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Abstract Electroweak radiative corrections to the produc-
tion of high-multiplicity final states with several intermediate
resonances in most cases can be sufficiently well described by
the leading contribution of an expansion about the resonance
poles. In this approach, also known as pole approximation,
corrections are classified into separately gauge-invariant fac-
torizable and non-factorizable corrections, where the former
can be attributed to the production and decay of the unstable
particles on their mass shell. The remaining non-factorizable
corrections are induced by the exchange of soft photons
between different production and decay subprocesses. We
give explicit analytical results for the non-factorizable pho-
tonic virtual corrections to the production of an arbitrary
number of unstable particles at the one-loop level and, thus,
present an essential building block in the calculation of next-
to-leading-order electroweak corrections in pole approxima-
tion. The remaining virtual factorizable corrections can be
obtained with modern automated one-loop matrix-element
generators, while the evaluation of the corresponding real
photonic corrections can be evaluated with full matrix ele-
ments by multi-purpose Monte Carlo generators. Our results
can be easily modified to non-factorizable QCD corrections,
which are induced by soft-gluon exchange.

1 Introduction

With very few exceptions, all interesting fundamental parti-
cles are unstable and can only be reconstructed after collect-
ing their decay products in detectors. In the Standard Model
(SM), this most notably concerns the gauge bosons W and Z
of the weak interaction, the top quark, and the Higgs boson,
for which a candidate was found at the LHC in 2012. In
extensions of the SM, typically more heavy, unstable parti-
cles are predicted, such as additional Higgs bosons or gluinos,
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charginos, neutralinos, and sfermions in supersymmetric the-
ories. After the first period of data taking at the LHC, the SM
is in better shape than ever in describing practically all phe-
nomena in high-energy particle physics. The search for new
physics, thus, has to proceed with precision at the highest
possible level, in order to reveal any possible deviation from
SM predictions. To this end, both QCD and electroweak cor-
rections have to be included in cross-section predictions.
Production processes of unstable particles notoriously
lead to many-particle final states where the bulk of cross-
section contributions results from phase-space regions where
the intermediate unstable particles are resonant, i.e. near their
mass shell. In the usual perturbative evaluation of scatter-
ing amplitudes in quantum field theory, a particle propaga-
tor develops a pole at the resonance point, i.e. a proper res-
onance description requires at least a partial resummation
of self-energy corrections to the propagator near the reso-
nance. Since this procedure mixes perturbative orders, such
Dyson summations potentially lead to violations of identi-
ties (Ward, Slavnov-Taylor, Nielsen identities) that mani-
fest gauge invariance order by order in perturbation theory.
A more detailed discussion of this issue can be found in
Ref. [1] and in references therein. The two most prominent
procedures to avoid the gauge breaking are the so-called pole
scheme [2,3] and the complex-mass scheme [4,5]. Both make
use of the fact that the complex pole location p> = M~ of
an unstable particle’s propagator with momentum transfer p
is a gauge-invariant quantity which can serve for a proper
mass and decay width definition [6,7]. In the complex-mass
scheme the complex masses are consistently introduced as
input parameters, so that all coupling parameters derived
from the masses, like the electroweak mixing angle in the SM,
become complex. Being a consistent analytical continuation
to complex parameters, this scheme fully maintains gauge
invariance.! The scheme reaches the same level of accuracy

! The complex-mass scheme introduces spurious unitarity violation,
which is, however, always beyond the level of completely calculated

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-016-3968-1&domain=pdf
mailto:stefan.dittmaier@physik.uni-freiburg.de
mailto:Christopher.Schwan@physik.uni-freiburg.de

144 Page 2 of 20

Eur. Phys. J. C (2016) 76:144

in resonant and non-resonant regions in phase space. How-
ever, if one is only interested in the resonance regions, which
is typically the case in many-particle processes with low cross
sections, the scheme leads to a proliferation of terms induced
by the numerous Feynman diagrams contributing only in oft-
shell regions.

The pole scheme suggests to isolate the gauge-invariant
residues of the resonance poles and to introduce propaga-
tors with complex masses M only there, while keeping the
remaining parts untouched. Restricting this general proce-
dure to resonant contributions defines the pole approximation
(PA), which is adequate if only the off-shell behavior of cross
sections near resonances is relevant, but contributions deep in
the off-shell region are negligible. The corrections to the res-
onance residues comprise the corrections to the production
and decay subprocesses with on-shell kinematics for the res-
onant particles. Since these contributions to matrix elements
contain explicit resonance factors o< 1/(p? — MZ), they are
called factorizable corrections. The remaining resonant con-
tribution in the PA furnish the non-factorizable corrections.
They result from the fact that the infrared (IR) limit in loop
diagrams and in real emission contributions and the proce-
dure of setting particle momenta on their mass shell do not
commute with each other if the on-shell limit leads to soft IR
singularities. This is the case if a soft (real or virtual) mass-
less gauge boson bridges a resonance. The fact that only the
soft momentum region of the massless gauge boson leads to
resonant contribution simplifies the calculation of the non-
factorizable corrections, because factorization properties of
the underlying diagrams can be exploited. The terminol-
ogy “non-factorizable”, thus, does not refer to factorization
properties of diagrammatic parts, but to the off-shell behav-
ior of the corrections, which apart from resonance factors
1/(p? — Mz) contain non-analytic terms like In(p? — MZ).

The complex-mass and pole schemes were successfully
used in many higher-order calculations, both for electroweak
and QCD corrections. Here we just mention the two examples
of single and pair production of the weak gauge bosons W
and Z, where results of the two schemes have been compared
in detail. For W-pair production at LEP2, eTe™ — WW —
4 fermions, the double-pole approximation (DPA) for the two
W resonances was worked out in different next-to-leading-
order (NLO) variants [9—12], which were numerically com-
pared in detail [13]. Later the comparison to the full off-shell
NLO calculation [5,14] within the complex-mass scheme
confirmed both the expected accuracy of the DPA in the res-
onance region and the limitation in the transition region to
the off-shell domains. The situation is expected to be sim-
ilar for W-pair production at hadron colliders, where up to

Footnote 1 continued
orders [8], i.e. the spurious terms are of next-to-next-to-leading order
in next-to-leading order calculations, etc.
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now only results in DPA are known [15,16]. For the concep-
tionally simpler Drell-Yan process of single W/Z produc-
tion at hadron colliders, detailed comparisons between PA
and complex-mass scheme are discussed in Refs. [17,18].
In Ref. [18] the concept of a PA was carried to the next-to-
next-to-leading-order level and applied to the mixed QCD-
electroweak corrections of O (o). Applications of the PA
to processes with more than two resonances only exist for
leading-order (LO) predictions (see, e.g., [19]).

The concept of the PA can be carried out both for virtual
and real radiative corrections, however, care has to be taken
that the approximations are set up in such a way that the can-
cellation of IR (soft and/or collinear) singularities between
virtual and real corrections is not disturbed. If both virtual and
real corrections are treated in PA, the sum of virtual and real
non-factorizable corrections forms a closed gauge-invariant,
IR-finite subset of corrections that can be discussed sepa-
rately. For single and double resonances it has been shown
that these completely cancel at NLO [20,21] (i.e. up to the
level of non-resonant contributions) if the virtuality of the
resonances is integrated over, as done in integrated cross sec-
tions or most of the commonly used differential distributions.
For invariant-mass distributions of resonating particles, non-
factorizable corrections are non-vanishing, but turn out to
be numerically small as, e.g., discussed in the literature for
single W /Z production [18], even to O(use), or for the pro-
duction of W-boson pairs [22—24] or Z-boson pairs [25].

The smallness of the sum of virtual and real non-
factorizable corrections poses the question about their rel-
evance. Apart from the fact that there is no guarantee that
those effects are negligible unless they are calculated, the vir-
tual non-factorizable corrections alone represent an impor-
tant building block in the ongoing effort of the high-energy
community in automating NLO QCD and electroweak cor-
rections to multi-particle processes. On the side of real NLO
corrections, the required evaluation of full LO amplitudes,
together with an appropriate subtraction of IR singularities,
is under control for up to 8-10 final-state particles by auto-
mated systems such as SHERPA [26,27], MADGRAPH [28,29],
or HELAC- NLO [30,31]. On the other hand, the much more
complex evaluation of virtual one-loop amplitudes is con-
fined to lower multiplicities in spite of the great progress in
recent years reached by the one-loop matrix-element gen-
erators such as BLACKHAT [32], GoSAM [33], HELAC-
NLO [30], MADLOOP [34], NJET [35], OPENLOOPS [36], and
REcoOLA [37]. A promising approach to driving automation
to higher multiplicities in production processes with several
unstable particles in resonances — in particular in view of
electroweak corrections — is, thus, to make use of full matrix
elements in LO and on the side of the real corrections, but
to employ the PA for the virtual parts. The factorizable vir-
tual corrections can then be obtained with the above one-
loop matrix-element generators, accompanied by the non-
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factorizable virtual corrections, for which we give explicit
analytical results in this paper. We note in passing that this
kind of hybrid approach was already used in the Monte Carlo
generator RACOONWW [4,11,12,38] for W-pair production
in ete™ annihilation.

Indetail, we present generic results on the non-factorizable
virtual corrections for the production of arbitrarily many res-
onances and their decays, i.e. we do not consider resonances
that are part of cascade decays. Moreover, we restrict our
calculation to electroweak corrections to keep the deriva-
tion and results transparent, but the modifications needed for
QCD corrections are straightforward. Similar results were
given in [15], but without detailed derivation and some-
what less general. Technically, pole expansions can be car-
ried out on the basis of scattering amplitudes, as done, e.g.,
in Refs. [15,17,18,21-24], or alternatively with the help of
specifically designed effective field theories, as formulated
in Refs. [39,40]. In this paper, we entirely analyze scattering
amplitudes using the Feynman-diagrammatic approach.

The paper is organized as follows: In Sect. 2 we set our
conventions and notations and review the general structure of
the pole approximation, including the definition of factoriz-
able and non-factorizable corrections. Moreover, our strategy
for calculating the non-factorizable corrections is explained
in detail there. Section 3 contains both our general results and
their illustration in applications to the Drell-Yan process, to
vector-boson pair production, and to vector-boson scattering.
Our conclusions are presented in Sect. 4. The appendices
provide more details as regards the derivation of our central
results as well as supplementary formulas that are helpful in
the implementation of our results in computer codes.

2 Pole approximation and non-factorizable corrections
2.1 Conventions and notations

Our conventions for labeling particles and momenta are illus-
trated in Fig. 1. We distinguish between initial- and final-state
particles, where a final-state particle is either one of the n non-
resonant particles or a decay product of one of the r resonant
intermediate states.

We define the index set I comprising the indices of incom-
ing particles, the r sets R; containing the indices of the decay
products of resonance j, the set R of all r resonances, and
finally the set N collecting the n remaining particles. Typ-
ically we have I = {1, 2} and therefore |/| = 2, although
we are not limited to this case. In summary, the numbers for
resonant and non-resonant particles are related to the index
sets by

jeER={1,...,r}, (2.1a)

(2.1b)

IR} =rj,
|IN| = n.

k3

N

Fig. 1 Diagram for a typical process with multiple resonances illus-
trating the labeling of external particles for a process I — F = NUR.
The particles with indices i € I are incoming, particles with indices
i € F are outgoing. The outgoing particles either result from the decay
of a resonant particle, i € R, or are directly produced without interme-
diate resonant state, i € N. There are r resonances, which have electric
charges Q; and momenta k; with j € R = {l,...,r}. The decay
products of resonance j are labeled withi € R;

For convenience we define

,
F=NUR, R=URj, (2.2)

j=1

i.e. F isthe index set of all outgoing particles. The momentum
of external particle i is labeled with k; for i € I U F, where
momenta are defined to be outgoing. Incoming particles with
incoming momenta p;,i € I, therefore have momentum

pi = —k;. The resonant particle j has momentum
k= Z k;. (2.3)
iERj
We define invariants in the following way:
2
s = (Z pl.> , (2.4a)
iel
sij= (ki +kj)?, i, jelUF, (2.4b)
5ij=(i+kj)> ieR, jelUF, (2.4¢)
§ij=(ki —kj)* ie€R, jelUF, (2.4d)
Sij= (ki +k)% i, j€eR, (2.4e)

where whenever a quantity possesses a “bar” or a “tilde”, it
concerns a resonant (intermediate) particle. The asymmet-
ric sign convention in the definition of 5;; and 5;; accounts

@ Springer



144 Page 4 of 20

Eur. Phys. J. C (2016) 76:144

for the fact that the momenta of the resonances are out-
going/incoming in the production/decay subprocesses. The
squared masses of the particles are

=mj, (2.5a)
(2.5b)

where M; and I'; are the real mass and width parameters of
the unstable particle j. The final-state particles are taken to
be massive, so that potential collinear singularities in the case
of light particles are regularized by a small mass m;. We also
define the inverse propagator denominators with complex
masses for the resonant particle j as

S —
Kj=k; —M;,

j€R. (2.6)
In order to regularize soft IR divergences we use an infinites-
imal photon mass m, — 0 and give a simple substitution
rule to translate our results to dimensional regularization in
Appendix C.

Finally, each particle possesses an electric (relative)

charge Q; so that global charge conservation reads

Z Qio; =0,

ielUF

2.7)

with sign factors o; that are positive, o; = +1, for incom-
ing particles and outgoing antiparticles, and negative, o; =
—1, for incoming antiparticles and outgoing particles. Local
charge conservation for the resonance j and its decay prod-
ucts reads

2.8)

Z Qioi, ZQ] Z 0;Qi,

iER; ielUN

where O j is the electric charge of the produced resonance j
of particle or antiparticle type alike.

2.2 Structure of the pole approximation
2.2.1 Factorizable corrections

We define the LO matrix element in PA, My opa, as the
product of the matrix elements for the production of r reso-
nances with n additional non-resonant states N, MI_)N R,
andn the matrix elements of the decays of each resonance j,
M]{g R , multiplied by a product of » propagators of the
resonant particles,

@ Springer

(=07},
2.9)

This product involves the sum over the polarizations A ; of the
resonances, inducing spin correlations between the different
production and decay subprocesses. Note that the momenta
of the resonances have to be set on shell in the matrix ele-
ments of the subprocesses, M HN k d./\/l]{gRj ,otherwise
the constructed matrix element is not gauge invariant in gen-
eral. Since in PA we only keep the leading contribution in
the expansion about the resonance poles, we can deform the

original (off-shell) momenta k; to momenta k; that are on

the (real) mass shell, Ez =M 12, which avoids the unpleasant
appearance of complex momentum variables. The matrix ele-
ment Mi o pa is, thus, the leading contribution of an expan-
sion of the full matrix element of the process I — F in
the limit I'; — 0, where the widths I'; in the denominators
1/K; are kept.

We emphasize that the LO matrix element in PA, My o pa,
is only an auxiliary quantity in NLO predictions in PA, while
LO cross sections should be calculated with full LO matrix
elements. Using Mropa, e.g., in production processes of
electroweak gauge bosons V = W, Z would neglect already
terms of relative order O(I'y /My ) = O(«a), which is of the
generic order of NLO electroweak corrections.

The factorizable corrections by definition comprise all
corrections to the various production and decay subpro-
cesses, i.e. the corresponding matrix element M yir fact 1S @
sum of r+-1 terms resulting from M o pa upon replacing one
of the LO parts on the r.h.s. of Eq. (2.9) by the corresponding
one-loop-corrected matrix element M iy,

r 1 N R
Mvirt,fact,PA = Z (l_[ ? \Illrl R l_[ Mj_)
A \i=1 !
I—N.R d k—R, J—>R
+ML8 ZMvirt ! l_[ M :| 2 (210)
Jj#k (ki —k =M}, %

2.2.2 On-shell projection

Two different types of momenta enter Egs. (2.9) and (2.10).
The phase-space integral of the corresponding cross-section
contribution usually is based on the full phase space deter-
mined by the momenta k, of all final-state particles a €
F, where the intermediate momenta k; are off their mass
shell. These are the momenta entering the propagator factor
[1;(1/K;), while the partial matrix elements appearing in
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the square brackets are parametrized by on-shell-projected
momenta k, that result from all k, by some deformation

{ki}ieIUF - {]g"}ieIUF (2.11)

. . . L. 72 .
in order to project the virtualities k; of all resonances to their
real mass shells at Miz, 1.€.

2 N ~2
ki= ke ki =M},

acR;

i €R. (2.12)

This on-shell projection has to respect overall momentum
conservation and all mass-shell relations k> = 122 = m2.
Note that the projection involves some freedom, but the dif-
ferences resulting from different definitions are of the order
of the otherwise neglected non-resonant contributions.

We suggest the following on-shell projection (which is a
generalization of the projection defined in Ref. [12]) for our
considered class of processes with » > 2 resonances and
possibly additional non-resonant particles in the final state.
The on-shell projection preserves the momenta of the initial-
state and non-resonant final-state particles, i.e.

~

ko =k, a€IUN. (2.13)
We construct the on-shell-projected momenta by selecting
pairs of 7, j of resonances whose new momenta k; and & ; are
defined in their center-of-mass frame, i.e. in the frame where
ki+k; = ZaeR;UR_/ k, = 0. In this frame the momenta
of the two resonances are back-to-back and the velocities
fixed by momentum conservation. We choose the direction

of the on-shell-projected momentum k; of resonance i along
its original direction e; = k; /|k; |, which determines the on-
shell-projected momenta as follows:

— <., 2 2
20 S MP-MD s (S M7 113
k=T k= e,

i = —
2,/5ij 2,/5ij

A0 §ij_Mi2+M]2‘ ~ 2
ki = ————, k; =-Kk;,

J —
2,/5ij

where A(x, y, z) = x> 4+y?+z>—2xy—2xz—2yz is the well-
known triangle function. Note that this procedure leaves the
sum of the two resonance four-momenta (and thus also their

(2.14a)

(2.14b)

invariant mass ?,-j) unchanged, k; + k = ki +k j- Carrying
out the procedure for all pairs of resonances in R completes
the on-shell projection if their total number r is even. If there
is an odd number of resonances, the remaining resonance
is paired with an already projected resonance momentum

(preferably one of Eq. (2.14b) where we did not preserve the
direction) and repeat the procedure for this pair once again.

The on-shell projection of the decay products of each res-
onance can be done in a second step after fixing the resonance

momenta k; as above. For simplicity we restrict ourselves to
the case where a resonance i undergoes a 1 — 2 particle
decay. Denoting the 2 decay particles of i by a and b, i.e.
R; = {a, b}, we define tpe new momenta l%a and /Eb in the

center-of-mass frame of k; as
2 .0 2
MM?,mg, my)

2 2 2
lzo_Mi""ma_mb a

a — Z—Mi’ a = Z—Mea’
(2.15a)
~ M?* — m? + m? ~ ~
K=" _—a' b ky, = —Kg, 2.15b
b 2Mi b a ( )

where e, = Ea / |Ka| is the direction of the original momen-

tum K, in the center-of-mass frame of k; . Note that this trans-
formation is a simple rescaling of k, and k;, if a and b are
massless.

For processes with a single resonance it is not possible
to leave all of the initial-state and non-resonant final-state
momenta unmodified. In Sect. 3.2.1 we give a suitable on-
shell projection for the case of no additional non-resonant
particles and one resonance.

2.2.3 Non-factorizable corrections

Following the guideline of [24], we define the non-
factorizable virtual correction as the difference between the
full matrix element M ;¢ and the factorizable part in the PA,
ie.
Myirnfactpa = [Muir — Mvirt,fact,PA]reS’ (Rwmp),
(2.16)
where the subscript ‘res’ indicates that after performing the
loop integration we keep only the resonant part of the expres-
sion. The additional subscript {E?,M? — M12}1 ¢ Mmeans
that we set the virtualities and the complex masses of the
resonances to their real mass shell whenever possible, i.e.
when the replacements %12 — M12 and I'; — 0 do not lead

to singularities. Apart from the terms where Elz and Mlz have
to be kept, the non-factorizable matrix elements should be
evaluated with on-shell projected momenta to produce a well-
defined result.

The procedure for deriving Myir nfact pa Will be worked
out in detail in Sect. 2.3 below. Here we just anticipate some
basic features. In contrast to the factorizable parts the non-
factorizable corrections receive contributions from diagrams
in which the loop involves both production and decay of

@ Springer
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the resonances, so that the expression does no longer factor
in the simple form of Eq. (2.10), justifying the name ‘non-
factorizable’. However, as we will show in Sect. 2.3, the
non-factorizable corrections can be written as
2

2Re{ M g pa MuirtnfactPA} = | Mropal” Snfacts (2.17)
which defines the relative correction factor dyf,ct, for which
we give an analytic expression in Sect. 3. In order to
keep the derivation and the final results transparent, in
this paper we restrict ourselves to the case of electroweak

corrections, where only photon exchange turns out to be
relevant.

2.3 Calculation of the non-factorizable corrections
2.3.1 Relevant Feynman diagrams

In Eq. (2.16) we have defined the non-factorizable correc-
tions as the resonant parts of the difference between the full
one-loop matrix elements and the factorizable terms. Thus,
by definition the sum of the factorizable and non-factorizable
corrections, defined in Eqgs. (2.10) and (2.16), captures the
full virtual correction in PA.

Although the definition of the non-factorizable corrections
involves the full matrix element M, we do not need to
know the full expression of M, since only a specific set of
diagrams contributes to the non-factorizable parts. Follow-
ing the arguments of Refs. [20-24], this set is identified as
follows:

1. By definition, all diagrams that do not involve the reso-
nance pattern of the considered process do not contribute
to the resonant (factorizable or non-factorizable) correc-
tions. Since resonance factors may also emerge from the
loop integration, propagators in loops have to be included
in the identification of potential resonances. In a first step,
certainly all diagrams can be omitted that do not involve
all relevant resonance propagators after omitting an inter-
nal line in the loop. After this step, we are left with two
types of diagrams:

(A) Diagrams in which at least one resonance propaga-
tor j € R is confined in the loop. These are called
manifestly non-factorizable.

(B) Diagrams in which all resonance propagators appear
at least on one tree-like line.

2. Among the diagrams of type (A) only those can develop
a resonance corresponding to the propagator j, which
is confined in a loop if the loop contains a virtual pho-
ton exchanged between external particles and/or reso-
nances of the process, because only then a soft IR diver-

@ Springer

gence emerges.” This can be seen via simple power-
counting in momentum space. Denoting the loop momen-
tum on the propagator j by k j + g, the resonance factor
1/[(k j+ q)? — Mﬁ] receives support in the loop inte-
gration only within a phase-space volume in which each
component of g is of (’)(|E§ — M?VM]-) ~ OT)). To
compensate this suppression factor o« I'# in the four-
dimensional loop integration, four powers of enhance-
ment in the small momentum ¢ are necessary. The only
way to achieve this in a one-loop integral is a soft diver-
gence by a photon exchange (or a gluon in the QCD case),
a situation that can appear in two different ways. First
of all, the photon can be exchanged between 2 different
external particles a and b, where the IR divergence is pro-
duced by the factor 1/[(q> —m?)(q*+2kaq)(q* —2kpq)]
composed of the three additional propagators. Second,
the photon can be exchanged between an external particle
a and another resonance i # j, where the IR divergence
is produced by the factor? 1/[¢? — mf,)(q2 +2kaq)(g® —
2kiq)].

3. The diagrams of type (B) already contribute to the fac-
torizable corrections, because the respective loop subdia-
grams contribute to an irreducible vertex function that can
be attributed to the production or one of the decay sub-
processes. Their factorizable contributions are obtained
upon setting all momenta ki (i € R) of the resonances to
their mass shell everywhere but in the explicit propagator
factors 1/K;. Since we are only interested in the leading
contribution of the expansion about the resonances, we
can neglect the decay widths I'; when setting k; on shell,

i.e. we can keep El-z = Mi2 real, which conceptually and
technically simplifies the evaluation of the factorizable
corrections significantly. Diagrams of type (B) can, thus,
only contribute to the non-factorizable corrections if the
two steps of the loop integration and the transition to

%1_2 = M? in the loop do not commute.* This can only

. . 2
happen if the process of setting k; — Ml.2 before the
loop integration leads to a singularity for at least one res-

2 The exchange of a massless (or light) fermion does not produce the
needed enhancement because of the additional momentum term ¢ in
the propagator numerator. Massless or (light) scalars are ignored in this
argument, since they are not part of the SM or of any favored extension.

3 The factor 1/(g*> — 2k;q) actually results from a decomposition of
photon radiation off i into parts corresponding to production and decay
of resonance i, which is achieved via a partial fractioning of propagators
as shown in Egs. (2.22a) and (2.22b) below. Without this decomposition
this factor reads 1/[(k; — q)2 — M,«z], i.e. the enhancement necessary in
the power-counting argument exists for small g ~ O(I';).

4 In the full contribution the loop integration is done first, followed by
the identification of the resonant parts upon taking E,-z — Ml.z. In the
factorizable contributions Ez = MI.2 is set in the integrand before the
loop integration.



Eur. Phys. J. C (2016) 76:144

Page 7 0of 20 144

onance, which in turn is only the case if the loop contains
a photon exchanged between resonance i and an external
particle or another resonance.

In summary, non-factorizable corrections are due to dia-
grams that result from the corresponding LO diagrams by
allowing for photon exchange between external particles of
different subprocesses and resonances in all possible ways.
The corresponding generic Feynman diagrams are illustrated
in Fig. 2.

2.3.2 Extended soft-photon approximation

Considering the diagrams with non-factorizable contribu-
tions in more detail in momentum space, only loop momenta
g of the internal photon with components of O(I";) can con-
tribute to the non-factorizable corrections, where I'; gener-
ically stands for the energy scale determined by the decay
widths of the resonances. For diagrams of type (A) this is
obvious, for diagrams of type (B) this is a consequence of
the fact that the difference between the full diagram and its
factorizable part can only develop a resonant part for such
small g. This observation is the basis for the evaluation of
the non-factorizable contributions in “extended soft-photon
approximation” (ESPA) which is a modification of the com-
monly used “soft-photon approximation”, which is based on
the eikonal currents of soft photons. The modification con-
cerns the fact that the soft momentum ¢ is kept in the denom-
inators of the resonance propagators, but it is neglected else-
where as usual. In particular, ¢ can be set to zero in the
numerator of Feynman diagrams and in the denominators of
all propagators that do not contribute to the soft divergences
mentioned above. As a consequence, the non-factorizable
corrections can be deduced from scalar one-loop integrals
(i.e. without integration momenta in the numerator) with at
most five propagators in the loop integration (largest number
of loop propagators in Fig. 2), and the resulting correction
factorizes from the underlying LO diagram, as already antic-
ipated in Eq. (2.17).

Now we are able to start with the generic construction of
the non-factorizable contributions within the ESPA. The cou-
pling of the soft photon to an external particle, either incom-
ing or outgoing, within the ESPA is exactly the same as in the
usual eikonal approximation, i.e. coupling the photon with
outgoing momentum ¢ to the external line a with momen-
tum k, and electric charge Q, modifies the underlying LO
amplitude by the eikonal current factor

2e0, Qaky

_, 2.18
q2+2qka ( )

jgk,a (@) =

where a can be incoming or outgoing with the sign o, = %1
as defined before, but k,, is formally outgoing. Here and in the

following, the ¢ term in a propagator denominator is always
implicitly understood to contain Feynman’s ie prescription
according to g> + ie. The usual soft-photon approximation
combines the individual contributions to the eikonal currents
to a full eikonal current Jéfk(q) =>, jéfk 4(q), where the
sum runs over all external particles a, and the soft-photon
factor that multiplies | My o|? is proportional to the integral
[dPq Jeik (@) - Jeik(—q) /(g — m?). We will generalize the
eikonal currents to ESPA currents upon including contribu-
tions from the resonances, so that individual currents can be
attributed to the production and decay subprocesses, Jprod
and Jgec ;. The factorizable corrections will then be identi-
fied with the diagonal contributions Jprod(q) - Jprod (—¢) and
Jaec.i (q) - Jdec.i (—q), while the non-factorizable corrections
correspond to non-diagonal terms Jprod(q) - Jdec,i (—¢g) and
Jdec,i (q) - Jdec, j (—q), where the photon is exchanged by dif-
ferent subprocesses.

We first define the contributions of external particles to
the ESPA currents. Taking into account that outgoing lines
a € R; always result from resonance i € R, we include the
modification of the resonance factor by the photon momen-
tum in the definition of the ESPA current factors,

K; 2e0,0.kY K

oy — /4 1 — _ a a™a l
Ja (@) J""k"‘(CI)Ki(q) 9> +2qk, Ki(q)’

ae€R;, icR, (2.192)

2e0, Q. kY

i“(q) = jh =_2=449 " 4elUN, (2.19
Ja @) = Jeix.a(@) 7+ 2ak, a ( )
where

— _2 —
Ki(q) = (ki + ¢)* — M; = q*> + 2qk; + K. (2.20)

Photon radiation off a resonance i € R can be described
by similar factors, but their derivation is somewhat more
involved. The first step in this derivation is to analyze the
emission of a soft photon with momentum ¢ off i, where the
components of g are of O(I';). In Appendix A we show for
the relevant cases of resonances with spin 0, 1/2, or 1 that

n

g tq PO

i i - K @ o (2213)

- S ' ki

kita ki

1
§ 1q 2eQk oo

i i - Ki(—q) % g (2.21b)

> = i

ki ki—q

where the graphically represented propagators on the right-
hand sides are proportional to 1/K;. Here, the charge Q;
refers to a particle or antiparticle flowing from the produc-
tion part on the left to its decay part on the right. The sub-
diagram on the Lh.s. of Eq. (2.21a) belongs to a graph in
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(a) ff' (b) nf
l
b
a
(c) if
b
(e) mf (f) mn
4
b
(g) im (h) mm’
%
(i) mm
Fig. 2 Feynman diagrams that contribute to the non-factorizable are type (A) diagrams, as defined in Sect. 2.3.1. The remaining diagrams
photonic corrections. The diagrams a—d are called manifestly non- also have factorizable parts and thus are of type (B)

factorizable, since they do not contain factorizable contributions. They
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which resonance i exchanges a photon with an external par-
ticle of the production part, or with another resonance j # i,
or with any external particle of a final-state particle of any
other resonance j # i. The second diagram belongs to the
situation where the photon exchange happens between reso-
nance i and one of its decay particles. In both situations the
photon emission off the resonance can be split into an emis-
sion part before or after the resonant propagation using the
partial fractionings

1 1 1 1
- _ [— - —} , (2.22a)
Ki(@)Ki gq2+2kiq LKi Ki(q)

1 1 1 1
= — |:— — :| . (2.22b)
KiKi(—q) q>—2kiq LKi Ki(—q)

Applied to the two subgraphs of Eqs. (2.21a) and (2.21b),
this leads to

Iz

Tq 2eQ;K! — —
i i T aioia " - - = (2.23a)
= = q iq ki ki+q
kitaq ki
u
§ 1q 2eQ.k! —' o — o
i i T 29k % g - 7 . (223b)
. ¢® — 2kiq % o
& k-

The first contribution on the r.h.s. of Eq. (2.23a), which is
proportional to 1/K;, corresponds to photon radiation dur-
ing the production of the resonance. We attribute the ESPA
current

266,’ EfL

it i B (2.24)
g2 + 2kiq

—u
Joul,i(q) =

to an outgoing resonance i when it exchanges a photon with
any particle of the production phase or the decay of any other
resonance j # i. Applying this current factor to the cor-
responding LO matrix element describes soft-photon emis-
sion off a resonance of particle or antiparticle type during
its production phase. The second subdiagram on the r.h.s. of
Eq. (2.23a) corresponds to photon radiation during the decay
of the resonance. We define the ESPA current

266[%? Kl'

- (2.25)
q% +2kiq Ki(q)

71%,[(‘]) = —

which describes soft-photon emission off the resonance i
during its decay phase. The factor K; / K; (q) accounts for the
fact that the propagator 1/ K; is included in the LO amplitude,
but not 1/K;(g). Using these results in combination with
the ESPA currents (2.19a) describing radiation off the decay
products, we can define the complete ESPA current J dec (@)
for the decay of resonance i,

T i@ =Thi@+ > jkq)
acR;
ZeQ k Z 2e0, Q. kY K;

. (226)
q + 2kiq g+ 2kaq | Ki(g)

The combination Jyec i (q) - Jdec, j(—¢) is, thus, relevant for
the non-factorizable corrections induced by photon exchange
between the two decay subprocesses of two different reso-
nances i and j.

The second type of photon emission, treated in Eq. (2.23b),
is needed to describe photon exchange between a resonance i
in its production phase and itself or one of its decay prod-
ucts. More precisely, it is the second term on the r.h.s. of
Eq. (2.23b) that corresponds to this situation, since the cor-
responding i propagator carries the momentum k; — ¢, where
the i momentum is reduced by photon radiation. For an out-
going resonance we define the ESPA current

2€§iEf~L

-, 227
Ny (2.27)

j(ﬁt,[’i (CI) = -

where we have not included the factor K; /K; (—¢g) in the def-
inition in order to avoid double counting this factor, because
it is already 1ncluded in the definition of Jé .(—¢g) which

will multiply ]Om ;(q) in the calculation of the corresponding

ec,i

photon-exchange diagrams. The full ESPA current J pmd (@)
for the production of resonance i to describe photon exchange
with the decay subprocess of i, then consists of three different
types of contributions: the first where the photon is attached
to resonance i € R, the second where the photon is attached
to any other resonance j € R, j # i, and the third where the
photon is attached to external stable particlesa € I U N, of
the production phase,

T @ = To i@+ D T @+ Y i@
jeR aclUN
J#i
_ 20k > 20,k
g% —2kiq  “—q*+2k;q
jeR
J#i
2 kl
_ Z ?“—Q““. (2.28)
q- + 2kaq

aclUN

Since the first term in Eq. (2.23b) involves the propagator fac-
tor 1/ K; without photon momentum, this contribution corre-
sponds to photon exchange between the resonance i during
its decay phase and any particle taking part in the decay of
i. This term in Eq. (2.23b) is, thus, only relevant for the fac-
torizable soft-photonic corrections to the decay of i.
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In summary, the complete set of non-factorizable contri-
butions can be written as

_ —i
Snfact = 2Re{(2w>4 i / g —>—r
q= — my

X [Z Jprod,i(‘]) : Jdec,i(_Q)
ieR
+ D Jaeei (@) - Jaee, ,-(—q)]}, (2.29)
i,jeR
i#]

in D dimensions in order to regularize occurring UV diver-
gences. Setting m, to zero, directly produces the result
for Spract Where soft IR divergences are regularized dimen-
sionally. By construction, the correction factor Sngace 1S a
gauge-invariant quantity. Its derivation starts from the dif-
ference (2.16) of the full matrix element and the correspond-
ing factorizable corrections, which are both gauge invari-
ant. Picking then the resonant parts from this difference
in a consistent way and dividing it by |Mpopal?®, leads
to a gauge-invariant result. Electromagnetic gauge invari-
ance is also reflected by the ESPA currents Jp’iod’i(q) and
Jcléc,i(q), since contracting them with g, gives zero up to
terms of O(g?), which, however, do only influence non-
resonant contributions and are thus negligible. Therefore, in
principle the ESPA currents and the non-factorizable correc-
tions could be defined upon setting the ¢2 terms to zero,
as for instance done in Refs. [22,23] for W-pair produc-
tion. We have decided to keep the g2 terms, first to be able
to make direct use of standard scalar integrals, and sec-
ond to avoid artificial ultraviolet divergences in non-resonant
contributions.

It should be noted that r different ESPA currents J];f,od’ (@)
are necessary to correctly describe photon exchange between
the production of resonance i and the decay subprocesses of
resonance j, since the momentum flows fori = j andi # j
are not the same.’

3 Analytic results for the non-factorizable corrections
3.1 Generic result

Having derived Eq. (2.29), it is straightforward to translate all
individual contributions to the correction factor et Shown
in Fig. 2 into a form expressed in terms standard scalar one-
loop integrals. This task is carried out in detail in Appendix B,
and some of the relevant one-loop integrals are collected in
Appendix C. The explicit results are given by

5 This fact was already realized in the calculation of non-factorizable
corrections to ete™ — WW — 4f in Refs. [22,23], but overlooked
in the (correct) calculation of Ref. [24] where currents were only intro-
duced for illustration.
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dnfact = _Z Z Z Z O'aO—anQb%Re{A}

i=1 j=i+1aeR; bERJ’

r o ,
=22 D %awQaQp—Re{a’} (3D
i=1 aeR; beNUI T
with functions
A(i,a; j,b) = Apm + Amf + Ay + Ampr + Ay,
(3.2a)
A'(i,a;b) = Al + Als + Axt + Axm, (3.2b)

which depend on the indices of the external particles a, b and
the resonances i, j to which they are connected. Some of the
indices i, j, a, b might be omitted if they do not appear in
the considered subcontribution. Depending on whether the
index b refers to the initial or final state, the contribution xf
denotes either if or nf, and for the contribution xm either im
or mn.

The matrix elements for diagrams of the type mm (Fig. 2i)
and mf (Fig. 2e) are proportional to 612 and Q; Qp, respec-
tively, so that we have used global charge conservation,
Eq. (2.7), to fit them in the summation structure of Eq. (3.1).
This is also the reason why their contributions appear in both
A and A’. Furthermore the mf’ contribution appears twice
because we sum over i < j. The relations between the func-
tions A... and A’ are

Amm (3 ) = By (D) + Ay (1), (3.3a)
Ame(i, a; j,b) = Afe(i, a) + A (7, b), (3.3b)
Amgr(iy as j,b) = AL (A5 7, D) + Ape (i i, a), (3.3¢0)

so that we only need to give the primed functions A’ .
The virtual parts of the not manifestly non-factorizable
contributions are

= -2 = < —2 =2
A ~ —(5ij — M} — M) {Co(k; i), kj, 0, M;, M)

— Co(M}.5ij. M7, m>. M7, M7)}, (3.4a)
Al ~ 2M?
-2 —2 —2 —2
Bo(k;,0,M;) — Bo(M;,m2, M)
x e P — By(M{ i, M) ¢
(3.4b)

~ -2 . —2
Ape ~ —Gia — M7 = m){Co(k; , Sia. m(,. 0. M, m7)
- CO(Mlza S:l'(lﬂ mZa m}zxa Mizﬂ mi)}’ (340)
- 2 2 72 - 2 6 a2 2
Axm ~ —(Sip — M,‘ - Wlb){Co(k,- s Sib, My, 0, M,‘ > mb)

— Co(M} . Sip. mj. m3,, M}, mp)}. (3.4d)
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The parts in curly brackets contain the subtraction of the
respective factorizable parts, which are obtained by setting
the virtualities of the resonances on their real masses before
the loop integration, as discussed in Sect. 2.2.3.

The manifestly non-factorizable virtual contributions read

2 2
Agpr ~ —(sqp —my —mp)K; K ;

T 7 2 2 372 772 2
XEO(kaakia—kja_kb,my,ma,M,',Mj,mb),

(3.5a)

Aty ~ = Gip = M7 — mp)K
x Do(kis —Kj, —kp,m%, M, My.m3),  (3.5b)

Axt ~ —(sab — m} —mp)K;
x Do(ka, ki, —kp, m}z, m2, Miz, m3). (3.5¢)

These contributions do not have factorizable counterparts.

For the second sum in Eq. (3.1) it is instructive to write
down an explicit expression, at least for the case of mass-
less external particles. Using the loop integrals given in
Appendix C for m,, mj — 0, the function A’ reads

M? —7; M? 5,
A~ [ FE) i (2
Mi —Sab

—K; M? —5ip M? -5,
xln( ’>+£i2 L2 ) 42
my M; Mi —Sab

(3.6)

where s, Siq, and 5;5 are implicitly understood as s,p + 10,
Siq +10, and 575 410, respectively. The dilogarithmic function
Li is defined in Eq. (C.5).

The correction factor Spryc¢ contains soft divergences
which are regularized as terms proportional to In 2, (or poles
1/€ in D = 4—2¢€ dimensions, cf. Appendix C). These terms
always appear as logarithms In[m,, M; / (M? - Eiz)] as aresult
of the connection between the soft divergence in the loop
. . =2 )
integration and the resonance at k; = M:".

Note, however, that the whole correction factor Spfact 1S
free of mass singularities of the external particles a, b if one
or more masses mg,, mjp become small. In the subcontribu-
tion of Eq. (3.6), this is directly visible, but for the other
contributions there is a non-trivial cancellation between the
corresponding mass singularities that appear in individual
contributions. For small masses m,, my it is, thus, possible
to set the masses to zero consistently, which changes individ-
ual singular loop integrals, but not the final result for dpfact. In
view of the limits K; — 0, note that there are two different
types of non-analytic terms: The mentioned In K; terms and
rational functions of the form K; K ; /(aKi2 +bK; K+ csz.)
originating from the five-point functions of Eq. (3.5a), where
a, b, ¢ are polynomial in the kinematical invariants. Terms
of the latter type require at least two different resonances

and already appeared in the treatment of the W-pair produc-
tion [15,16,22-24,41].

In order not to spoil the cancellation of mass singularities,
it is essential to use a unique procedure to isolate the non-
analytic terms in the limit K, , M, — M? and to perform the
on-shell projection of the phase space in the regular terms.

Our results on photonic non-factorizable corrections con-
firm the generic results given in the appendix of Ref. [15],
which were formulated for several resonances and non-
resonant final-state particles as well, though without details
of their derivation. The specific formulas of Ref. [15] are
given for the situation where resonances decay into 2 mass-
less particles, an assumption we do not make. Moreover,
we have presented a detailed general derivation of the pho-
tonic non-factorizable corrections, including a definition of
the underlying ESPA current.

3.2 Examples

3.2.1 Single Z- or W-boson production in hadronic
collisions

The simplest application of Eq. (3.1) is the production of a
single resonance, e.g. the Drell-Yan-like production gg —
Z — ¢t or qg77 — W* — £t /677, There is only
one resonance (+ = i = 1) and no additional non-resonant
particles in the final state (n = 0), so that Eq. (3.1) simplifies
to

et = = 3 Y 0uQa0s Qp — Re {A'}. (3.7)

a€R; bel

Since the external fermion masses are negligible, we can
make use of A’ as given in Eq. (3.6). The relevant kinematical
invariants read

s12=s834 =2k -kp=2p1-pp=s, S11=512=0,
513 =514 =0,

(3.8)

513 = S24 = 2ky - k3 = —2py - k3 =1,
s14 =523 =2ky kg = =2py - kg = u,

where we have taken the numbering I = {1, 2}, R = {3, 4},
and s, f, u are the usual Mandelstam variables. With the par-
ticle ordering defined above, the sign factors o, are

or=—-03=1, 03=—04=—1. 3.9)

For the case of W* production/decay, the charge assign-
ment is

01=0uw 02=04, 03=0,=0,

0s=Qr=-1, Q;=0u— Q. (3.10)
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s0 that Spfacq is given by

a M2 M2
Snfact = —— {2 [1 — Qyln (— AW) + QqIn (— W)}
s u t

2

My — M3
xln(w—s>—QuLi2 <1+ AW)
my, My u
. M3,
+QgLir |1+ 7 —2¢,

where we have made the difference between the Mandel-
stam variables and their on-shell-projected counterparts £, i
explicit. For a single resonance with only massless external
particles, an appropriate on-shell projection can be simply
realized by the rescaling

@3.11)

M2
s—>—Ws=MV2V, r—
s s S

(3.12)

This result for 8yt agrees with the one given for the case of
W production in Eq. (2.22) of Ref. [17].
For Z-boson production the charges are given by

03=04=0r=-1, @1 =0.
(3.13)

01 =07= 0y,

The resonance is neutral, so that the contributions mm, mf,
and im vanish, and the result can be written as

Onfact = — Z Z 04040500
a=3,4b=1,2
-
M2 M, — M2
I o [ Z2 ) m [ P20 ) s (14 22 )Y
b4 —Sab my, Mz Sab

(3.14)

where again §,; results from s, by the on-shell projec-
tion (3.12) in accordance with Eq. (2.9) of Ref. [18].

3.2.2 W-pair production in lepton/hadron/photon collisions

For the case of | f» — WYW™ — f5f,fs5f. we choose
the index sets appearing in Eq. (3.1) to be

I'={1,2}, Ri={3,4}, Ry={506}, N=0. (315

The corresponding sign factors are

012—1, 0221, 032—1, 0’421, (75:—1, 06:1
(3.16)

and therefore r = 2 and n = 0. N = () means there are
no additional non-resonant particles, so that the sum over

@ Springer

b in Eq. (3.1) simply runs over the initial-state particles.
Furthermore, since ?1 is the antiparticle of f,, we have
Y ber 96 Qp = 0, so that the contributions from A]  and
A’ ¢ cancel in A’ given in Eq. (3.2b), because they do not
depend on b.

The initial-state contributions, i.e. the function A’(i, a; b)
= Axm(i, a; b)+ Axs (i, a; b), can be brought into a form that
can be summed together with the remaining non-vanishing
contributions, A. To this end, we first define the relative
charge of the initial-state fermions Qy = Q1 = Q7 and
express their sign factors o7 2 in terms of the charges of the
vector bosons,

0] = —0 = Z 0cQc = — Z 0cOc,

ceRy CERy

(3.17)

and then explicitly perform the summation over i and b, i.e.

2
DD 040405 QpRe{A (i, a; b))

i=1 aeR; bel

= Y 060a0:0c(—Q p)Re (Al (a: )+ Ajj(as 0)} .
aeR| ceRy

(3.18)

On the r.h.s. of Eq. (3.18) we defined two new functions, one
of them

Al(a;0) =Ami=1,a;b=1)— Aim(i = 1,a; b =2)
—Aim(i =2,¢;b=1)+ Aimi =2,¢;b=2), (3.19

in which the summation over i and b is explicit. The definition
of Al; is analogous.

As previously constructed, the remaining contributions A
have the same summation structure as the r.h.s. of Eq. (3.18),
because i = 1 and j = 2, so that with the identity 0,05, =
(—1)%*tP Eq. (3.1) reads

8nfact — Z Z (_1)a+b+l Qa Qh% Re {A//} ,

acR| beR;

(3.20)

where we collected all contributions in

A" = Apm+Amf+ Amm +Amp + A — Q5 (Al +AL) -
3.21)

An on-shell projection is given in Sect. 2.2.2. Here we
specialize to the case of two W bosons and give the on-
shell-projected momenta k; in the center-of-mass frame. The
initial-state momenta are unmodified,

(3.22)
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implying 512 = 5. Since M| = M, = Myy the triangle func-
tionis A = 5242 with the velocity g = 1 - 4MV2V/S. Using
the momenta given in Eq. (2.14a) and fixing the direction
e; = k;/|k;| of the WT boson, leads to

~ 1 ~ ~ ~ ~
kq =§«/§(1,ﬂ61), ky = —ki —ky — k1. (3.23)
Using Eq. (2.15a) and making use of the fact that the fermions
are massless, the on-shell projection reduces to a scale fac-
tor for the momentum whose direction we want to preserve.
Since scaling massless momenta commutes with boosts, the
scale factor is an invariant and can be easily computed in the
center-of-mass frame of the vector boson,

2

~ MW ~ 2 ~

k3 =k ——, kqs = k1 — ks, (3.24a)
2k k3

~ M\zN ~ 2 ~

ks = ks — ke = ko — ke, (3.24b)
2koks

where the scale factors are derived from the conditions lgé% =
lgé = (. These momenta must be inserted into Egs. (3.4)
and (3.5) which simplifies some of the kinematical prefactors,
e.g. 512 — sand§;, — 0,foralla € R;. These results agree
for the case ?1 =eT, fh =e, QO = —1 with the one
given in Refs. [12,24] and for the case of initial-state quarks
with Refs. [15,16].

As already mentioned in Sect. 2.2.2, the chosen on-
shell projection constitutes an intrinsic ambiguity on the
method. To determine the error introduced by this ambigu-
ity and to verify that the choice is suitable results obtained
with different on-shell projections can be compared. For
ete”™ — WW — 4fermions this check was carried out
in Ref. [12], i.e. the results from the on-shell projection as
defined above was compared against results where the direc-
tion of k4 instead k3 was preserved. The comparison revealed
differences from changing the on-shell projections that are of
the order of all other intrinsic uncertainties of the double-pole
approximation (DPA), as expected.

For the case of two initial photons, yy — WHtW~, there
are no initial-state contributions, i.e. Oy = Q, = 0 in
Eq. (3.21). Electroweak corrections to this process in DPA,
including these non-factorizable corrections, were calculated
in Ref. [41].

3.2.3 Vector-boson scattering at hadron colliders

A prominent process featuring the production of additional
non-resonant particles that were absent in the two previous
examples is the case of vector-boson scattering at hadron
colliders. The production of two vector bosons that are able
to scatter off each other is only possible via radiation off a

quark or an antiquark line, which then subsequently form jets
in the final state. We thus have, at the parton level, the pro-
cesses q1ga — VV'qrqs — £3€405€6q7gg and all possible
combinations with antiquarks that are consistent with charge
conservation. The index sets, thus, are

I={1,2}, Ri={3,4}, R, =1{5,6}, N=1{7,8}.

(3.25)

A particularly interesting process is the scattering of same-
sign W bosons, because, e.g., the appearance of ui Mi
pairs in an event is a rather clean event signature and the
QCD-initiated production can be efficiently suppressed by
cuts [42].

Although desirable to reach a precision of some percent,
electroweak corrections to this process are not yet avail-
able at this time, due to the fact that the full correction to
a2 — 6 process is extremely challenging. However, as we
argue here, the full correction is also not necessary, because
an evaluation of the corrections in DPA will certainly be good
enough. In DPA, the vector-boson scattering is a 2 — 4 par-
ticle production process with two resonances followed by
two vector-boson decays, so that the virtual factorizable cor-
rections can be calculated with modern automated tools for
one-loop amplitudes. The non-factorizable corrections can
be evaluated using our master formula presented in Sect. 3 in
a similar fashion as in the examples discussed in the previous
sections.

The on-shell projection can be performed as given in
Sect. 2.2.2. We then keep the momenta of the initial-state par-
ticles and also the momenta of the non-resonant final states,
ie.
ki =k, kr=ko, k7 =ks, ks=ks. (3.26)
In the center-of-mass frame of the vector bosons, i.e. the
frame where k| + k> + k7 + kg = 0, we can easily con-
struct the momenta. If the vector bosons have the same mass,
My, the momenta are given by Eq. (3.23) if we make the
replacements s — 512 and My — My. If they have differ-
ent masses, e.g. in the case of W¥Z scattering, we can use
the general procedure as given in Eq. (2.15a).

4 Conclusion

Many interesting particle processes at present and poten-
tial future high-energy colliders share the pattern of pro-
ducing several unstable particles in intermediate resonant
states which decay subsequently, thereby producing final
states of high multiplicities. At run 2 of the LHC, which
has started in 2015, multiple-vector-boson production such
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as pp > WWW — 6 leptons and massive vector-boson
scattering such as pp - WW 4 2 jets — 4 leptons + 2 jets
are prominent examples for corresponding upcoming anal-
yses in the electroweak sector. In spite of the smaller cross
sections of high-multiplicity processes, predictions for those
processes nevertheless have to include radiative corrections
of the strong and electroweak interactions at next-to-leading
order, in order to reach a precision of about 10 %, or better
since both types of corrections are generically of this size or
even larger in the TeV range.

Calculating radiative corrections to resonance processes
poses additional complications on top of the usual complex-
ity of higher-order calculations, since gauge invariance is
jeopardized by the necessary Dyson summation of the res-
onance propagators. For low and intermediate multiplici-
ties, complete next-to-leading-order calculations are feasible
within the complex-mass scheme, but unnecessarily com-
plicated and also not needed in view of precision for high
multiplicities. In those cases, predictions where matrix ele-
ments are based on expansions about resonance poles are
adequate. Such expansions can be based on scattering ampli-
tudes directly or on specifically designed effective field theo-
ries. If only the leading contribution of the expansion is kept,
the approach — known as pole approximation — is particu-
larly intuitive. At next-to-leading order, corrections are clas-
sified into separately gauge-invariant factorizable and non-
factorizable corrections, where the former can be attributed
to the production and decay of the unstable particles on their
mass shell. The remaining non-factorizable corrections are
induced by the exchange of soft photons or gluons between
different production and decay subprocesses.

In this paper, we have presented explicit analytical results
for the non-factorizable photonic virtual corrections to pro-
cesses involving an arbitrary number of unstable particles at
the one-loop level. The results represent an essential building
block in the calculation of next-to-leading-order electroweak
corrections in pole approximation and are ready for a direct
implementation in computer codes. As illustrating examples,
we have rederived known results for the single and pair pro-
duction of electroweak gauge bosons and have outlined the
approach for vector-boson scattering.

A generalization of the results to QCD corrections is
straightforward and merely requires the inclusion of the color
flow in the algebraic parts of the individual contributions,
while the analytic part containing the loop integrals remains
the same.

The presented results on virtual non-factorizable correc-
tions help to close a gap in the ongoing effort of several groups
toward the fully automated calculation of next-to-leading-
order corrections, since the automation of the remaining
virtual factorizable corrections is well under control within
QCD with up to 4-6 final-state particles and becomes more
and more mature for electroweak corrections as well. The

@ Springer

situation in view of real QCD and real photonic electroweak
corrections is even better, since tree-level calculations with
up to about 10 final-state particles based on full matrix ele-
ments are possible with modern multi-purpose Monte Carlo
generators. Having at hand generic results on virtual non-
factorizable corrections, thus, opens the door to the fully
automated calculation of virtual corrections to resonance pro-
cesses in pole approximation.
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A Appendix
A Soft-photon emission off resonances

In this appendix we derive Egs. (2.21a) and (2.21b), which
describe soft-photon emission off a resonating particle, for
particles of spin 0, 1/2, or 1. Obviously itis sufficient to prove
only the former of these equations; the latter follows from the
first upon replacing the momentum k; — k; — ¢, taking into
account that the photon momentum ¢ is negligible in the
numerator.

If the radiating particle i has spin 0, the proof is extremely
simple. Inserting the Feynman rule for the coupling of a scalar
particle i to a photon and for the two scalar propagators, the
subdiagram on the Lh.s. of Eq. (2.21a) can be directly brought
to the desired form,

(A1)

where ~ means that the two sides later produce the same soft
singularity structure for small photon momentum g when
embedded in a full diagram. According to the arguments
of Sect. 2.3.1, the calculated loop diagram changes by this
approximation only in terms that are not enhanced by reso-
nance i. In Eq. (A.1) the necessary approximation was just
to omit ¢ in the numerator.
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If i is a spin-1/2 fermion, inserting the relevant Feynman
rules produces

n
tg  L(F4DL) o i(Frd+ M)

'—é—'i LT TR TR (A2)

kita ki

A simple rearrangement of the Dirac matrices leads to the
desired form after dropping again irrelevant (non-resonant)
terms,

o (BT ()

~ ie@

-

3 %, (Fi + M) - K,

i Kk, = e Ki(q)K;

+ 41
1l

=
<
ko

2¢Q,k! y ol o

A3
Ki(a) (A-3)

>

i

Analogous manipulations with the opposite fermion flow for
an antifermion resonance produce the same result.

The case where i is a charged spin-1 boson deserves more
care. We assume that i is a gauge boson that receives its
mass by the Higgs mechanism, just like the W boson in
the SM. In principle, we thus have to consider all possi-
ble loop diagrams with subdiagrams (2.21a), in which the
resonance line i represents the gauge-boson field, its cor-
responding would-be Goldstone boson, or even a Faddeev—
Popov ghost field. However, if we switch to an Rg gauge for
the i field where its gauge parameter & # 1, the propaga-

tors of the corresponding Goldstone and ghost fields develop

their pole at Eiz = Siﬁl-z #* M? However, a pole at Eiz = HZ

l
would be necessary to produce soft divergences on resonance
which in turn is a necessary condition for the correspond-
ing diagrams to contribute to non-factorizable corrections.
Consequently, we can ignore subgraphs (2.21a) with would-
be Goldstone boson or ghost fields in the following. In the

adopted R gauge the i propagator is given by

. . kaks . -
oA~ Gran(k) = -1 (gaﬁ - kzj) n —i& kkéd
g = i = — g
“n ’ K21 K2 — €T
(A.4)

Obviously the second term with the unphysical pole at

=2 —= . .
k; = & M again does not contribute to the non-factorizable

corrections and can be ignored. Inserting the respective Feyn-
man rules, we obtain

v

(—iQ,e) [g‘“’ (E, + 2(1),; +g7° (—2%, - (1>ﬂ + g™ (P, - q) }

b

1

a = - 3 I Y -
e T x Giaw (i +q) Gips (R:) o B
_ L . N Gow — 7% Gps ,%lcm

Fiakig

o Jop = =37

= —2i0.e R S

Qiek Rk,

2eQ;k; % e
~ =58,
Kl =% %

(A.5)
where we have neglected g in the numerator in the first
~ relation and performed simple four-vector contractions
in the subsequent step. The final ~ relation, which proves
Eq. (2.21a), is again valid up to irrelevant terms with an
unphysical propagator pole.

B Derivation of virtual non-factorizable corrections

In this appendix we calculate the non-factorizable correc-
tions induced by the various diagram types shown in Fig. 2,
making use of the generic results derived in Sect. 2.3, which
are summarized in Eq. (2.29). Our aim is to express all contri-
butions in terms of known standard scalar one-loop integrals
as defined in Appendix C.

Now we list the different types of non-factorizable correc-
tions:

e The ff’-diagram in Fig. 2a is manifestly non-factorizable
and involves the following combination of currents:

Ja(@) - jo(—q)
. 2e0, 0.k  K; 2e0p Qpkp, K
" q%+2qks Ki(g) q*—2qgk, Kj(—q)

(B.1)

where a € R; and b € R; are decay particles of two dif-
ferent resonances i, j € R, i # j. Inserting this into the
integral (2.29) and using > = 4ra, directly leads to the
contribution 8¢/ (i, a; j,b) = —70404050p Re {Ag
(i,a; j, b)} with

A (i.ai j.b) = —(sap —mg —mp) KiK;
X EO(ka, Els _z‘]s _kbs miv miv Mlzs M?v m}%)'
(B.2)

The sum over all non-equivalent pairs i, j and the corre-
sponding pairs a, b is

br==>3" 3 > Y 0uluosQsRe(An(iai j.b).

i=1 j=i+laeR; beR;

(B.3)
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e The xf-diagrams in Fig. 2b and c are manifestly non-
factorizable and involve the following combination of
currents:

2e0,Q4kli  Ki 2e05Qpkp,
g%+ 2qks Ki(q) q* —2qkp

Ja(@) - jp(—q) =
(B.4)

where a € R;, i € R,and b € T UN. Inserting this
into the integral (2.29), directly leads to the contribution
5xi (i, a; b) = — 20,040 Qp Re { Ax (i, a; b)} with

Axe(i, a; b) = —(sap — m> —m3) K;
- —2
XDO(kav kl" _kbv mf/v mg’ Mi ) mlz;)
= —(Sqp —m2 —m3) K;

2~ = 2 72 2 2 772 2
Do(mavsiasSibvmhskivsabsm)/,mavMismb)‘ (BS)

The sum over all resonances i and corresponding pairs
a,bis

,
o
Oxf = —— Z Z Z 04040, 0p Re {Axt(i, a; b)}.
T i21 aeR belUN
(B.6)

e The mf’-diagram in Fig. 2d is manifestly non-factorizable
and receives contributions from the following combina-
tion of currents:

Jini @)+ jp(—=@) + Joui @) - jb(—q)
_ Zealff < Ki l> 2e0p Qpkp, K
g% + 2kig \Ki(q) g% —2qky, K;(—q)
. 4e*Q;00 Op ki - ki K
T K@@~ 2qkp)Kj(—q)

B.7)

where i, j € R are different resonances (i # j)and b €

R . Inserting this into the integral (2.29), leads to the con-

tribution S (is j,b) = FQ;0,0pRe{A] ,(i; j, b)}
with

. _ —2

Al o5, b) = —GSip — k;

- = —2 —2
x Do(ki, =k j, —kp, m3,, My, M ;, m})

~—Gip — M —m}) K

—mi)Kj

- = —2 —2
XDO(kiv_kjv_kbvmf/vMiijvm}z))
= —Gip — M} —m}) K
—2 = ~ -2 _ —2 =2
XDO(kiaSijasjhamivkj7sibam72/7Mi7Mjam%)'
(B.8)
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The sum over the resonances i and j and its decay product
bis

S = % > 33" 0i0005 Re{Al (i j. b))

i=1 j=1beR;
J#

_ZZ Z Z ZaaQaabe
T i=1 j=i+1a€R; beR;
x (Re{A! (s j.b)} +Re{A] ., (jii.a)}).
(B.9)

e The mf-diagram in Fig. 2e is not manifestly non-

factorizable, since it contains a factorizable part. The
non-factorizable part receives contributions from the fol-
lowing combination of currents:

Jout.i (@) + ja(—4)
_ 2eQik 2e0,Qukay  Ki
¢ —2kiq 9* —2qks Ki(—q)
_ 4€70,0,Qu ki - kq 1 1
T 2 2k (q2 kg Ki(“])) ’
(B.10)

where i € R and a € R;. Inserting this into the
integral (2.29), leads to the contribution §pnr(i; a) =
—20;0,04Re {Al;(i; @)} with

. ~ -2 - -2
Api iz @)= Gia — k; —mp){(Co(—ki, —ka, m3, k;, m?)

- —2
—Co(—ki, —ka, m>, My, m))

~ Gia — M7 = m) {Co(M? §ig. mj. m3,. M7, my)

a’

-2 . —2
—Co(k; s Siaym2,0, M;, m2)}, (B.11)

with the usual difference between thg full off-shell dia-
gram and its factorizable part with Ei = Miz. The final
form, where invariants are used as arguments of the Cy
integrals, makes the appearance of off-shell and on-shell
momenta on the resonance lines better visible. The sum
over all resonances i and its decay products a is

bui === D ) 0i0aQaRe [Aly(i. )]

i=1 a€R;

=—%iz Y+ Y |wtwmon

i=lacR; \ j=1beR; belUN
J#
x Re {A} (i, @)}
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Z_%Z Z Z ZUaQanQb

i=1 j=i+la€eR; beR;
x(Re {Ap¢(i, @)} +Re {AL(j, b)})

_%ZZ Z 0aQa0pQp Re { AL (i, @)} .

i=1 aeR; belUN
(B.12)

e The xm-diagramsin Fig. 2f and 2g are not manifestly non-
factorizable, since they contain factorizable contributions
as well. The non-factorizable part receives contributions
from the following combination of currents:

Zeaizf K 2eo,Qpkp,
g% +2kiq Ki(q) q*> —2qkp
_ 4626101, Op ki -k 1 1
4> 2k <q2 +2kiq Ki(q))’

Jini @) - jp(—q) =

(B.13)

where i € R and b € I U N. Inserting this into the
integral (2.29), leads to the contribution 8xy(i;b) =
20,04 0p Re { A (i; b)) with

. — -2 - -2
Axm(is b) = (ip — k; — mp) {Colki, —kp, m?,, k; , mj)
- —2
—Co(ki, —kp, m3,. M;, mp))
~ (Sip — M} — mp) (Co(M} Sip my. m?,, M}, m})

-2 _ —2
—Co(k;,5ip, m2, 0, M;, m2)}, (B.14)

which again reflects the subtraction of the factorizable

part with an on-shell momentum of the resonance (Eiz =
M iz) from the full off-shell diagram. The sum over all res-
onances i and other particles b of the production process
reads

% Z Z aiO'be Re {Axm(i; b)}

i=1 belUN

_%ZZ Z 04 Qa0p Op Re {Axm (i; D)} .

i=1 aeR; beIUN

8xm

(B.15)

The mm’-diagram in Fig. 2e is not manifestly non-
factorizable, i.e. it contains both factorizable and non-
factorizable parts. Its non-factorizable contribution invol-
ves the following combinations of ESPA currents:

7out,i (q) : 7in,j (_q) + 7in,i (q) : 7out,j (_Q)
+7in,i(q) '7in,j(_q)

_ 266,'%# Zeajzj,ﬂ K;
_q2 +2kiq q% — Z%jq Ki(—q)
2e0;k:  K; 2Qjkj,
g% +2kiq Ki(q) g% — 2k jq
20,k K; 20kj, K;
g%+ 2kiq Ki(q) ¢* —2k;q Kj(—q)

o 1 1
=4e2Ql~Q-<k,--k-><—
! 7"\ Ki(g) Kj(—q)
1 1
- - — 1, (B.16)
g% +2kiq q* —2k;q

where i, j € R are different resonances, i # j. We have
used Eq. (2.22a) and (2.22b) to obtain the final form.
Inserting this into Eq. (2.29), we obtain its contribution

S (05 ) = =20, 0 Re {Apy (i j)} 10 Spgac, where

.. = -2 =2
Amn (G5 J) = _(sij_ki _kj)
- = —2 —2
x{(Co(ki, =k, m3, M;, M)
- = =2 2
—Coki, —kj, m3, ki, k)
= 2 2 -2 = 2 —2 —2
~ _(Sl]_Ml _MJ){CO(klvsljakjvosM,aM])
—Co(M},5ij, M7, m3, M}, M?)}, (B.17)

where ~ again means identical up to non-resonant terms.
The final form nicely shows how the subtraction of
the factorizable part, where the resonance momenta E,-, i
are on shell, from the full diagram defines the non-
factorizable contribution. Summing over all resonance
pairs i, j and using charge conservation in the form (2.8),
the full mm’ contribution can be written as

B === 3 D 010 Re (A (is )

i=1 j=i+1

=_%Z Z Z ZUaQanQbRe{Amm’(i;j)}'

i=1 j=i+1a€eR; beR;
(B.18)

The mm-diagram in Fig. 2i deserves some particular care,
since it should be considered in combination with its con-
tribution to the mass renormalization counterterm of res-
onance i. According to the ESPA currents, the following
combination of currents defines the non-factorizable con-
tribution:

2651' %ft 2€§i Ei,,u Kl'
q? —2kiq q* —2kiq Ki(—q)

%ut,i(Q) : 7in,i(_9) =
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1 1
KiKi(=q)  Ki(q® —2kiq)

= 470K (

1
7 2E~q)2> B

foralli € R. Inserting this into the integral (2.29), leads
t0 the contribution S (i) = £ 0; Re { Ay (i)} with®

By (E?,m%,ﬁ?) (k my,kl>

) -
rm @) = 2k; X,

-2 -2
—By(k; . m’ . k;)

Bo (Ef, 0, M?) — By (Mf, m2, M?)
K;

~2M?

—By(M? . m3, M?) (B.20)

This final form can be interpreted in two different ways:
Taking the first By term as the full off-shell contribu-
tion, the second and third terms correspond to its on-shell
subtraction to obtain its non-factorizable part. Perform-
ing the same subtraction for the corresponding countert-
erm contribution connected with the i self-energy, gives
zero, because there is no issue with respect to interchang-
ing limits in the loop integration, since the renormaliza-
tion constants are always calculated first. The alternative
interpretation is to consider the terms in the curly brackets
as the full off-shell contribution of the photon-exchange
diagram and the corresponding counterterms, where the
last-but-one and the last terms correspond to the mass and
wave-function renormalization of the i line in the on-shell
renormalization scheme, respectively. By construction, in
this scheme on-shell particles do not receive self-energy
corrections, i.e. the factorizable part of the considered
contribution in curly brackets is zero, in accordance with
our result.

Summation over all resonances i leads to

,
o —=2
dmm = +— > 0; Re

i=1

At ()}

% The term o 1/ (q2 — ZE,q)2 can be identiﬁed with the momen-
tum derivative B(’)(p] m mz) BB()(p1 m ml)/ap1 by apply—
ing 9/dp? = 1/(2,712),7I a/ap, as follows: d[ 1/(q +2p1g + ]71

m)1/opt = —(gp1 + pD)/(@* +2pig + pT —mD?/p} ~ —1/(¢> +

2p1g + pi —m}).
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r
=== ) 00 0u0iRe {2 ()]
i=1aeR;
o r r
=__ZZ ZZ"‘ Z 0aQa0h Qb
T i=1 acR; ];1 beR; belUN
J#

x Re {A7, (D)}

:_%Z Z Z ZaaQaabe

i=1 j=i+la€R; beR;
x (Re { AL ()} +Re [ALL (D)

LYY Y 0uonQoRe A0}

i=1 aeR; be]lUN
(B.21)
C Scalar integrals
The scalar integrals used in this paper are defined as
Bo(p1,m3. m7)
dPq 1 1
= [ 1 . €l
in2 g —=m? (q + p))* —m?}
Co(p1. pa. m3. mi, m3)
g 1 A 1
= @utP / — ,
in? g% —m3, E (q + pi)> —m;}
(C.1b)
Do(p1. pa. p3.m3,, mi, m3. m%)
sp [dPq -
= Qru)™ /
in? g% —m3 E(qﬂv,)z
(C.lc)
Eo(p1. p2. p3. pa. my. m7, m% m§ mg)
= Quu)*P / < H
in? q>—m2 1l erl)2
(C.ld)
and
/ 2 2 9 2 2
BO(plvmysml) = _230(va myvml)s (C2)

op;

which is used in the mm contribution. The integrals are
defined in D = 4 — 2¢ dimensions in order to regularize
the UV divergence in the By function and (if relevant) to
regularize possible IR (soft and collinear) singularities in the
other functions. The scale y represents the arbitrary reference
scale of dimensional regularization. Sometimes it is conve-
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nient to give the arguments of the loop functions in terms of
invariants parametrizing the integral, as e.g.

Bo(p1, m3,. m3) = Bo(p}, m3, mp), (C.3a)
Co(p1, pa, m3,, mi, m3)
= Co(pt. (p2 — p1)*. p3. m3,. mi. m3), (C.3b)
Do(p1, pa, p3, my, mi, m3, m3)
= Do(pi. (p2 — p1)*. (p3 — p2)*. p3. p3.
(p3 — p1)>, m)z, m3, m3, m3). (C.3¢)

For the kinematical case considered in Eq. (3.6), i.e. for mass-
less external particles (m,, mp — 0 with mg, mp > m, —
0), the integrals necessary for Eq. (3.6) are given in the fol-
lowing. The relation ‘~’ implies that we performed the on-
shell projection Eiz — M? and set the masses to the real ones,

Mlz - M iz, whenever possible. In places where the propaga-
tor denominator appears inside a logarithm, K; = %,-2 — Miz,
this is not possible, and K; is kept with its full dependence
on the original momentum Eiz. The on-shell projection of the
invariants, e.g. Sjp — ?ih, is implicitly understood to keep
the notation brief. The relevant integrals explicitly read

2 -~ 2 72 2 2 572 2
Do(mb,sib,sm,ma,ki,sab,my,mb,Ml-,ma)
1 maqm m, M; mpM;
~ 21n< a b)1n<#>—ln2 %
Sab K —Sab —K; Mi —Sib
2 maqM; . Ml‘z_?ia Miz_Eib w2
M; —5iq M; —Sab 3

(C.4a)
-2 _ —2
Co(k;, Sip, m3, 0, M;, m3)
—Co(M7, 5ip, my, m3,, M7, mp)
1 mpM;
~ — 5 1In 5
sip — M; M: —5sip
—K; mpM; 72
X | 21In +In| ——)|+—¢,
my M; M? — 5 6
(C.4b)

-2 ~ 2 —2 2
CO(k, > Sias mcl’ Ov Ml' ) ma)
2~ 2 2 2 2
—Co(M;, Sia, m my,Ml- ,my)

a’

1 maM,'
Sia — Mi Mi — Sia
pin (=K o (M L e
X n n| ——— 1 Ac
my, M; M12 — Sia 6

B R —2 —2
Bo(k;,0,M;) — Bo(Mi,M,z,,Mi)
K;

1 M;
By (MF . M) ~ {ln (’”_V—K> + 1} . (Cad)
1

i
where s, Siq, and 5j5 are implicitly understood as s,p + 10,

Siq +10, and 5;p + 10, respectively. Here we make use of the
function

Liz(x1, x2) = Liz (1 — x1x2) + n(x1, x2) In (1 — x1x2) ,
(C.5)

which is a specific analytical continuation of the dilogarithm
Li; in the two arguments x| and x», which in turn makes use
of the n function

n(a, b) = 27i{0(~Ima) 6 (—Imb) O (Im(ab))

—0(Ima) 8 (Imb) 6 (—Im(ab))}. (C.6)

The remaining C and Dy integrals can be found in Refs. [43]
and [44], respectively. The five-point integral E( can be
reduced to five four-point integrals Dg as, e.g., described
in Refs. [45,46].

Finally, we recall the simple, well-known substitution that
translates a pure soft IR singularity from mass regularization
by the infinitesimal mass m,, to regularizationin D = 4 —2e
dimensions,

In(m3) — A€ + O(e).

I'(l+e)
— (C.7)

References

1. J. Butterworth et al. (2014). arXiv:1405.1067 [hep-ph]

2. R.G. Stuart, Phys. Lett. B 262, 113-119 (1991)

3. A. Aeppli, G.J. van Oldenborgh, D. Wyler, Nucl. Phys. B 428,
126-146 (1994). arXiv:hep-ph/9312212 [hep-ph]

4. A. Denner et al, Nucl. Phys. B 560, 33-65 (1999).
arXiv:hep-ph/9904472 [hep-ph]

5. A. Denner et al., Nucl. Phys. B 724, 247-294 (2005).
arXiv:hep-ph/0505042 [hep-ph]

6. P. Gambino, P.A. Grassi, Phys. Rev. D 62, 076002 (2000).
arXiv:hep-ph/9907254 [hep-ph]

7. P.A.Grassi, B.A. Kniehl, A. Sirlin. Phys. Rev. D 65,085001 (2002).
arXiv:hep-ph/0109228 [hep-ph]

8. A. Denner, J.-N. Lang (2014). arXiv:1406.6280 [hep-ph]

9. W. Beenakker, F.A. Berends, A. Chapovsky. Nucl. Phys. B 548 ,
3-59 (1999). arXiv:hep-ph/9811481 [hep-ph]

10. S. Jadach et al, Phys. Rev. D 61, 113010 (2000).
arXiv:hep-ph/9907436 [hep-ph]
11. A. Denner et al, PhysLett. B 475, 127-134 (2000).

arXiv:hep-ph/9912261 [hep-ph]

12. A. Denner et al, Nucl. Phys. B 587, 67-117 (2000).
arXiv:hep-ph/0006307 [hep-ph]

13. M.W. Griinewald et al. (2000). arXiv:hep-ph/0005309 [hep-ph]

14. A. Denner et al, Phys.Lett. B 612, 223-232 (2005).
arXiv:hep-ph/0502063 [hep-ph]

@ Springer


http://arxiv.org/abs/1405.1067
http://arxiv.org/abs/hep-ph/9312212
http://arxiv.org/abs/hep-ph/9904472
http://arxiv.org/abs/hep-ph/0505042
http://arxiv.org/abs/hep-ph/9907254
http://arxiv.org/abs/hep-ph/0109228
http://arxiv.org/abs/1406.6280
http://arxiv.org/abs/hep-ph/9811481
http://arxiv.org/abs/hep-ph/9907436
http://arxiv.org/abs/hep-ph/9912261
http://arxiv.org/abs/hep-ph/0006307
http://arxiv.org/abs/hep-ph/0005309
http://arxiv.org/abs/hep-ph/0502063

144 Page 20 of 20

Eur. Phys. J. C (2016) 76:144

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

E. Accomando, A. Denner, A. Kaiser. Nucl. Phys. B 706, 325-371
(2005). arXiv:hep-ph/0409247 [hep-ph]

M. Billoni et al., JHEP 12, 043 (2013). arXiv:1310.1564 [hep-ph]
S. Dittmaier, M. Kridmer, Phys. Rev. D 65, 073007 (2002).
arXiv:hep-ph/0109062 [hep-ph]

S. Dittmaier, A. Huss, C. Schwinn, Nucl.Phys. B 885, 318-372
(2014). arXiv:1403.3216 [hep-ph]

A. Denner, R. Feger, A. Scharf, JHEP 04, 008 (2015).
arXiv:1412.5290 [hep-ph]

V.S. Fadin, V.A. Khoze, A.D. Martin, Phys. Rev. D 49, 2247-2256
(1994)

K. Melnikov, O.I. Yakovlev, Nucl.Phys. B 471, 90-120 (1996).
arXiv:hep-ph/9501358 [hep-ph]

W. Beenakker, A. Chapovsky, F.A. Berends, Phys.Lett. B 411, 203—
210 (1997). arXiv:hep-ph/9706339 [hep-ph]

W. Beenakker, A. Chapovsky, F.A. Berends, Nucl.Phys. B 508,
17-63 (1997). arXiv:hep-ph/9707326 [hep-ph]

A. Denner, S. Dittmaier, M. Roth, Nucl.Phys. B 519, 39-84 (1998).
arXiv:hep-ph/9710521 [hep-ph]

A. Denner, S. Dittmaier, M. Roth. Phys.Lett. B 429, 145-150
(1998). arXiv:hep-ph/9803306 [hep-ph]

T. Gleisberg et al., JHEP 0902, 007 (2009). arXiv:0811.4622 [hep-
phl

S. Hoche et al., JHEP 1104, 024 (2011). arXiv:1008.5399 [hep-ph]
J. Alwall et al., JHEP 0709, 028 (2007). arXiv:0706.2334 [hep-ph]
R. Frederix, T. Gehrmann, N. Greiner, JHEP 0809, 122 (2008).
arXiv:0808.2128 [hep-ph]

G. Bevilacqua et al., Comput. Phys. Commun. 184, 986-997
(2013). arXiv:1110.1499 [hep-ph]

@ Springer

31

32.

33.

34.
35.

36.

37.
38.

39.

40.

41.

42.

43.

44,

45.
46.

M. Czakon, C. Papadopoulos, M. Worek, JHEP 0908, 085 (2009).
arXiv:0905.0883 [hep-ph]

C. Berger et al., Phys. Rev. D 78, 036003 (2008). arXiv:0803.4180
[hep-ph]

G. Cullen et al., Eur. Phys. J. C 72, 1889 (2012). arXiv:1111.2034
[hep-ph]

V. Hirschietal., JHEP 1105, 044 (2011). arXiv:1103.0621 [hep-ph]
S. Badger et al., Comput. Phys. Commun. 184, 1981-1998 (2013).
arXiv:1209.0100 [hep-ph]

F. Cascioli, P. Maierhofer, S. Pozzorini, Phys. Rev. Lett. 108,
111601 (2012). arXiv:1111.5206 [hep-ph]

S. Actis et al., JHEP 1304, 037 (2013). arXiv:1211.6316 [hep-ph]
A. Denner et al., Comput. Phys. Commun. 153, 462-507 (2003).
arXiv:hep-ph/0209330 [hep-ph]

M. Beneke et al., Phys. Rev. Lett. 93, 011602 (2004).
arXiv:hep-ph/0312331 [hep-ph]
M. Beneke et al., Nucl.Phys.
arXiv:hep-ph/0401002 [hep-ph]
A. Bredenstein, S. Dittmaier, M. Roth. Eur. Phys. J. C 44, 27-49
(2005). arXiv:hep-ph/0506005 [hep-ph]

B. Jdger, G. Zanderighi, JHEP 11, 055 (2011). arXiv:1108.0864
[hep-ph]

S. Dittmaier, Nucl. Phys.
arXiv:hep-ph/0308246 [hep-ph]
A. Denner, S. Dittmaier, Nucl.Phys. B 844, 199-242 (2011).
arXiv:1005.2076 [hep-ph]

D.B. Melrose, Nuovo Cim. 40, 181-213 (1965)

A. Denner, S. Dittmaier, Nucl.Phys. B 658, 175-202 (2003).
arXiv:hep-ph/0212259 [hep-ph]

B 686, 205-247 (2004).

B 675, 447-466 (2003).


http://arxiv.org/abs/hep-ph/0409247
http://arxiv.org/abs/1310.1564
http://arxiv.org/abs/hep-ph/0109062
http://arxiv.org/abs/1403.3216
http://arxiv.org/abs/1412.5290
http://arxiv.org/abs/hep-ph/9501358
http://arxiv.org/abs/hep-ph/9706339
http://arxiv.org/abs/hep-ph/9707326
http://arxiv.org/abs/hep-ph/9710521
http://arxiv.org/abs/hep-ph/9803306
http://arxiv.org/abs/0811.4622
http://arxiv.org/abs/1008.5399
http://arxiv.org/abs/0706.2334
http://arxiv.org/abs/0808.2128
http://arxiv.org/abs/1110.1499
http://arxiv.org/abs/0905.0883
http://arxiv.org/abs/0803.4180
http://arxiv.org/abs/1111.2034
http://arxiv.org/abs/1103.0621
http://arxiv.org/abs/1209.0100
http://arxiv.org/abs/1111.5206
http://arxiv.org/abs/1211.6316
http://arxiv.org/abs/hep-ph/0209330
http://arxiv.org/abs/hep-ph/0312331
http://arxiv.org/abs/hep-ph/0401002
http://arxiv.org/abs/hep-ph/0506005
http://arxiv.org/abs/1108.0864
http://arxiv.org/abs/hep-ph/0308246
http://arxiv.org/abs/1005.2076
http://arxiv.org/abs/hep-ph/0212259

	Non-factorizable photonic corrections to resonant production  and decay of many unstable particles
	Abstract 
	1 Introduction
	2 Pole approximation and non-factorizable corrections
	2.1 Conventions and notations
	2.2 Structure of the pole approximation
	2.2.1 Factorizable corrections
	2.2.2 On-shell projection
	2.2.3 Non-factorizable corrections

	2.3 Calculation of the non-factorizable corrections
	2.3.1 Relevant Feynman diagrams
	2.3.2 Extended soft-photon approximation


	3 Analytic results for the non-factorizable corrections
	3.1 Generic result
	3.2 Examples
	3.2.1 Single Z- or W-boson production in hadronic collisions
	3.2.2 W-pair production in lepton/hadron/photon collisions
	3.2.3 Vector-boson scattering at hadron colliders


	4 Conclusion
	Acknowledgments
	A Appendix
	A Soft-photon emission off resonances
	B Derivation of virtual non-factorizable corrections
	C Scalar integrals
	References




