mecaj, M. Neubert, and X. Wang, Factori-
zation at subleading power, Sudakov resummation, and
endpoint divergences in soft-collinear effective theory,
Phys. Rev. D 104, 014004 (2021).

[57] R. Boughezal, X. Liu, and F. Petriello, Power corrections
in the N-jettiness subtraction scheme, J. High Energy Phys.
03 (2017) 160.

[58] 1. Moult, I. W. Stewart, and G. Vita, A subleading operator
basis and matching for gg — H, J. High Energy Phys. 07
(2017) 067.

[59] C.-H. Chang, I. W. Stewart, and G. Vita, A subleading
power operator basis for the scalar quark current, J. High
Energy Phys. 04 (2018) 041.

[60] I. Moult, I. W. Stewart, G. Vita, and H. X. Zhu, First
subleading power resummation for event shapes, J. High
Energy Phys. 08 (2018) 013.

[61] M. Beneke, A. Broggio, M. Garny, S. Jaskiewicz, R.
Szafron, L. Vernazza, and J. Wang, Leading-logarithmic
threshold resummation of the Drell-Yan process at next-to-
leading power, J. High Energy Phys. 03 (2019) 043.

[62] M. A. Ebert, I. Moult, I. W. Stewart, F.J. Tackmann, G.
Vita, and H. X. Zhu, Subleading power rapidity divergen-
ces and power corrections for qr, J. High Energy Phys. 04
(2019) 123.

[63] M. Beneke, M. Garny, S. Jaskiewicz, R. Szafron, L.
Vernazza, and J. Wang, Leading-logarithmic threshold
resummation of Higgs production in gluon fusion at
next-to-leading power, J. High Energy Phys. 01 (2020)
094.

[64] 1. Moult, I. W. Stewart, G. Vita, and H. X. Zhu, The soft
quark Sudakov, J. High Energy Phys. 05 (2020) 089.

[65] Z.L. Liu and M. Neubert, Two-loop radiative jet function
for exclusive B-meson and Higgs decays, J. High Energy
Phys. 06 (2020) 060.

[66] Z.L. Liu, B. Mecaj, M. Neubert, X. Wang, and S. Fleming,
Renormalization and scale evolution of the soft-quark soft
function, J. High Energy Phys. 07 (2020) 104.

[67] J. Wang, Resummation of double logarithms in loop-
induced processes with effective field theory, arXiv:
1912.09920.

[68] M. Beneke, M. Garny, S. Jaskiewicz, R. Szafron,
L. Vernazza, and J. Wang, Large-x resummation of
off-diagonal deep-inelastic parton scattering from
d-dimensional refactorization, J. High Energy Phys. 10
(2020) 196.

[69] M. van Beekveld, L. Vernazza, and C. D. White, Threshold
resummation of new partonic channels at next-to-leading
power, J. High Energy Phys. 12 (2021) 087.

[70] P. Banerjee, T. Engel, N. Schalch, A. Signer, and Y. Ulrich,
Bhabha scattering at NNLO with next-to-soft stabilisation,
Phys. Lett. B 820, 136547 (2021).

[71] T. Engel, A. Signer, and Y. Ulrich, Universal structure of
radiative QED amplitudes at one loop, J. High Energy
Phys. 04 (2022) 097.

074005-15


https://doi.org/10.1103/PhysRevD.97.076006
https://doi.org/10.1103/PhysRevD.97.076006
https://doi.org/10.1103/PhysRevD.101.016005
https://doi.org/10.1007/JHEP11(2019)002
https://doi.org/10.1007/JHEP11(2019)002
https://doi.org/10.1103/PhysRevD.105.094035
https://doi.org/10.1007/JHEP04(2021)131
https://doi.org/10.1103/PhysRevD.103.L111502
https://doi.org/10.1103/PhysRevD.103.L111502
https://doi.org/10.1140/epjc/s10052-021-09658-9
https://doi.org/10.1140/epjc/s10052-021-09658-9
https://arXiv.org/abs/2010.02979
https://doi.org/10.1140/epjc/s10052-022-10174-7
https://doi.org/10.1140/epjc/s10052-022-10174-7
https://doi.org/10.1007/JHEP05(2016)139
https://doi.org/10.1007/JHEP05(2016)139
https://doi.org/10.1103/PhysRevD.95.074023
https://doi.org/10.1007/JHEP11(2017)142
https://doi.org/10.1007/JHEP03(2018)001
https://doi.org/10.1007/JHEP11(2018)112
https://doi.org/10.1007/JHEP05(2019)192
https://doi.org/10.1007/JHEP05(2019)192
https://doi.org/10.1007/JHEP09(2019)101
https://doi.org/10.1007/JHEP09(2019)101
https://doi.org/10.1103/PhysRevD.104.116025
https://doi.org/10.1103/PhysRevD.104.116025
https://doi.org/10.1007/JHEP11(2019)153
https://doi.org/10.1007/JHEP11(2019)153
https://doi.org/10.1007/JHEP07(2020)078
https://doi.org/10.1007/JHEP04(2020)033
https://doi.org/10.1103/PhysRevD.104.014004
https://doi.org/10.1007/JHEP03(2017)160
https://doi.org/10.1007/JHEP03(2017)160
https://doi.org/10.1007/JHEP07(2017)067
https://doi.org/10.1007/JHEP07(2017)067
https://doi.org/10.1007/JHEP04(2018)041
https://doi.org/10.1007/JHEP04(2018)041
https://doi.org/10.1007/JHEP08(2018)013
https://doi.org/10.1007/JHEP08(2018)013
https://doi.org/10.1007/JHEP03(2019)043
https://doi.org/10.1007/JHEP04(2019)123
https://doi.org/10.1007/JHEP04(2019)123
https://doi.org/10.1007/JHEP01(2020)094
https://doi.org/10.1007/JHEP01(2020)094
https://doi.org/10.1007/JHEP05(2020)089
https://doi.org/10.1007/JHEP06(2020)060
https://doi.org/10.1007/JHEP06(2020)060
https://doi.org/10.1007/JHEP07(2020)104
https://arXiv.org/abs/1912.09920
https://arXiv.org/abs/1912.09920
https://doi.org/10.1007/JHEP10(2020)196
https://doi.org/10.1007/JHEP10(2020)196
https://doi.org/10.1007/JHEP12(2021)087
https://doi.org/10.1016/j.physletb.2021.136547
https://doi.org/10.1007/JHEP04(2022)097
https://doi.org/10.1007/JHEP04(2022)097

MELISSA VAN BEEKVELD et al.

PHYS. REV. D 109, 074005 (2024)

[72] T. Engel, The LBK theorem to all orders, J. High Energy
Phys. 07 (2023) 177.

[73] A. A. Penin, High-energy limit of quantum electrodynam-
ics beyond Sudakov approximation, Phys. Lett. B 745, 69
(2015); 751, 596(E) (2015); 771, 633(E) (2017).

[74] C. Anastasiou and A. Penin, Light quark mediated Higgs
boson threshold production in the next-to-leading loga-
rithmic approximation, J. High Energy Phys. 07 (2020)
195; 01 (2021) 164(E).

[75] A. Broggio, S. Jaskiewicz, and L. Vernazza, Next-to-
leading power two-loop soft functions for the Drell-Yan
process at threshold, J. High Energy Phys. 10 (2021) 061.

[76] M. Beneke, M. Garny, S. Jaskiewicz, J. Strohm, R.
Szafron, L. Vernazza, and J. Wang, Next-to-leading power
endpoint factorization and resummation for off-diagonal
“gluon” thrust, J. High Energy Phys. 07 (2022) 144.

[77] T. Hurth and R. Szafron, Refactorisation in subleading
B — X,y, Nucl. Phys. B991, 116200 (2023).

[78] F. E. Low, Bremsstrahlung of very low-energy quanta in
elementary particle collisions, Phys. Rev. 110, 974 (1958).

[79] T.H. Burnett and N. M. Kroll, Extension of the low soft
photon theorem, Phys. Rev. Lett. 20, 86 (1968).

[80] V. Del Duca, High-energy bremsstrahlung theorems for
soft photons, Nucl. Phys. B345, 369 (1990).

[81] M. Kramer, E. Laenen, and M. Spira, Soft gluon radiation
in Higgs boson production at the LHC, Nucl. Phys. B511,
523 (1998).

[82] R.D. Ball, M. Bonvini, S. Forte, S. Marzani, and G.
Ridolfi, Higgs production in gluon fusion beyond NNLO,
Nucl. Phys. B874, 746 (2013).

[83] M. Bonvini, S. Forte, G. Ridolfi, and L. Rottoli, Resum-
mation prescriptions and ambiguities in SCET vs direct
QCD: Higgs production as a case study, J. High Energy
Phys. 01 (2015) 046.

[84] C. Anastasiou, C. Duhr, F. Dulat, F. Herzog, and B.
Mistlberger, Higgs boson gluon-fusion production in
QCD at three loops, Phys. Rev. Lett. 114, 212001 (2015).

[85] C. Anastasiou, C. Duhr, F. Dulat, E. Furlan, T. Gehrmann,
F. Herzog, A. Lazopoulos, and B. Mistlberger, High pre-
cision determination of the gluon fusion Higgs boson cross-
section at the LHC, J. High Energy Phys. 05 (2016) 058.

[86] M. van Beekveld, W. Beenakker, R. Basu, E. Laenen, A.
Misra, and P. Motylinski, Next-to-leading power threshold
effects for resummed prompt photon production, Phys.
Rev. D 100, 056009 (2019).

[87] M. van Beekveld, E. Laenen, J. Sinninghe Damsté, and L.
Vernazza, Next-to-leading power threshold corrections for
finite order and resummed colour-singlet cross sections,
J. High Energy Phys. 05 (2021) 114.

[88] S. Makarov, K. Melnikov, P. Nason, and M. A. Ozcelik,
Linear power corrections to single top production proc-
esses at the LHC, J. High Energy Phys. 05 (2023) 153.

[89] S. Makarov, K. Melnikov, P. Nason, and M. A. Ozcelik,
Linear power corrections to top quark pair production in
hadron collisions, J. High Energy Phys. 01 (2024) 074.

[90] A. A H, P. Mukherjee, and V. Ravindran, Going beyond
soft plus virtual, Phys. Rev. D 105, L091503 (2022).

[91] R. van Bijleveld, E. Laenen, L. Vernazza, and G. Wang,
Next-to-leading power resummed rapidity distributions
near threshold for Drell-Yan and diphoton production,
J. High Energy Phys. 10 (2023) 126.

[92] G. Sterman and W. Vogelsang, Power corrections to
electroweak boson production from threshold resumma-
tion, Phys. Rev. D 107, 014009 (2023).

[93] M. Czakon, F. Eschment, and T. Schellenberger, Sublead-
ing effects in soft-gluon emission at one-loop in massless
QCD, J. High Energy Phys. 12 (2023) 126.

[94] J. Smith, D. Thomas, and W.L. van Neerven, QCD
corrections to the reaction pp - Wy X, Z. Phys. C 44,
267 (1989).

[95] W.T. Giele, E. W.N. Glover, and D. A. Kosower, Higher
order corrections to jet cross-sections in hadron colliders,
Nucl. Phys. B403, 633 (1993).

[96] J. A. M. Vermaseren, New features of form, arXiv:math-
ph/0010025.

[97] J. Kublbeck, H. Eck, and R. Mertig, Computeralgebraic
generation and calculation of Feynman graphs using
FeynArts and FeynCalc, Nucl. Phys. B, Proc. Suppl. 29A,
204 (1992).

[98] S. Frixione, A next-to-leading order calculation of the
cross-section for the production of WW~ pairs in had-
ronic collisions, Nucl. Phys. B410, 280 (1993).

[99] S. Catani and M. H. Seymour, A general algorithm for
calculating jet cross-sections in NLO QCD, Nucl. Phys.
B485, 291 (1997).

[100] S. Catani and M. H. Seymour, The dipole formalism for the
calculation of QCD jet cross- sections at next-to-leading
order, Phys. Lett. B 378, 287 (1996).

[101] F. Cachazo and A. Strominger, Evidence for a new soft
graviton theorem, arXiv:1404.4091.

[102] E. Casali, Soft sub-leading divergences in Yang-Mills
amplitudes, J. High Energy Phys. 08 (2014) 077.

[103] C. White, Diagrammatic insights into next-to-soft correc-
tions, Phys. Lett. B 737, 216 (2014).

[104] C.D. White, The SAGEX review on scattering amplitudes,
Chapter 12: Amplitudes and collider physics, J. Phys. A
55, 443013 (2022).

[105] S. Pasterski, S.-H. Shao, and A. Strominger, Flat space
amplitudes and conformal symmetry of the celestial
sphere, Phys. Rev. D 96, 065026 (2017).

[106] S. Pasterski and S.-H. Shao, Conformal basis for flat space
amplitudes, Phys. Rev. D 96, 065022 (2017).

[107] X. Feal, A. Tarasov, and R. Venugopalan, QED as a many-
body theory of worldlines: General formalism and infrared
structure, Phys. Rev. D 106, 056009 (2022).

[108] Z. Bern, S. Davies, and J. Nohle, On loop corrections to
subleading soft behavior of gluons and gravitons, Phys.
Rev. D 90, 085015 (2014).

[109] M. Beneke, P. Hager, and R. Szafron, Gravitational soft
theorem from emergent soft gauge symmetries, J. High
Energy Phys. 03 (2022) 199.

074005-16


https://doi.org/10.1007/JHEP07(2023)177
https://doi.org/10.1007/JHEP07(2023)177
https://doi.org/10.1016/j.physletb.2015.04.036
https://doi.org/10.1016/j.physletb.2015.04.036
https://doi.org/10.1016/j.physletb.2015.10.035
https://doi.org/10.1016/j.physletb.2017.05.069
https://doi.org/10.1007/JHEP07(2020)195
https://doi.org/10.1007/JHEP07(2020)195
https://doi.org/10.1007/JHEP01(2021)164
https://doi.org/10.1007/JHEP10(2021)061
https://doi.org/10.1007/JHEP07(2022)144
https://doi.org/10.1016/j.nuclphysb.2023.116200
https://doi.org/10.1103/PhysRev.110.974
https://doi.org/10.1103/PhysRevLett.20.86
https://doi.org/10.1016/0550-3213(90)90392-Q
https://doi.org/10.1016/S0550-3213(97)00679-2
https://doi.org/10.1016/S0550-3213(97)00679-2
https://doi.org/10.1016/j.nuclphysb.2013.06.012
https://doi.org/10.1007/JHEP01(2015)046
https://doi.org/10.1007/JHEP01(2015)046
https://doi.org/10.1103/PhysRevLett.114.212001
https://doi.org/10.1007/JHEP05(2016)058
https://doi.org/10.1103/PhysRevD.100.056009
https://doi.org/10.1103/PhysRevD.100.056009
https://doi.org/10.1007/JHEP05(2021)114
https://doi.org/10.1007/JHEP05(2023)153
https://doi.org/10.1007/JHEP01(2024)074
https://doi.org/10.1103/PhysRevD.105.L091503
https://doi.org/10.1007/JHEP10(2023)126
https://doi.org/10.1103/PhysRevD.107.014009
https://doi.org/10.1007/JHEP12(2023)126
https://doi.org/10.1007/BF01557332
https://doi.org/10.1007/BF01557332
https://doi.org/10.1016/0550-3213(93)90365-V
https://arXiv.org/abs/math-ph/0010025
https://arXiv.org/abs/math-ph/0010025
https://doi.org/10.1016/0920-5632(92)90444-W
https://doi.org/10.1016/0920-5632(92)90444-W
https://doi.org/10.1016/0550-3213(93)90435-R
https://doi.org/10.1016/S0550-3213(96)00589-5
https://doi.org/10.1016/S0550-3213(96)00589-5
https://doi.org/10.1016/0370-2693(96)00425-X
https://arXiv.org/abs/1404.4091
https://doi.org/10.1007/JHEP08(2014)077
https://doi.org/10.1016/j.physletb.2014.08.041
https://doi.org/10.1088/1751-8121/ac8649
https://doi.org/10.1088/1751-8121/ac8649
https://doi.org/10.1103/PhysRevD.96.065026
https://doi.org/10.1103/PhysRevD.96.065022
https://doi.org/10.1103/PhysRevD.106.056009
https://doi.org/10.1103/PhysRevD.90.085015
https://doi.org/10.1103/PhysRevD.90.085015
https://doi.org/10.1007/JHEP03(2022)199
https://doi.org/10.1007/JHEP03(2022)199

