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1 Introduction

A precise theoretical understanding of the neutral- and charged-current Drell-Yan pro-
cesses [1] in Standard Model perturbation theory is essential to the success of the Large
Hadron Collider physics program. It is therefore unsurprising that significant resources
have been allocated, over the course of a multi-generational effort, to bring the higher-order
corrections to the Drell-Yan scattering processes under control. The total cross section in
pure Quantum Chromodynamics (QCD) was successfully calculated through to next-to-
next-to-next-to-leading order in the strong coupling constant for both the neutral- and
charged-current processes [2-8]. On the electroweak side, neutral gauge boson production
and decay has been calculated through to next-to-next-to-leading order in pure Quantum
Electrodynamics (QED) [9, 10], but full electroweak (EW) corrections are known only at
next-to-leading order [11-19]. Due to the size of the next-to-leading order electroweak
corrections, it has long been of interest to calculate the mixed EW-QCD corrections of
relative order aay as well. Indeed, many partial results in this direction have been put
forth over the last decade [20-27], but a complete calculation in the regime of large lepton
pair invariant mass is not available yet.

Despite the significant attention these two-loop EW-QCD calculations have received, it
has long remained a challenge to include the non-factorizable two-loop virtual corrections.
For many years, the primary technical problem was the evaluation of the massive two-loop
box-type master integrals which emerge from the most complicated Feynman diagrams
(see [28-30] for various results). Recently, some of us successfully evaluated the complete
set of two-loop box-type master integrals relevant to the non-factorizable corrections as
linear combinations of standard multiple polylogarithms in the physical regions of phase
space [31]. In this paper, we take an important step towards complete relative order ao
corrections by elucidating the treatment of 75 for the box-type diagrams and deriving
the most complicated unknown parts of the order a?a, two-loop helicity amplitudes for
qq — ¢£T¢~. Here, we do not include contributions involving the top-quark, light fermionic
loops, or bb initial states, and focus on the region of phase space with center-of-mass energy
above all two-particle thresholds.

As has been known since the earliest higher-order studies of the Drell-Yan process, it
is important to have a solid understanding of the =5 problem of dimensional regulariza-
tion [32-36] if one wishes to calculate all Feynman diagrams at a given order, including
those where a W or Z connect the initial- and final-state fermion lines. As will be dis-
cussed in detail in what follows, care must be taken in practical calculations to consistently
include scheme-dependent higher-order-in-e terms, see also [37] for a recent review. In
order to establish confidence in our results, we carried out two independent calculations,
one where 't Hooft-Veltman-Breitenlohner-Maison’s (HVBM’s) 5 scheme [32-34, 38] was
employed and one where Kreimer’s 5 scheme [39-42] was employed. For our calculations,
Kreimer’s 5 scheme was practically superior because it does not require the introduction
of finite counterterms to restore the chiral symmetry of the Standard Model.

This article is organized as follows. In sections 2.1-2.4, a general discussion of the sub-
tleties involved with the application of dimensional regularization in the presence of chiral



couplings is given, both for HVBM’s 75 scheme and Kreimer’s y5 scheme. In sections 2.5-2.7
our renormalization scheme for the coupling constants, the wavefunctions, and the particle
masses is described. In section 2.8, we discuss the finite renormalizations we perform in
HVBM’s v5 scheme. In section 3.1, we define the scattering process we consider more
precisely. In section 3.2, supplemented by appendix A, we describe our general approach
to the form factor decomposition of the amplitude, and, in sections 3.3 and 3.4, we give
further technical details of the numerator algebra scripts we used to carry out our Feynman
diagram calculations in the different 5 schemes. In section 3.5, we elucidate the infrared
structure of the one- and two-loop scattering amplitudes we calculate and define hard scat-
tering functions which, at leading order in the parameter of dimensional regularization,
encode physical information about the kernel of the virtual corrections which remains after
infrared subtraction. In sections 4.1—4.3, supplemented by appendices B.1 and B.2, explicit
results for the one-loop Standard Model corrections to the Drell-Yan process are given, to-
gether with a detailed comparison to the original literature. In sections 5.1-5.3, we give
details specifically relevant to the two-loop mixed EW-QCD calculation. In section 6.1, we
provide a recipe to pass from our form factors to scattering amplitudes for states of definite
helicity and, in section 6.2, visualizations of our final results for the order ac, order a?,
and order o?ay polarized hard scattering functions. Finally, in section 7, we summarize
our findings.

2 Regularization and renormalization

2.1 Universal features of dimensional regularization

In this section, our aim is to review some background and motivation for the more techni-
cal, scheme-dependent discussions of chiral couplings in dimensional regularization which
follow in sections 2.2 and 2.3. The simultaneous dimensional regularization of ultraviolet
and infrared divergences [38, 43-46] has proven to be an essential tool for the calculation
of higher-order perturbative scattering amplitudes in gauge theories. For a gauge theory
Lagrange density defined in four spacetime dimensions, the method purports to provide
a prescription for the continuation of all off-shell Feynman rules from four to d dimen-
sions. All higher-order correlation functions and scattering amplitudes in the model under
consideration are then taken to be meromorphic functions of d in a complex domain con-
taining the point d = 4. Accordingly, the Fourier integrals which appear at higher orders
in perturbation theory are continued from four dimensions to d = 4 — 2¢ dimensions as

d*k; € dd-2¢k;
/(277)4 — () /(%)4—2 (2.1)

where € is the parameter of dimensional regularization and p is the 't Hooft scale, a unit of

mass introduced to maintain a dimensionless action. The ultraviolet and infrared singular-
ities of higher-order correlation functions and scattering amplitudes manifest themselves as
poles in € which ultimately cancel only in higher-order corrections to physical observables.



While some of the prescribed continuations of the Lorentz and Dirac algebra such as

9" g = 4 = 2e, (2.2)
{’Yua 71/} = 29#1/ 1, (2.3)

1
and My, = 59‘“’ Vst = 9" g = 4 — 2¢ (2.4)

feel very natural, other aspects of the program are far more subtle and require careful
explanation. Before proceeding to a discussion of these subtleties, we state a universal
identity for the d-dimensional contraction of two Dirac matrices with n d-dimensional
Dirac matrices interspersed which will be useful later on:

n

’Y“’qu Ve T = 2 Z(_1>i+n7ui7ul IR Z N0 (7N R I (7 + (4 - 26)(_1)n7u1 Vo (2'5)
i=1
This identity is simply obtained by repeatedly applying eq. (2.3) to move the ~, factor to
the left until it is finally possible to apply eq. (2.4). The reader can easily check for the
first few values of n that the well-known textbook results (see e.g. [47]) are all encoded in
eq. (2.5).
As has been clear from its inception [38, 44], it is technically challenging to handle chiral
couplings in dimensional regularization. This is primarily because there is no canonical way
to continue the usual four-dimensional definition of s,

V5 = —LY0Y1V27V3 5 (2.6)

into d dimensions. It was emphasized in [38] by 't Hooft and Veltman that one cannot
expect to maintain the usual anticommutation relation

{’Yua’)/l’)} =0 (27)

and, at the same time, work with traces of Dirac matrices which enjoy all of the usual
mathematical properties. In particular, a cyclic Dirac trace was explicitly assumed along-
side eq. (2.7) in the algebraic proof that the trace of 7,7,7,7,75 must either vanish in
dimensional regularization or be subject to a modified set of algebraic rules (see e.g. [48]
for a review). 't Hooft and Veltman influenced most later authors to modify the ~5 anti-
commutation relation, but, as was pointed out by Kreimer [39], retaining eq. (2.7) while
abandoning the cyclicity of the Dirac trace is another path towards mathematical con-
sistency. It would at this stage be reasonable to expect a concrete prescription for the
d-dimensional continuation of classical trace formulae involving ~s such as

tr {7M7V7p7075} =—4 Epvpo (28)

in some refined dimensional regularization scheme.

In fact, there is no d-dimensional replacement for 5 or the Levi-Civita tensor, €0,
in the dimensional regularization schemes we consider; rather, one simply accepts that
eq. (2.6), eq. (2.8), and the familiar properties

7 =1 and ’yg =5 (2.9)



remain unchanged in d dimensions. That 75 and €,,,, are intrinsically four-dimensional
objects inevitably forces one to distinguish a four-dimensional subspace and sacrifice some-
what for what concerns the construction of a manifestly Lorentz-covariant formalism. In
this work, it is frequently convenient to explicitly distinguish the four-dimensional and
(—2¢)-dimensional subspaces of d-dimensional Lorentz indices in perturbative calculations.
Following [48], we write

ey ey (2.10)
and =4 (2.11)

where bars denote four-dimensional objects and hats denote (—2¢)-dimensional objects.
Similarly, we write the usual four-dimensional identities,

eﬂupU euypo' = —247 (212)
Euupo& guypﬁ = _6§0é5 9 (213)
E‘uya(s guyﬂn = _2 (gaﬁgén - gangﬂ(s) Y (214)

€ i Eupnr = GarTBrTon — Gardpedne — Jandsxdsx

+ 9as95rGnk + GondBsGrr — JaBIsngr » (2.15)
Easrr Epmy — —Jax9BrIsxInk t Jax9prIsngrn t Gax9prIsadnr — Gax9psInr Jrx

— ax9kIondrr + Jax98s9nsdxrr + GargprdoxIns — Gandprsxgrr

= 9ar9BrGsxInr + 9apGsxInrIrr T Jan9B8kIsx I r — GaBIsxInrIxrr

— 9ar9pr9onGrx T Gan9Br 957 Trx T GargpsInrGrx — GaBIoAInr Grx

— 9on9859kxIrr T GaBGsnGrxIrr + Jargdpx9sn9rx — JargssInxdry

— Gandprdorgrx + GapIordnsgrx + GondpsGrrdrx — GapIongurgry >  (2.16)

using g, to denote the four-dimensional metric tensor.

In both schemes we consider, eqs. (2.12)—(2.16) force us to apply eq. (2.10) to split
indices, gukt' ki = k;-kj— ki - l%j. Split loop momenta lead to well-known technical compli-
cations: in sufficiently-complicated Feynman diagrams, Dirac traces produce d-dimensional
Feynman integrals with numerator insertions of k; - I;:j. Fortunately, general approaches
which involve the introduction of dimensionally-shifted Feynman integrals [49-51] have
been worked out at one loop [52] and at two loops [53]. For the convenience of the reader,
we provide details of a modern formulation of these developments in section 2.4 below.

As reviewed in [54], many authors have in the past adopted the so-called naive ~s
scheme of [35] (see also [55]) for one-loop electroweak calculations. The naive scheme
amounts to a set of ad hoc rules for v5 manipulations designed to lead to correct results
while avoiding the technical complications which might arise in a more mathematically-
rigorous handling of chiral couplings. Historically, this was justified at the one-loop level
by checking a posteriori that the relevant Ward identities check out. Naturally, in order to
calculate with confidence at higher orders in Standard Model perturbation theory, we feel
that it is of considerable importance to adopt a mathematically consistent framework. It
should be stressed that the naive 5 scheme is equivalent to Kreimer’s 75 scheme (introduced



below) for what concerns the calculation of the fermion self-energies and vertex form factors
considered in this paper. As we shall see in what follows, the Feynman diagrams of box type
are really the only ones in 2 — 2 scattering processes with sensitivity to the 5 problem.

HVBM’s 75 scheme [32-34, 38] and Kreimer’s 75 scheme [39-42] are the two variants
of dimensional regularization we work with in this paper. The precise treatment of =g
in these schemes has a profound impact on both the Feynman rules and the handling of
Dirac traces which we discuss at greater length in sections 2.2 and 2.3.! Indeed, four-
dimensional Dirac trace identities which rely on +5 manipulations must be, depending on
the 5 scheme, either carefully reformulated or abandoned. Consider, for example, the
algebraic proof given in [47] that the trace of an odd number of Dirac matrices must be
zero. For n odd, we have

tr{y, b = tr {55} (=1
= (=)™t {v5%, - W V5 } (anticommutation relation (2.7))
= —tr {55y - Vo } (n odd, trace cyclicity)

= —tr{Y, W} (73 =1), (2.17)

which implies tr {~,, - - -7, } = 0 as desired. As should by now be clear, the above proof
is valid only in four spacetime dimensions; different lines of reasoning must be adopted
in d = 4 — 2¢ dimensions. As we shall see, in HVBM’s ~5 scheme, eq. (2.5) facilitates a
simple proof of the proposition by induction, whereas, in Kreimer’s 5 scheme, the trace
of an odd number of Dirac matrices is argued to be zero in d dimensions by appealing to
a mathematical property of the infinite-dimensional Dirac algebra [39].

2.2 HVBM’s prescription for 5 in dimensional regularization

In HVBM’s scheme, chiral couplings are treated in a consistent way in d dimensions by
retaining the four-dimensional definition of 75, eq. (2.6), at the expense of its anticommu-
tation relation with the standard Dirac matrices. In place of eq. (2.7), one can write

{V,15} =0 for ©=0,1,2, and 3 (2.18)
and (Y, v5] =0 in the (—2¢)-dimensional subspace, (2.19)
with the understanding that, as reviewed in e.g. [48], the (—2¢)-dimensional subspace is

in fact infinite dimensional. For our purposes, we find an equivalent formulation which
utilizes eq. (2.11) to express the content of eqgs. (2.18) and (2.19) as

{51 =0 (2.20)
and A, v5] =0, (2.21)
where {3*,4"} =0, (2.22)

to be much more transparent and practically useful.

Tt actually turns out that the algebraic form of the standard family of Dirac trace identities which
generalizes eq. (2.8) is the same in both schemes, but this requires some explanation.



As advertised above, this modification of the anticommutation relation has an immedi-
ate impact on the form of the Standard Model Feynman rules in dimensional regularization.
As an example of particular relevance to this work, let us consider the axial part of the
coupling of the Z boson to the light quarks and leptons in four dimensions:

—eap 2"y s v (2.23)

where a; is a function of the electroweak gauge boson masses and the isospin of fermion
f. Suppose now that we wish to consider interaction (2.23) in d dimensions. Due to the
fact that we can no longer avail ourselves of eq. (2.7), (2.23) will fail to be Hermitian
in d dimensions. We can, however, preserve the Hermiticity of the interaction if we first
rewrite (2.23) as

1
—eaZMy g (Vo> v5] g (2.24)

in four dimensions before giving up eq. (2.7) in favor of egs. (2.18) and (2.19) [48].

HVBM’s v5 scheme allows for a very familiar treatment of the usual families of Dirac
traces. As pointed out already in [38], the trace of an even number of Dirac matrices with
d dimensional indices may be conveniently evaluated using the recursive formula

n—1

tr {71/1 T /yl/n} = Z(_l)i+lgu1w+1tr {'71/2 Vi Wiy %Jn} s (2'25)
=1

valid for even n, with termination criterion
tr{1} =4. (2.26)

Eq. (2.25) is derived in a manner very similar to that of eq. (2.5), but by repeatedly applying
eq. (2.3) to move the ~,, factor all the way to the right. Finally, the cyclic property of the
trace is required to identify the final term, —tr {v,, - - - 71,,7, }» with the original expression
on the left-hand side.

The trace

b { Yo, W, 05} (2.27)

for even n may be evaluated in much the same way by replacing 5 by the covariant version
of its definition,

1
,.)/5 — _@gﬂVPU’yu’yy’)/p’Ya7 (228)

and then evaluating the resulting trace of n+4 Dirac matrices using egs. (2.25) and (2.26).

As expected, the trace of an odd number of Dirac matrices is still zero in d dimensions.
As mentioned above, this can be proven by induction on the trace of eq. (2.5). Let us
consider the argument for n = 1. On the one hand, by trace cyclicity and eq. (2.4),
we have

b {7/ s} = (4= 200t {7, } (2.29)



On the other hand, applying eq. (2.3) before eq. (2.4), we have

tr {7 v v} = (=2 +2e)tr {,, } . (2.30)

Subtracting eqs. (2.29) and (2.30), we see that, indeed, tr {7,, } must be zero.
Now, trace cyclicity and eq. (2.4) generically reduce the trace of the left-hand side of
eq. (2.5):

T Yoy Yo V) = (4= 26)tr { Y0y Yo ) - (2.31)

However, we must simplify the trace of the summand of the first term on the right-hand
side of eq. (2.5) using the induction hypothesis before we can finish the proof: it is easy to
see that

tr {’VW’YW Vi1 i "Yun} = (_1)i_1tr {’YV1 e "YVn} (Odd n) (2'32)

is a valid identity under the assumption tr{y,, ---7, ,} = 0. eq. (2.32) provides the
desired reduction of the right-hand side of the trace of eq. (2.5),

r{y Y Wt = 2ﬁ;tr (v} = (4 =260t {0, )
= (27: —442e)tr{v, -V, + (odd n). (2.33)
Finally, the difference of egs. (2.31) and (2.33) implies that
tr{v, -V, } =0 (odd n) (2.34)

by induction.
Similarly, eq. (2.28) and the line of reasoning used to establish eq. (2.34) together
reveal that

tr {7, - W, =0 (odd n). (2.35)

HVBM’s prescription for 75 has the very unfortunate drawback that the Standard
Model’s chiral symmetry is violated in all bare perturbative calculations involving chiral
couplings. As was originally pointed out by Breitenlohner and Maison in [32-34] and
reviewed in [48], it is possible to restore the chiral symmetry of the Standard Model as
part of the renormalization program by introducing various finite counterterms on top of the
usual divergent ones. Let us emphasize here that, in general, one expects all interactions
in the Standard Model to require finite counterterms at some order in perturbation theory,
not just those which explicitly involve 5. Furthermore, these finite counterterms must
generically be calculated beyond O (eo) to consistently restore chiral symmetry at still
higher orders. We discuss some elementary examples relevant to this article in section 2.8.

For what concerns the particular one- and two-loop calculations considered later on in
this work, Larin’s principle [56] allows us to bypass many finite counterterm computations
for fermion self-energies and vertex form factors involving chiral couplings. Larin pointed



out that, for these building blocks, chiral symmetry implies the finite renormalizations do
nothing but turn results obtained in HVBM’s ~5 scheme into analogous results obtained in
an anticommuting s scheme. However, as we will discuss in greater detail in section 2.8, the
HVBM scheme requires the insertion of explicit finite counterterms and a careful treatment
also of the higher-order-in-e¢ terms if box-type Feynman diagrams with chiral couplings
contribute to the two-loop or higher-order corrections of interest (see also [57] for a related
recent study). Overall, one comes away with the feeling that there must exist a pure
dimensional regularization scheme better suited to the study of higher-order perturbative
corrections in the Standard Model. In fact, the arduous and subtle character of perturbative
calculations carried out in HVBM’s 5 scheme is what led to the development of Kreimer’s
prescription for ~s.

2.3 Kreimer’s prescription for «5 in dimensional regularization

In Kreimer’s 5 scheme, chiral couplings are treated in a consistent way in d dimensions
by retaining the four-dimensional definition of 75, eq. (2.6), at the expense of Dirac trace
cyclicity. Kreimer argued in [39] that Dirac trace cyclicity is not a natural property to
retain in d dimensions, due to the fact that the Dirac algebra necessarily becomes infinite
dimensional. The standard trace of classical linear algebra, tr, is replaced in Kreimer’s
~5 scheme with one of several possible exotic trace operations which differ only in their
reading point prescriptions. The reading point prescription effectively specifies with which
Dirac matrix to start the non-cyclic trace. In our case, the Lorentz projectors we define in
section 3.4 provide a natural anchor to start all Dirac traces involving the external fermion
lines. In order to clearly distinguish the trace operations in what follows, we will write Tr
rather than tr when using a reading point prescription. While not relevant to the specific
higher-order calculations discussed in this paper,? we would average over all possible choices
of first entry for internal closed fermion loops. Other reading point prescriptions, such as
one which mandates an average over all possible choices of first entry in all cases, could
have been chosen as well, but we find our choice particularly convenient.

Kreimer’s 5 scheme has practical advantages over HVBM’s ~5 scheme. Crucially, it
does not force a change of algebraic form for any Standard Model Feynman rule when
considering interactions in d spacetime dimensions. Employing a consistent reading point
prescription then automatically preserves the chiral symmetry of the Standard Model in
bare perturbative calculations and the complete absence of finite counterterms makes renor-
malization straightforward. In addition, although box-type diagrams do ultimately force
the introduction of split loop momenta also in Kreimer’s ~5 scheme, the bulk of the nu-
merator algebra can be carried out before the split enters. This stands in stark contrast to
HVBM'’s ~5 scheme, where split loop momenta should be introduced immediately in order
to progress with the necessary algebraic simplifications efficiently (this assertion will be
clarified in section 3.3).

2As explained in section 3.1, we do not consider contributions involving closed fermion loops or top
quarks here.



As alluded to above, the standard families of odd Dirac traces still vanish identically
when tr is replaced by Tr,

Tr{v -} =0 (2.36)
and Tr{v, - Y, 75+ =0. (2.37)

For the standard families of even Dirac traces, [40] defines

Tr {f)/m T 71/271} =4 Z(_l)sgn(a)gwl vi, T gViann and (238)

2
Tr {'qu T ’71/2n75} = 731 Svantiventovantaanta Z(_l)sgn(o)gyil vi, gVin+2 Vit (239)

3! o
where o is the set of permutations of the 2m indices which appear in the sums on the
right-hand sides (m = n and m = n + 2 in (2.38) and (2.39), respectively), subject to the
restrictions
1= < ... <tm, t<Jk, forallke{l...m}. (2.40)

As is perhaps not immediate, these definitions are equivalent to the results one would
obtain in HVBM’s 75 scheme recursively using tr and egs. (2.25), (2.26), and (2.28). Of
course, egs. (2.25) and (2.26) must ultimately yield the same answer as eq. (2.38) above, as
a string of plain Dirac matrices knows nothing about ~5. As a corollary, due to eq. (2.28),
one immediately arrives at the same conclusion for the Kreimer trace of a string of Dirac
matrices with a 75 factor appended (see also [42] for a supplementary discussion).
Despite the fact that Kreimer’s 5 scheme was introduced a long time ago [39-42],
it has not been universally accepted and embraced as a superior alternative to HVBM’s
~5 scheme; researchers continue to express doubts about the applicability of Kreimer’s s
scheme beyond one loop (see e.g. [54] for a current review of the status of the 5 problem).
In this article, we present an explicit application of Kreimer’s 5 scheme to a non-trivial
calculation of two-loop box-type diagrams involving chiral couplings and show that it does
yield physically sensible results. Also worth mentioning is concurrent work by one of us
and others, where the two-loop box contributions to gg — ZZ featuring a closed top-quark
loop have been calculated in Kreimer’s 45 scheme [58]. The results were compared against
calculations in a more commonly used 75 scheme and found to agree after ultraviolet and
infrared subtraction. While the exact top mass corrections to gg — ZZ in next-to-leading
order QCD couple the ZZ pair to the massive top quark line and involve anomalous double
triangle contributions, the ~5 dependence of the mixed two-loop EW-QCD corrections to
the Drell-Yan process at the level of Feynman diagrams is significantly more complicated.

2.4 d-dimensional Feynman integrals with four-dimensional scalar numerators

In this section, we describe how we deal with particularly awkward terms which often occur
in the numerators of d-dimensional Feynman integrals in Standard Model perturbation the-
ory: four-dimensional contractions of d-dimensional loop momenta, g,,, k' k3. As mentioned
above, we decompose our loop momenta into four-dimensional and (—2¢)-dimensional com-
ponents, k; = k; + k;. This decomposition maps the awkward four-dimensional numerators



to ordinary inverse propagators and “u-term” insertions of the form k; - I;:j, as introduced
long ago by Bern and Morgan [52]. Below, we review algorithms which allow for a direct
treatment of p-term insertions at one and two loops with dimensionally-shifted Feynman
integrals. While the two-loop algorithm we review was, to our knowledge, the first to ap-
pear in the literature [53], other approaches such as that of [59] are certainly possible. It
seems that some computational effort is simply unavoidable, as both approaches require
the calculation of auxiliary integration by parts reductions [60—62].3 We found it very
appealing to work with dimensionally-shifted Feynman integrals, as all of the necessary
auxiliary integration by parts identities were already calculated by us some time ago for
numerical cross-checks on our master integrals [29, 31], facilitated by passing to a finite
basis of master integrals [64, 65] through Tarasov dimension shifts [51].

As has been clear at least since the appearance of [52], non-zero one-loop Feynman
integrals with p-term insertions are of the form

20 (- hyr] = [ E81 D(M) | -

where the D; are the independent propagators of the integral family. Crucially, eq. (2.41)
can be rewritten in terms of standard dimensionally-shifted one-loop Feynman integrals
with the same propagator structure. By absorbing the (1%1 . 1%1)7' numerator insertion into
the integration measure, it is shown in [52] that

JT(r— e)/ dH2rg, 1

V(b . B —
) {(kl ) } =(=1) T(—e) J in(@2n2 Dv . i

(2.42)

Although eq. (2.42) involves dimensionally-shifted integrals in an essential way, its form
does not depend on the number of legs, the complexity of the kinematics, or the details of
the v;, observations which suggest a connection to the dimension shift of Tarasov [51]. Since,
to our knowledge, a manipulation of the Schwinger representation furnishes the simplest
possible proof of Tarasov’s relation, it is natural to expect the Schwinger representation to
also allow for an efficient alternative proof of eq. (2.42). To proceed, it is useful to recall
that the Tarasov dimension shift is derived in the Schwinger parametrization by simply
multiplying and dividing by the first Symanzik polynomial. Furthermore, for an integral
topology with ¢ propagator denominators, the first Symanzik polynomial at one loop has
the especially simple, universal form

L[t(l) =a)+- -+, (2.43)

due to the uniqueness and triviality of the one-loop vacuum (tadpole) integral topology.
The general Schwinger representation is most simply expressed if one first orders the

Feynman propagators such that the e — 0 limits of their exponents form a monotonically

decreasing sequence. We assume that, in this limit, the first n* propagators appear raised

3Note that one can circumvent the discussion of this section altogether by performing a classical
Passarino-Veltman tensor reduction [63] on all one- and two-loop integrals. In fact, we found it very
productive to carry out such an analysis as a comprehensive cross-check of our p-term implementation.
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SO

Figure 1. The unique (up to internal mass assignment) non-factorizable (left) and factorizable
(right) two-loop vacuum integral topologies.

to positive powers and the remaining n~ propagators appear raised to negative powers (we
may assume without loss of generality that the final n~ propagator exponents are in fact
non-positive integers). In terms of the Symanzik polynomials of the integral family, I/ and
F, we have

n

ot T o vi—1 Ve _
(L) _ —wrz.: v ay 0 77—do/2+e _F /U
In =€ Jj=1 Z]l(/o daz F(V1)> H |l/4‘ (u € )

t=n+41 0y

Oén++1:“.:an++n_ :0

(2.44)

for d = dy — 2¢, where dj is an even positive integer (dyp = 4 is of course the main case of
interest to us in this article). In the absence of inverse propagators, the usual result given
in terms of the Symanzik polynomials of the integral topology under consideration, ¢ and
F, is recovered.

Now, as emphasized in [52], generic d-dimensional Feynman propagators at one loop
have the form kq - k1 + 2P.pt - k1 + Pogt - Pogt —m?2 + ]Aﬁ . 12:1, where P.,; denotes some sum of
four-dimensional external momenta and m some particle mass. This form motivates a split
of the loop momentum integral in the derivation of the ordinary Schwinger parametrization
into four-dimensional and (—2¢)-dimensional pieces. Due to the fact that, by construction,
p-term insertions are expected to lead to Feynman integrals explicitly suppressed by powers
of €, the authors of [53] deduced that the (—2¢)-dimensional part of the momentum integral
must be proportional to the e-dependent part of eq. (2.44),

~ 7M 2 — €
/ R (2.45)

and therefore serve as a generating function for all p-term insertions via differentiation

77(1)

with respect to U,,”. Indeed, by differentiating the right-hand side of the above relation r

times with respect to H,(f), we find

— _ €E—T
(1)7‘?&_3 (@), (2.46)
and, by recognizing that the shift € — ¢ — r corresponds precisely to a shift dy — dy + 2r
in eq. (2.44), immediately recover the form of eq. (2.42) as expected.

Fortunately, the approach described above may be fruitfully applied to the study of
generic u integrals at the two-loop level as well. This is primarily because there is a
unique non-factorizable two-loop tadpole topology (see figure 1). The main new feature at
the two-loop level is that shifts in the propagator exponents appear alongside the various
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dimension shifts. At two loops, generic non-zero p-term insertions can be constructed by
taking products of 1211 -12:1, 12:2-/%2, and (1211 —12:2)2. Due to the uniqueness of the non-factorizable
two-loop tadpole topology, the first Symanzik polynomial of an arbitrary non-factorizable
two-loop integral family is of the form

(2
uy = Ty2 Ty ks + Tiz Ty oo + Ti2 Thz, (2.47)

where T, ., is the sum of the Schwinger parameters associated to propagators which de-
pend on the dot product k; - ko, ka is the sum of the Schwinger parameters associated to
propagators which depend on k? but not on ki - ko, and 7] k2 is the sum of the Schwinger
parameters associated to propagators which depend on k3 but not on ki - ko. It follows
that the two-loop analog of eq. (2.45) ought to be

/01_261%1 4%, ot fe1-ka+T, 2 ko -k +Thy kg (k1 —k2)? ~ (ﬁ@))e, (2.48)

n

a generating function via differentiation by Tj2, Ty2, and T, .x,. As at one-loop, the
above relation suggests that arbitrary two-loop u integrals may be rewritten as a linear
combination of ordinary Feynman integrals by simply comparing the result of each term of
the prescribed differentiation of the right-hand side of (2.48) with the form of eq. (2.44).

Starting at two loops, a subtle complication can arise in our formulation due to the
fact that we prefer to write all numerator polynomials as linear combinations of power
products of inverse propagators and particle masses. If a propagator depending on e.g. ky
alone appears in the numerator of a Feynman integral alongside an explicit insertion of
1%1 . ]Aﬁ, it will not work to use the above line of reasoning to eliminate the explicit ];‘1 . 1%1
factor. This is simply because the k% = ky-k1+ /%1 . ]Aﬁ term of the propagator itself depends
on ky k1. In practice, we found it most convenient to temporarily delay rewriting all scalar
products of the form k; - p; in terms of inverse propagators. Due to the fact that the k; - p;
scalar products live in four dimensions, (2.48) may be applied to eliminate all explicit u
terms before rewriting the remaining scalar products as linear combinations of propagators.

To clarify the procedure described above, we consider a non-trivial two-loop p integral
from integral family A of [29, 31] which may be directly rewritten using the technology
of [53]:

[D7 (k1 - /271)2]

d?%,d9% ko — p1 — po)2(ky - k)2
/ 1 2 (k2 —p1 — p2)°(k1 - k1) ’ (2.49)

(im/2)% KER3 (k1 — k)2 (ks — p0)? (k1 — p1 — pa)?

where we have introduced the notation D7 = (ko — p; — p2)? from [29, 31] on the left-hand
side for later convenience. Note that, in this example, there is no clash between the explicit
factor of (ki - k1)? in eq. (2.49) and the implicit factor of ky - ko present in

Dy =ky-ky—2(p1 +p2) - ko + (p1 +p2)* + ko ko (2.50)
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The Schwinger parameter subsets of interest are
Tsz = o1 + a4 + ag, Tk% = a9 + a7, and Tk1-k2 = a3, (2.51)

and differentiating the right-hand side of eq. (2.48) twice with respect to Tj2 gives (e —1)
times an insertion of

(Tkz2 + Ty k) _ o3 + a3 + of 4 2a00a3 + 20007 + 20307
) B 77(2)) 2
) )

into eq. (2.44) specialized to our two-loop example.

(2.52)

The factor in the denominator induces the dimension shift 4 — 2¢ — 8 — 2¢. Powers of
Schwinger parameters associated to the propagator denominators induce positive shifts in
the corresponding propagator exponents, and, for h powers of parameter ¢, an overall factor
of (=1)"T'(v; + h)/T'(v;). Powers of the Schwinger parameter associated to the numerator
also induce positive shifts in the exponent, but only an overall factor of A! from the action
of the derivatives in eq. (2.44). Due to the fact that ay is merely an auxiliary parameter
set to zero at the end of the calculation, the insertion of a2 gives a vanishing contribution
for the specific example considered. We find:

8—2¢
><E?7 k)?] = 2¢(e - 1) [D7]
- 8-2¢ 8—2¢
+ >< D]+ 28
: 8—2¢ 8—2¢
_ >< — : (2.53)

The integrals on the right-hand side of eq. (2.53) can be straightforwardly evaluated
in Feynman parameters to all orders in € due to the fact that they are iteratively one loop.
After some simplifications, we obtain

><[D7 )’

(5 —26)T2(e)T2(1 — €)'(26)T(1 — 26)T'(2 — €)
I'(6 —36)['(3 — 2e)T2(—1 +¢) ’

(2.54)

where we have set (p;+p2)? = —1. To check eq. (2.54) and our treatment of the two-loop p
terms, we invite the reader to first integrate out ko in integral (2.49) above and then treat
the p-term insertion in the context of the remaining integration over kj (i.e. by applying
eq. (2.42)). Finally, let us stress again that a numerator insertion of Dy (ks - k2)? would not
be directly covered by our method.
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To be clear, factorizable two-loop p integrals also appear in our calculations. They
could be evaluated as products of one-loop u integrals, but we prefer to treat them along
the lines described above. In the factorizable case, (,12;1 — 1%2)2 — ky - ky + ko - ko and we have

e T kbt T ko e
/ A2k, d kg e KT (TeT2) (2.55)

for our generating function. This is nothing but a degenerate case of eq. (2.48) above
with Tk, .k, set to zero. Note that, while we believe that it should be possible to make
a similar construction to handle u-term insertions in d-dimensional Feynman integrals at
higher loops, more effort would be required to identify the underlying vacuum topologies.

2.5 MS renormalization of o« and o

In this work, we renormalize both o and «; in the MS scheme. Due to our neglect of all
fermion masses, this choice is particularly convenient for our calculation of the two-loop
mixed EW-QCD corrections to the neutral-current Drell-Yan process. As explained in
section 3.1, we neglect the gauge-invariant subset of Feynman diagrams with closed fermion
loops and any contributions involving top quarks throughout this work. This includes in
particular the two-loop Standard Model vacuum polarization diagrams featuring a single
quark loop and a single gluon exchange. As a corollary, the form of the contributing two-
loop Feynman diagrams (see section 5.1) immediately implies that the order avs corrections
to the electric charge renormalization constant must vanish identically.

Throughout this work, we follow the convention of [20] for fixed-order results. There-
fore, quantities in Standard Model perturbation theory are written in the form

z 00 Z(m ) a\™ [ ag\"
_ m) (2 i 2.56
2 () (5) (25
m,n=0
to all orders in the coupling constants. In this notation, neglecting contributions with

closed fermion loops which are proportional to the number of light leptons (n;) or light
quarks (ng) or involve the mass of the top quark (m;), we have

VAR =0, (2.57)

ng,nqg—0; my—ro0

for the order aarg corrections to the electric charge renormalization constant.
Since the tree-level Drell-Yan amplitude is of order «, the trivial renormalization of
the strong coupling constant

(4m)ce B Qb = o (2.58)

is all that is required for our order a®a, two-loop calculation. On the other hand, the one-
loop electric charge renormalization constant does make an appearance. It has been known
since the work of [66] in the standard on-shell scheme where the charge renormalization
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constant is fixed order-by-order in the Thomsen limit (see e.g. [67] for a review). In the
MS scheme it is given by,

6210 =50 (2.59)

ng,nqg—0; my—ro0 €
the pole part of eq. (5.40) of [66] once one discards the first, fermionic term inside the
bracket. For notational convenience, we shall suppress the qualifiers provided on the left-
hand sides of egs. (2.57) and (2.59) throughout the rest of this work. When necessary,

appropriate caveats will be provided in the text.

2.6 On-shell electroweak gauge boson wavefunction and mass renormalization

In this section, we review the on-shell renormalization of the electroweak gauge bosons in
a generalized 't Hooft-Feynman gauge. Our conventions for the electroweak sector of the
Standard Model Lagrange density and Feynman rules are identical to those of [66], upon
which the useful resources [54, 67, 68] were modeled. Our electroweak gauge boson renor-
malization constants are also defined with exactly the same renormalization conditions,
but we have chosen to factor the squared electroweak gauge boson mass, m2, out of the
mass renormalization constants, Z,,2, to render them dimensionless.

As usual, a particularly convenient choice for the gauge parameter renormalization
constants is

Zg = Z’W? Zgz = Zzz, and Zgw = ZWi (260)

Y

because it simplifies the all-orders form of the electroweak gauge boson kinetic terms in
the renormalized Lagrange density. Subsequently, our generalized 't Hooft-Feynman gauge
is defined by setting all of the renormalized gauge parameters to one at the outset,

57 = gz = fw =1. (2.61)

This is justified because, due to egs. (2.60), the gauge parameters in this scheme receive
no radiative corrections.
Apart from the exactly-transverse photon-photon self-energy,

o . D alr =
—izr(e) = =i (9 - ) £ (). (2.62)

the electroweak gauge boson self-energies naturally decompose into a sum of transverse
and longitudinal components:

—i M (q) = i (gW - q;g) 5,7 (¢%) =i q# oLy () (2.63)
~i9 ) = =i (9 = T 1) Sz () - qq‘-’z (). (2:64)
and  —iSE (q) = —i <gW - ngy) Swew- (2%) - qu2 (¢¥) . (265
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The longitudinal components of the self-energies, Eev,, are unphysical and need not be
calculated explicitly.

Working in d dimensions, we see that the relevant Lorentz projectors for the transverse
gauge boson self-energies can be cleanly summarized as

T _ i _ Quv
(va/),uu T3 _ 9 <g;w q2 ) . (2.66)

For all of the Lorentz projection operators considered in this work, a sum over the available

open Lorentz and spin indices is always implied for their action on Feynman diagrams.
We find the following results for the transverse projections of the Fourier-transformed
electroweak gauge boson kinetic terms, £}/, of order a:

(), 80— (), (5070 (0 ) -390 oo
() 5= (), (-4 (02 o2 o) )
- % (6255 +025") ¢* - m2623."), (2.68)
(1), 25 = (P (82 o o) o 62 +20) )
=0253¢* —m? (625" + 020", and (2.69)
() 25 = (1), (- (6242 (o — ) -k 255282 )
=02y 0q? —m2 (02520 +520). (2.70)

Analyzing egs. (2.67)—(2.70) and taking into account the renormalization conditions
of [66], we see immediately that

_ (1,0
=50 (@) 25 (¢?)

1,0) _ (1,0) _
5Z'(w )= dag? ’ 5ZZ’Y o m?2 '
q ¢2=0 z ¢2=0
$(1,0) ¢ 2 (1,0
5200 _ Pz ) 5700 _ a5y (@)
PY m2 b} dq2 )
z q?=m2 q?=m2
(1,0) ¢ 2 s(1,0) 2
by b _
02,3 = 2L 2((1 ) , 62y = TS (@) (2.71)
Z g?=m2 w q?=m,

Apart from light fermion and top quark contributions which we consistently neglect
throughout this work, explicit expressions for the one-loop self-energies and counterterms
relevant to the higher-order corrections of interest to us will be provided to all orders in

€ in section B.2. Note that we do not provide an explicit expression for 67 ’f) because it

(1
w
plays no role in the renormalization of any of the Feynman diagrams we calculate.

2.7 On-shell wavefunction renormalization for massless fermion fields

In this section, we review the systematics of on-shell renormalization for massless fermion
fields in the Standard Model. The on-shell scheme for massless fermions is widely used
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in QCD because, due to the scalelessness of the contributing gluon-exchange diagram, the
one-loop quark wavefunction counterterm vanishes identically in dimensional regulariza-
tion. Although we will ultimately take the ¢> — 0 limit, it is nevertheless instructive
to begin with the off-shell setup of [66], where the momentum transfer ¢? in the Lorentz
decomposition of the fermion self energy

z’(i f(q))aﬁ =iSy. (qQ) (g)aﬁ +iYa s (q2) (mg,)aﬂ (2.72)

is taken to be different from zero.* In writing eq. (2.72), we have implicitly assumed
Kreimer’s 5 scheme; analogous calculations in HVBM’s ~5 scheme will be discussed in
section 2.8 and, accordingly, we have written ¢(q) instead of X4(g) in order to allow for
a side-by-side comparison in the next section.

We employ the notation of [66] for the interactions of the electroweak gauge bosons
with matter. The Z interaction is parametrized by flavor-dependent axial vector and vector
coupling coefficients,

ms Iy and s 13- 9 Mg (2.73)
ar = 11 Vf = — 4T o . .
/ 2Mmyy/Mm2 — m2, T 9my mZ —m2 \ '/ m?2 /

The W interaction, on the other hand, is parametrized by a universal coupling coefficient
my

2v2/m2 —m2

We will make extensive use of these aliases throughout the rest of this paper.

(2.74)

Aoy = Uy =

At first sight, it might seem counterproductive not to employ eq. (2.74) to eliminate
au and vy, as they are equal and have no dependence on the fermion flavor. However,
as will become clear later on in this section, it is useful to retain the dependence on a,,
and v, at intermediate stages of fermion self-energy and vertex calculations because it
generically allows for a determination of axial vector components from vector components
through chiral symmetry. Actually, the fermion self-energies considered in this section
are particularly simple and have no independent W-exchange Feynman diagrams; all W-
exchange diagrams can be obtained from the Z-exchange diagrams for free by making the
replacements ay — a,, and vy — vy, (see figure 2).

Thus, for the relatively low perturbative orders of interest to us, it suffices to consider
the calculation of the Z-exchange contributions to the vector component of the fermion self-
energy. At this stage, one is faced with a conceptual hurdle. Taken at face value, the self-
energy in the on-shell scheme for massless fermions would seem to be most appropriately
defined as the ¢> — 0 limit of the fermion self-energy calculated off-shell.> Of course, it
also seems that one ought to be able to simply set ¢° = 0 in all Feynman diagrams at

4Throughout this section, we suppress the color indices of the quarks to streamline our discussion
and allow for a unified description of propagator corrections at one loop. The two-loop mixed EW-QCD
scattering amplitudes of primary interest to us in this work always come with a color factor of C'r, due to
the fact that all contributing Feynman diagrams feature exactly one gluon exchange between quark lines.
SHere, the ¢> — 0 limit should be taken before expanding in e.
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SED S oy

Figure 2. Independent Z exchange diagrams at one and two loops. Due to the absence of fermion

masses, diagrams which feature only gluon and/or photon exchanges vanish identically.

the very beginning, significantly simplifying all subsequent calculations. In fact, as we now
demonstrate at the one-loop level, both approaches are possible and yield the same answer.

If we begin with ¢® generic, one can immediately verify that the Lorentz projector of
interest is

(P}/)ﬂa off—shell _41? <¢)Ba (275)

and our Kreimer reading point prescription instructs us to begin reading our Dirac traces
from the projector insertion. Therefore, using the Feynman rules of [66] and the anti-
commutation relation satisfied by Kreimer’s 75, eq. (2.7), the contribution of the one-loop
Z-exchange diagram to the vector component of the fermion self-energy is

2 2 2 v
S0 e (a3 +02) /ddk Tr{ gy (g + k1) } 0.76)
V I Z exchange 4(]2 ! (q + kl)z(k% - m%) ’ .
for®
2 B (1)
C1 (E,M ) im2—c ( 77)

As eq. (2.76) does not depend on 73, it can be trivially simplified using the contraction
identity and even trace formulae of section 2.2. After carrying out the numerator algebra,

we obtain:
(10)( ) ‘ :201 (6,u2) (a?d—vf /dd q +q-k (2.78)
V f q 7 exchange q2 q + kl (k% - g)’ .

which can immediately be rewritten as a linear combination of standard scalar integrals
using Passarino-Veltman reduction [63]; the result is

c1 (e, %) (a2 +v2) (1 —€
500 (@) _al W) (a3 +03) ( )<(q2_ 2)/(q+k1ddkl

v : : (k= m2)

ddkl
4 / — ) (2.79)

6As explained in section 2.5, « is renormalized in the MS scheme.

Z exchange q
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where, using Feynman/Schwinger parameters,

ddkl eVES <u2

B —m?en(en?) \m?

A%k, e 12\ T(e)T(2 - 2e) ¢
=2 — | ——————5F (1,2 —¢ . 2.81
[ armmie= = e (mz rG-2 (b2 ene) @8

z

)E m?T(=1+¢€) and (2.80)

In writing eq. (2.81), ¢> was assumed to be less than m?2. Modulo minor typos,” our results
agree as expected with those of [66] through to O (¢°) in the limit of vanishing fermion
mass.

From eqs. (2.80) and (2.81) it is a simple matter to work out the ¢> — 0 limit of
eq. (2.79). From I'Hoépital’s rule, we find:

RICAL LA W

. 1,0
L (Eg/ f)( 2)’2 exchange> 2—¢€ mg

q%2—0
The above derivation is certainly valid, but let us stress that attempting to calculate the
¢®> — 0 limit of i\@ #(¢%) in this way is not recommended at higher orders in perturbation
theory; while we were able to confirm numerically that the correct ¢ — 0 limit exists at
order ag for fixed, finite €, it is not amenable to analytic evaluation.

In general, our opinion is that it is far simpler to implement the on-shell condition
q® = 0 from the get-go. Of course, eq. (2.75) is ill-defined at ¢®> = 0; a valid projector when
q?> = 0 is given by
i

= (y))ﬁa, (2.83)

on—shell dn-q

(5,

where 7 is an arbitrary four-vector such that n - q # 0.
Setting ¢? = 0 from the beginning of the calculation, we have

$(10) (g _alem) (“3””)12‘) 1%k Tr{ﬂ’yu(g+kl)7”}
=7 0) / 1<q+k1>2<k2— m?)
_2alen?) (a3 +03) @ /dd n-q+n-k
n-q Q+k1 (k%_ z)

Proceeding directly from Feynman/Schwinger parameters for the integral evaluations,
we find

Z exchange 4 n-q

(2.84)

e (“2>6r(—1 +e) (2.85)

q%2=0 - _Cl (€, %) \ m2

_ n-qerEe <u2>ef(—1+6)

q2=0 - c1 (6, /LQ) miz 2—¢€

1
d%
/ 1(q—|—k1)2(kz% —mz)

n- ki
and / d%%
Hg+ k)2(k] —m2)

(2.86)

"While comparing to [66], we noticed a typo in the expression for ¥ 47 on the 3rd line of eq. (5.27):
the first term inside the bracket should actually read —2 visais (2 B1 (k2; Mio, Mz) + 1). Additional typos
were discovered in eq. (B.2); the tensor reduction formula needed for B; (k2; Mic, MZ) should read

2k*By (k% My, My) = A(My) — A (M) + (M3 — M} — k*) Bo (k*; M, M) .
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Note that, in the degenerate ¢*> = 0 kinematics under consideration, all contributing one-
loop Feynman integrals must ultimately turn out to be proportional to the one-loop tadpole.
Finally, we obtain

2 2 € €
500 ‘ _2 (a3 +02) (1= () w2 257
V. f Z exchange 2—¢ mz '
and see immediately that
. <(1,0), 2 (1,0
qlgglo <2V’f (q ‘Z exchange) a Ev’f (0)‘Z exchange (288)

as claimed.

We now consider the ramifications of chiral symmetry. In the Standard Model, the
right- and left-handed components of the Z-exchange contribution to the one-loop fermion
self-energy are exchanged under 75 — —<5. This implies that the axial vector component
of the Z-exchange contribution to the fermion self-energy ought to be obtained by a re-
placement of the form v]% + a% — +2aysvy in eq. (2.87). In order to fix the overall sign,
recall that the coupling of the W to matter is exactly left-handed, that the W-exchange
contribution is obtained by making the replacements ay — a, and vy — vy, and that
ayw = Uy. Taken together, these considerations allow us to conclude that

- Aapvr(l —)(e)eEe 12\
S0 (0 =_ 2 2 2.89
A f ( )‘Z exchange 2—¢ m% ( )

with no additional calculation.

In the on-shell scheme, massless fermion wavefunction counterterms are defined to
exactly cancel the perturbative corrections to the corresponding fermion self-energies order-
by-order. Therefore, we find

ZT = O (2.90)
_ _2 (a? + v?‘) (1 — E)F(6>67E6 [1/72 € B 2 (a%u + U”L2U) (1 — 6)F(€)67E6 [1/72 €
= 2—¢ m? 2 —¢ m2,

IR = BT (2.91)
_ dagup(1 — T (e)em [ p?\* | Al = T (e 2\

2—c¢ m% 2—ce€ m?u

for the vector and axial vector components of the one-loop fermion wavefunction countert-
erm.

We now turn to the vector and axial vector components of the two-loop quark self-
energy of order aa,. To our knowledge, these mixed two-loop corrections to the self-energy
were first considered in [69], though not in the on-shell scheme with massless fermions. It is
straightforward to calculate the desired quantities by acting with the appropriate Lorentz
projector in Kreimer’s 75 scheme, eq. (2.83), on the eight non-zero two-loop Feynman
diagrams summarized by figure 2. Remarkable simplifications are achieved by setting
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¢®> = 0 at the beginning of the calculation. In the end, we find that the vector component
of the quark wavefunction counterterm is given by

5Z(1 1 _ 2(1 1)( 0) 29
_2(a‘q+vq)CF(1_6)(1—36)(3—26)F2(1—6)F(1+6)F(_1+26 o2VEe (M)

I(3—¢) m?
 2(ap +g)Cr(1=6)(1=3¢)3—2)1*(1 — )T (1 + )T (=1+2¢)e*7 [ 1
I'(3—e) m%u
and the axial vector component of the quark wavefunction counterterm is given by
1,1 1,1
oz = s Do) (2.93)
B 4aqvo’F(1 —)(1 - 36)(3 — 26)T%(1 — (L + (1 + 2)e27¢ (2 \*
B I'3—e¢) m2
4w Cr(1 — )(1 — 36)(3 — 26)T2(1 — )T(1 + )D(—1 + 2e)e21me [ 12 \*
_l’_ Y .
I'(3—e) mg,

As at one loop, the simple form of egs. (2.92) and (2.93) results from the fact that only
the one-mass two-loop tadpole integral can survive in the ¢ — 0 limit.

2.8 Chiral symmetry restoration in HVBM’s ~5 scheme and Larin’s principle

As mentioned in section 2.2, HVBM’s +5 scheme is especially challenging to work with
in practice due to the fact that, in general, a plethora of finite counterterms must be
introduced to restore the chiral symmetry of the Standard Model. We shall see that Larin’s
principle [56] provides a practical recipe which helps tremendously to minimize the number
of finite counterterms which must be computed explicitly for a given application. While we
will be most interested in the standard one-loop example of the order a; gluon-exchange
correction to the Zgq vertex shown in figure 4 [48], let us first revisit the one-loop fermion
self-energy calculation of section 2.7 in HVBM’s 5 scheme to illustrate the utility of Larin’s
principle with minimal computational effort.

In HVBM’s 75 scheme, the Lorentz decomposition for the massless fermion self-energy
reads

i(Sr@) =i, 0) (4) , +iZa 05 [029] (299)

where we have assumed the ¢> = 0 Lorentz projector, eq. (2.83), will be employed to
compute Xy, 7 (0) and, as in section 2.7, the color indices are suppressed. It is once again
sufficient to consider the Z—exchange contribution:

)v ddk
5(19) _ f/ L v ’
V’f( )‘Z exchange 47] q q+k§1 ) r{%ﬂy (g+%1)7 }
ddk‘l

) r{% (v vs] (¢ + F1) [v0, 5] }
(2.95)

1617 q (q+ k1)?
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In order to simplify the term proportional to afp, it is useful to resolve the d-dimensional
momenta and Dirac matrices into four-dimensional and (—2¢)-dimensional components
using egs. (2.10) and (2.11). Crucially, the linear dependence on k; in the numerator
of eq. (2.95) implies that the Dirac traces cannot produce non-zero pu integrals. This
observation allows for the immediate neglect of all terms involving ky.

Using the HVBM ~5 anticommutation relations of section 2.2, eq. (2.95) simplifies to

d
(1,0 _ ”f/ d kl v
by 0 = — t v
Vi f ( )‘Z exchange 4’/7 q q -+ kl mz) I‘{%’y (g + k1)7 }

€, ddk ,V _
_alep?a f/(q+kl)2(k1%_mz)tr{¢'y (g+F)3 ). (2.96)

4n-q

Finally, the trace on the second line of eq. (2.96) is nothing but the e — 0 limit of the trace
on the first line of eq. (2.96); from the analysis of section 2.7, we see that

2 (v]%(l —€) + a%) I'(e)eEe <M2>€

2
my

(2.97)

1,0

ng’ f) (0)’2 exchange - 2—¢

Starting at O (€%), eq. (2.97) clearly exhibits a chiral mismatch, indicating that the

vector components of the fermion kinetic terms of the Standard Model Lagrange density

receive finite counterterm corrections already at order «. In other words, a correction must

be made because the coefficient of afc is not equal to the coefficient of v]% in eq. (2.97) at

O (e). As Larin emphasized in [56], the form of the finite counterterm may be deduced

by simply demanding that the afc and U]% coefficients be equal. For the present calcula-

tion, Larin’s principle dictates that the finite counterterm is given to all orders in € by
the difference

_ 2a C(1+e)e® 12\ 26271 +€)er=e (2 \°
510 gy _ 210 gy — f 2] 2w — ] . (298
v, s (0) vy (0) 2—¢ m?2 2—ce¢ mz, (2.98)

In fact, we could have simply skipped the calculation of the bare self-energy in HVBM’s 5
scheme altogether; requiring that our result respect the chiral symmetry of the Standard
Model to all orders in € uniquely leads to the result obtained in Kreimer’s 5 scheme in
section 2.7 after finite renormalization.®

Of course, Larin’s principle can be successfully applied to the fermion self-energies and
vertex form factors because they have a direct correspondence to terms in the renormalized
Lagrange density. For more complicated contributions to higher-multiplicity scattering
amplitudes at two loops and beyond, it is expected that non-trivial corrections will arise

from the finite counterterms, beginning with insertions into lower-loop box-type diagrams.

8In [56], it is suggested that one ought to perform additional renormalizations for the purpose of chiral
symmetry restoration only after the removal of all ultraviolet divergences with ordinary counterterms. In
our view, this is not necessarily the most transparent approach. However, at higher orders in perturbation
theory, it may be that restoring the chiral symmetry first in the way we propose leads to divergent “finite”
counterterms. Therefore, in our approach, “finite” may not be the best moniker to generally describe the
counterterms responsible for the restoration of the Standard Model chiral symmetry in HVBM’s 5 scheme.
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Figure 3. A two-loop vZ box-type diagram for the mixed EW-QCD corrections of relative order
aag to the neutral-current Drell-Yan process which receives a correction from the insertion of a
finite one-loop counterterm (6Z(ZO§’;) of eq. (2.113)) into a corresponding one-loop box diagram.

Figure 4. The order ay gluon-exchange correction to the Zgq vertex form factor.

Indeed, as we shall see later on in our discussion of the two-loop mixed EW-QCD corrections
to the neutral-current Drell-Yan process, certain two-loop box-type diagrams which involve
axial vector couplings to quarks receive corrections from finite counterterm insertions into
corresponding one-loop box diagrams (see figure 3). The bare calculation in HVBM’s ~5
scheme needed to derive the finite counterterm featured in figure 3 is a familiar one [48, 56]
and, fortunately, the only one relevant to this work which we cannot bypass.

In HVBM’s 5 scheme, the Zgq vertex has the Lorentz decomposition

ie (]—“qu(phpz))kj = e VZQq(S) 77k(p2)7uuj(p1)

+ie Azgg(5) 94(p2) 5 b5l i (p1). (299)

where s = (p; + p2)? denotes the virtuality of the Z and color indices are suppressed
for brevity. Here, we have assumed an incoming massless quark of momentum p; and an
incoming massless antiquark of momentum ps for later convenience. The Lorentz projectors

P'u — ;_. M 21

( Vq)jk 4eN.s(1 —€) ()" o(p2) (2.100)
T 1

and (Pffx,,)jk = Jens WP s vk(p2) (2.101)

deliver Vzg4(s) and Azg,(s) respectively when acting on the sum of all Zgq vertex Feynman
diagrams with an implicit sum on the open Lorentz and spin indices.

For the axial vector component of the order ay correction to the Zgq vertex calculated
in HVBM’s v5 scheme, Larin’s principle is applied by demanding equality to all orders in
€ between its a, coefficient and minus the v, coefficient of the vector component of the
order a4 correction to the Zgq vertex form factor, a condition which would hold automat-
ically in Kreimer’s 75 scheme. In other words, in the notation of [66], chiral symmetry
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guarantees that

AQD () = ~ 22 ploD) ) (2.102)

Z4q vq Z4q

where V(Zq ) (s) = o 1)( ) is nothing but v, times the bare time-like one-loop quark vertex

Zqq
form factor of massless QCD:

2 €
VLY, T e 1%
Ve (s) = vgFi(e)e ()

S
_ @mer2) T aT(en (52 (2.103)
= Y (2 - 2¢) s ) '

The derivation of the analytic expressmn for F 1(€) given above is reviewed in many places
in the literature, see e.g. [70]. Thus, .Aqu (s) is determined through eq. (2.102) and, to fix

the finite counterterm of interest, it remains only to directly calculate .AZOq(lz) (s).

Applying eq. (2.101), the axial vector component of the order o correction to the Zgq
vertex form factor calculated in HVBM’s 75 scheme is

( ~ager (e, 4%) CF d%
.AZOllé ( ) : 16 s / ( _ k‘l)zk%zlh +k1)2
o v, 35,17 (B, + 1) [0 3] (B, — K1) vop, |- (2.104)

Splitting d-dimensional indices with egs. (2.10) and (2.11) and eliminating all 5 matrices
using the HVBM anticommutation relations, (2.20) and (2.21), we find that eq. (2.104)
simplifies to

.,4(031)(8) __%a (€7M2) Cr / ddkl
744 4s (p1 — k1)?k7 (p2 + k1)?

[tf{"v%ﬁ”% + E)A(p, — F0Aep, | — tr{379,37 (p, + F0)7 (0, — F1)3op, |
o3, kraokiiop, ) - 6 {3%p,3hr Fuop, | (2.105)
Using eq. (2.22) and the relation
Y = —2e, (2.106)

we can rewrite eq. (2.105) solely in terms of four-dimensional Dirac traces:

01, agc1(e,p®) Crp ddk,
Azl (8) = — i .
4s (p1 — k1)?ki(p2 + k1)

{3,779, + B, — BOTop, | - 266 (7m0, + BT, p, - B, )

By l%ltr{’_yp%’_ygf_yp’_ygpl} + 2k - l?:ltr{’_ypr’_yppl}} . (2.107)
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Clearly, the remaining Dirac traces in eq. (2.107) may be evaluated in a straightforward
manner by applying egs. (2.5), (2.25), and (2.26) with € set to zero and the d-dimensional
metric tensor replaced by the four-dimensional metric tensor throughout. Discarding all
contributions which vanish due to scalelessness and setting ki-ky = k:% — ];‘1 . 12:1, we find

2aq4c1 (e, 4%) Cr 25k + (1+e)ki + 52+ (14 €)sky - ky
ALY () = 2% / a%% . (2,108
za0 (#) 5 ! (p1 — k1)2k3 (p2 + F1)? ( )
From eq. (2.42), we have
d?k ky - k dd+2 1
/'d12 2121 2:6/~ d212 212 2 (2.109)
ind/2 (p1 — k1)%ki(p2 + k1) im(d+2)/2 (py — k1)2kf (p2 + k1)

It is worth pointing out that, by construction, such explicit u terms could not occur in
. . ~(0,1)

a direct calculation of A2,

algorithms of [64] and their implementation in Reduze 2 [71-73] to treat the dimensionally-

shifted integral on the right-hand side of eq. (2.109), it follows that

(s) in Kreimer’s 5 scheme. Finally, taking into account the

AQi)(s) =

aqC1 (6, /LQ) CF(2 — 3€ — 62) ddkl
Zia : / (2.110)

(1—e)e (p1 — F1)%(p2 + k1)?

after a straightforward integration by parts reduction. As is well-known (see e.g. [74]),

A%k, e (A T2 T (e)
ey e A v <s> 220 N

and therefore

S

—3e—eAT2(1 —¢ €)eVEE . 2\ €

Now, as explained above, the finite counterterm of interest is obtained as the difference
between the Kreimer’s 5 scheme expression deduced above and eq. (2.112):
(0,1) _ #(0,1) (0,1)
0240 = Azaq () — Azgg (5)
(2 = OT2(1 — L (1 + e m<m>f
Cre .

= 2a, (2.113)

(1—e)T(2 - 2¢) s

eq. (2.113) is manifestly finite at € = 0; as expected, we see that 5Z(Zoql;) = 4a,Cr + O(e),
in complete agreement with eq. (9) of [56].”

Before leaving this section, let us stress that we do not employ in this paper what
is commonly referred to as “Larin’s scheme” in the QCD literature. It is clear that the
goal of [56] was to provide a recipe in FORM for the consistent treatment of multi-loop

QCD corrections to the axial vector components of Standard Model vertex form factors

°In making this comparison, note that eq. (3) of [56] was not written down for the Zgq interaction
verbatim and therefore does not have the overall factor of —a, present in interaction (2.24). Note also that
the cited equation numbers refer to the journal version of [56].
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in HVBM’s =5 scheme; Larin did not discuss a prescription for the treatment of multi-
loop box-type diagrams, for example. Indeed, in contrast to the prescription of [56] for
the treatment of multi-loop QCD corrections to Standard Model vertex form factors, we
found it essential for the restoration of chiral symmetry in the two-loop box-type diagrams
treated below to consistently keep also higher-order terms of the ¢ expansions of our finite
counterterms in order to avoid any premature truncation.

3 Calculational details

3.1 Process definition

In this work, we study lepton pair production in quark-antiquark annihilation,

q(p1) + q(p2) = € (p3) + € (pa) (3.1)

at one and two loops. We obtain complete results for scattering amplitudes at order aas,
order o, and order aa; in the approximation of vanishing light quark and lepton masses,
ie. p% = p% = p% = pZ = 0. As the present paper represents only a first decisive step
towards the assembly of phenomenological results for Drell-Yan lepton production including
complete two-loop EW-QCD effects in all channels, we defer the inclusion of the gauge-
invariant contributions proportional to the number of light quark or lepton flavors and
all top quark mass corrections to future work. The most important two-loop corrections
we omit are those which involve a closed fermion loop; these contributions arise due to
electroweak gauge boson self-energy insertions and are already known, see e.g. [26, 75]. We
also do not consider bb initial states, which lead to double W exchange diagrams involving
the top quark; in other words, we restrict ourselves to four light flavors in the initial state.

As usual, the 2 — 2 kinematics of (3.1) is conveniently described by the Mandelstam
variables

s=(p1+p2)? and t=(p1—p3)% u=(p2—p3)?=—-s—t. (3.2)

In total, five independent kinematic scales, s, t, m,,, m,, and my, appear in our results.
Here, m,, is the mass of the W boson, m, is the mass of the Z boson, and my, is the mass
of the Higgs boson. For simplicity, we present our final results in a physical phase-space
region where t is allowed to take arbitrary physical values while s is constrained to be above
all two-particle thresholds present in the contributing Feynman diagrams. This amounts
to the condition

s> (my, +m;)? (—s<t<0) (3.3)

imposed by the Z-Z self-energy. Working in the kinematic region defined by (3.3) allows us
to do without the complex mass scheme, thereby avoiding further technical complications
for our proof-of-concept study. As discussed in [31], this restriction also simplifies the
explicit expressions for the two-loop master integrals.
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3.2 Form factor decomposition

We decompose the one- and two-loop scattering amplitudes for our process into basic
Lorentz structures (“standard matrix elements”) multiplied by form factors, which depend
only on the kinematic invariants. Since we are considering massless external fermions in the
Standard Model, the amplitude in conventional dimensional regularization can be written
up to two loops in terms of the Lorentz structures [76]

Ti = v(p2)y"u(pr) @(p3)yuv(pa), (3.4)
T2 = 0(p2)pgu(p1) @(p3)p,v(pa), (3.5)
Ts = 0(p2)V"v" v u(p1) w(ps) v ypv(pa), (3.6)
Ta = v(p2)y" Py ulpr) @(ps)vup, v (pa), (3.7)
Ts = 0(p2)v" 7" 77y u(p1) W(p3) VY Vp Voo (pa), (3.8)
and  To = 0(p2)7"v" Py u(pr) @pa) v, Voo v (pa), (3.9)

where we suppressed color and spin indices and ignored insertions of 5. For our EW-QCD
corrections, structures 75 and 7Tg can be omitted even in a general R¢ gauge because the
gluon couples only to the initial-state quark line.

Allowing also for insertions of 75 at the end of each Dirac chain, we obtain sixteen
different Lorentz structures. For the sake of our argument, let us consider an anticommuting
~5 to illustrate the general principle of our projector method. The described form of the
amplitude can be obtained either using Passarino-Veltman reduction of the tensor integrals
or using projectors. In d = 4 dimensions, only four out of the sixteen Lorentz structures
are independent, as can be seen using Schouten and Fierz identities. In order to facilitate
a smooth d — 4 limit, we can define a d-dimensional basis of the four structures derived
from 7; by inserting 75 matrices:

Tvv = 0(p2)y"u(p1) w(ps)yuv(pa), (3.10)
Taa = 0(p2)v"v5u(p1) w(ps)yuv50(pa), (3.11)
Tav = 9(p2)7"y5u(p1) w(ps)yuv(pa), (3.12)
Tva = 0(p2)7"u(p1) w(p3)Vuy5v(pa), (3.13)

and twelve further structures (derived from 73, T3, and Tj in a similar way), which are
strictly “orthogonal” in d dimensions and smoothly vanish for d — 4. The d dimensional
projection onto the structures (3.10)—(3.13) obtained in this way are identical to those
calculated by ignoring the additional directions at the outset. This construction is described
in detail in appendix A, see also [77-81] for related work. We note that the four independent
structures in d = 4 are of course directly related to the four independent helicity amplitudes;
alternatively, for a given 5 scheme, we could have written polarized Lorentz structures by
replacing e.g. u(p;) with 1 (14 75) u(p;).

For finite, renormalized and infrared-subtracted scattering amplitudes, O(e) deviations
from the four-dimensional projectors will be irrelevant for the O (60) result. For infrared di-
vergent amplitudes, the O (60) term depends on the exact choice of the projector. However,
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as long as we use the exact same prescription for the projector for all divergent contribu-
tions, those ambiguities will exactly cancel for a finite sum. This argument assumes that
we use an analytic continuation which gives a well-defined meaning to the higher-order-in-e
terms of the divergent quantities and that we do not truncate their Laurent expansions
in € prematurely. In the schemes we consider here, for contributions involving Levi-Civita
tensors, we expect that consistency is ensured because Levi-Civita tensors effectively trun-
cate the higher-order-in-e terms of finite quantities. We will discuss the details of how we
construct our projectors for the 5 schemes we consider in the following.

3.3 Calculations in HVBM’s 5 scheme
The Lorentz decomposition of the Drell-Yan scattering amplitude in HVBM’s 5 scheme is
iApy =i (Cyv Tvv + Caa Taa + Cva Tva + Cav Tav +...) (3.14)

where the dots denote additional structures which decouple in the limit d — 4 and can
effectively be ignored in our projector based setup. The relevant Lorentz structures for our
calculation are

Tvv = v(p2)v"ulp1)u(ps)yuv(ps), (3.15)
Tax = 0(p2) ", ] wlp)es) y L 351 v(). (3.16)
Tva = @(pz)’y“U(pl)ﬁ(pa)% (Vs v5] 0(pa)) (3.17)
Tav = 0p2) [, 3] wlp1)o(ps) v (), (318)

In the manner described in section 3.2, we employ Lorentz projectors to calculate the form
factors Cvyvy, Caa, Cva, and Cuy in d dimensions. We request

C= > Pcidpy, for C = Cyv, Caa, Cya, Cav, (3.19)

spin,color

to hold in d dimensions and obtain

. o
Pcyy = 8N, (6822($ _ ;Z;)_ 4t2u2)7’\iv " 8N, (es? (fQ(i 2;;)) _ 4t2u2)7;%A’ (3.20)
Fom = 78N, (o2 (2«552 (tEfL)) i) W R, (ieigl(s_? E)S;t;)Qtuiﬁu%TAA’ (3:21)
Fow = _i?(iv—;g),r 325\7 2u gT ’ (3.22)
Poyy = ;MT W’Eﬁv. (3.23)

In practice, we use these projectors only for box-type diagrams; for diagrams with self-
energy or vertex insertions, we choose to sew effective propagators and vertices into appro-
priate tree-level diagrams. Note that, as we plan to perform a calculation of all Feynman
diagrams in Kreimer’s 5 scheme anyway, Larin’s principle allows us to completely bypass

~ 98 —



the direct calculation of almost all vertex Feynman diagrams in HVBM’s 75 scheme; as
explained in section 2.8, the vertex form factor projector defined in eq. (2.101) above was
1
q
After carrying out the renormalization program outlined in sections 2.5-2.8, the loop-

employed for the calculation of the finite counterterm 5Z(Zoq’ ) of eq. (2.113), but that is all.!”

level amplitude form factor coefficients still diverge in the infrared. These singularities in
the virtual amplitudes manifest as poles in € which are canceled by taking real radiative
corrections into account and, in the end, considering perturbative corrections to physical
observables. Fortunately, we have a priori knowledge of the infrared singularity structure
of the scattering amplitudes we calculate in this work due to the well-known dipole for-
mula [82-88] and a simple generalization thereof. In section 3.5, we review the two-loop
mixed EW-QCD neutral-current Drell-Yan dipole singularity structure derived in [20] and
show how subtraction functions may be defined which allow for the comparison of finite
hard scattering functions in different 5 schemes.

We now turn to a technical discussion of our approach to Dirac trace manipulation
and numerator algebra in Mathematica. First of all, note that all terms which involve
an odd number of 75 matrices in total must vanish due to the fact that we consider a
2 — 2 scattering process with purely massless external momenta which cannot support a
contraction with a Levi-Civita tensor. One possible approach to calculate the non-vanishing
terms in HVBM’s ~5 scheme, popularized by [56], would be to make use of the identity

1 i

5 Euvpa VY7, (3.24)

derived from eqs. (2.3) and (2.28), at the level of the d-dimensional Feynman rules. This
prescription, however, has the very unpleasant side-effect that the lengths of all Dirac
traces involving 5 are artificially inflated at intermediate stages.

While the associated performance penalty could be ameliorated to some extent by
exploiting the total antisymmetry of the Levi-Civita tensor, we prefer instead to follow [52]
and split indices from the very beginning. We use the anticommutation relations, egs. (2.20)
and (2.21), to write!!

1 _
o [V 18] = 75 - (3.25)

Once all explicit 5 matrices have been anticommuted away and traces with an odd number
of hatted variables have been discarded, we apply eq. (2.5) and its companion identity,

n
g’yl/l e fYVng =2 Z(_l)ernQVi g’)/ln e 71/1;171/1‘4,1 Yo + QQ(_l)n’Yul o Yop s (326)
=1

to shorten all Dirac traces at an early stage to the maximal extent possible.
In our view, this strategy is most sensible because, due to the presence of box-type
diagrams, it is anyway inevitable that we must split indices at some stage. As a bonus,

10Gtrictly speaking, there is another finite counterterm which is needed as well, 6Z$i)@7 but it may be
trivially obtained from eq. (2.113) via the replacement aq — @y .

"To be clear, we distilled eq. (3.25) from [48]; axial vector couplings were not considered in [52].
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eq. (3.26) also allows us to exploit the on-shell kinematics to discard vanishing terms at an
early stage. While it may not be obvious at first sight, egs. (2.5), (2.25), and (3.26) can be
applied verbatim to traces which contain both barred and hatted variables, provided that
mixed contractions of indices are discarded as soon as they are produced by the formulae.
Although it was not really needed for the two-loop calculations considered in this work, it
is worth mentioning that an aggressive use of memoization for the Dirac traces appearing
in our calculations could have significantly decreased the runtime required by our code to
process all Feynman diagrams.

Once all Dirac traces have been evaluated and all compatible Lorentz indices con-
tracted, contractions and products of Levi-Civita tensors from the box-type diagrams must
be dealt with using eqgs. (2.12)—(2.16). Subsequently, all scalar products of the form g,,, k!’ kY
must be processed using the methods reviewed in section 2.4. Finally, taking into account
the algorithms of [64] and their implementation in Reduze 2, we obtain the amplitude
form factor coefficients via integration by parts reduction as a linear combination of mas-
ter integrals. At both one and two loops, we find it particularly convenient to rotate to
normal form bases of Feynman integrals, characterized by the simple, e-decoupled differen-
tial equations they satisfy [89, 90]. Our one- and two-loop normal form bases are defined
in sections 4.2 and 5.2.

3.4 Calculations in Kreimer’s ~5 scheme

The Lorentz decomposition of the Drell-Yan scattering amplitude in Kreimer’s ~5 scheme
is essentially eq. (B.10) of [66]. Suppressing the color indices, we have

iApy =i (CVVTVV + CanTaa + CvaTva + CavTay + - ) ; (3.27)

where the dots denote additional Lorentz structures which can be ignored in our projector
based setup, and the Lorentz structures of relevance are defined in (3.10)—(3.13). The
corresponding Lorentz projectors in Kreimer’s 5 scheme fulfill

C= > Pgidpy, for C = Cyvy, Caa, Cva, Cav, (3.28)

spin,color
in d dimensions and are given by

p. (1 —e)s®+2t(s +1)) #
Cvv 8N. (212 —es2) D  "VV 8N, (2t2 —es2) D

is(s+2t) i i((1—e)s®+2t(s + 1))

is (s + 2t) 7—,ATA’ (3.29)

P = _ ‘

Caa 8NC (2t2 _ 682) D \AY 8Nc (2t2 — 652) D ’EXA 5 (3 30)
i((L—e)s* +2t(s +1)) = is(s+2t)

Poy, =~ 3.31

Cva 8N, (2t%2 — es?) D Tua + 8N, (262 — €s?) DTA ’ (3.31)

is(s+2t) —  i((1—e)sP+2t(s+1))
Ps,. = - 3.32
Cav ™ 8N, (212 — es2) D v 8N, (212 — es2) D Tav (3:32)

with D = (2 — €)s% + 2t(2s + t).
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Again, we employ egs. (3.29)—(3.32) only for the box contributions. For the vertex
corrections, the Kreimer’s 5 scheme analogs of egs. (2.99), (2.100), and (2.101),

e (fXﬁq(P17P2))kj =ie f)qu(s) Uk (p2) (1) (3.33)
+ie Aygq(s) Uk (p2)Vu5u5(p1) |

(qu)jk - mﬂj(f’l)ka@z), (3.34)

(¥4,) ik Mc;@e)ﬂj (P1)7y" 7501 (p2) » (3.35)

are useful.!?> Of course, a decomposition completely analogous to (3.33) exists for the
lepton vertex form factors,

e (ﬁng(pg,p4))mn =1e DV@(S) am(pS)'YuUn(}M) (3.36)

+ie Ay gy (8) tim (p3)Vu750n (P4) -
(Pg ) and (Pfi ) are obtained by setting N, = 1 in eqgs. (3.34) and (3.35),
/) nm L/ nm

(®5),, = ztes(f—a”"<p4””“m<p3) , (3.37)

(%)nm - m@n(m)v“%um(m) - (3.38)

Note that the symmetric form of e.g. egs. (3.34) and (3.35) is a reflection of the absence of
chiral mismatch in Kreimer’s 75 scheme (contrast with the asymmetric form of eqgs. (2.100)
and (2.101)).

We calculate our one- and two-loop scattering amplitudes in Mathematica, using a
code pipeline similar to that described in section 3.3; as mentioned in section 2.3, the
algebraic form of the non-vanishing families of even and odd Dirac traces is the same in
Kreimer’s v5 scheme as in HVBM’s 5 scheme. A key advantage of Kreimer’s 5 scheme,
however, is that, due to the standard anticommutation relation, eq. (2.7), Dirac traces
need not be calculated with split indices. Rather, one can first evaluate all traces and
introduce scalar products of the form g,,, k!’ k3 only at a later stage, when contractions and
products of Levi-Civita tensors are eliminated using egs. (2.12)—(2.16). As a cross-check,
we also calculated the interference of the one- and two-loop scattering amplitudes with
the tree-level Drell-Yan amplitude in Kreimer’s 5 scheme using an independent setup in
FORM 4 [91] which, in particular, employed Passarino-Veltman reduction [63] instead of
the technology of section 2.4 to simplify scalar products of the form g, k!’ k7. Finding
complete agreement between our independent implementations served as a crucial cross-
check on our calculations.

2In eqs. (3.33) and (3.36), V may be either a photon or a Z boson.
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3.5 Infrared dipole singularity structure and subtraction functions

The infrared singularities of general scattering amplitudes in two-loop QCD can be pre-
dicted in a process independent way [53, 92-96]. The dipole formula [82-88] provides a
particularly concise and straightforward recipe for the generation of infrared subtraction

13" While, historically, the singularity structures of scattering ampli-

terms at two loops.
tudes in particularly simple models such as massless QED, massless QCD, and N = 4
super Yang-Mills theory were discussed most frequently in the literature, broader applica-
tions to theories with massive particles or mixed gauge groups are certainly possible and
have long been known, see e.g. [20, 107]. In particular, it was shown in [20] that with
straightforward modifications, the dipole formula can be extended to describe the singu-
larity structure of two-loop mixed QED-QCD Drell-Yan scattering amplitudes. This setup
covers also the case of the mixed EW-QCD corrections discussed in this paper.

We begin by introducing the building blocks required to describe the infrared singu-
larities of the order aay, order o?, and order o?a; neutral-current Drell-Yan scattering
amplitudes. As has long been clear, the leading infrared singularities of gauge theory scat-
tering amplitudes are governed by cusp anomalous dimensions [108]. The one-loop quark
cusp anomalous dimension of massless QCD may be extracted, for example, from the ex-
pression for the one-loop quark form factor of massless QCD given in eq. (2.103). In QCD,
we have

Y =4Cp, (3.39)

whereas in QED we obtain the result from eq. (3.39) by replacing the quadratic Casimir
invariant Cr with the squared charge of the fermion flavor,

1,0 2
i =403, (3.40)
However, as pointed out in [20], the mixed quark cusp anomalous dimension vanishes:

i =o. (3.41)

The next-to-leading infrared singularities are more complicated and receive contribu-
tions from both soft anomalous dimensions and resummation functions derived from the
¢! poles of massless vertex form factors with an appropriate number of gluon and/or
photon exchanges. The one-loop Drell-Yan soft anomalous dimensions are well-known and
have been calculated in many places in the literature, see e.g. [83, 84] for a thorough dis-
cussion. Note that, for general QCD scattering processes, the soft anomalous dimension
becomes a mixing matrix in color space. For processes with just two partons in the initial
state such as the Drell-Yan process, the color space structure trivializes and all matrices
in the dipole formula may be replaced with functions. Rewriting the results to make all

13 At three loops and beyond, an extension of the formalism is necessary [97-106].
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imaginary parts explicit in the physical kinematic region of interest, we find

SN = (—4ln (’f) — 4m> Cr (3.42)
and  SLY — <—4ln (“2> - 4i7r> (Q2 + QQ) +8Q¢QqIn (t> (3.43)
DY S L q g w/) :

Once again, as shown in [20], the two-loop mixed EW-QCD Drell-Yan soft anomalous
dimension vanishes identically:

st —o. (3.44)

We define our massless QCD resummation functions in the framework of [109]. In
practice, following [20], all results may be derived from the one- and two-loop quark re-
summation functions of massless QCD by making simple replacements. In what follows,
f[k] denotes the coefficient of ¥ in the Taylor series expansion of f(e),

fle) =" flkle*. (3.45)
k=0
To the relevant € orders, we have
GD[0] =6CF, (3.46)
GOV = (16 - 2C2> Cr, (347)

2
G(O’l)[Q} =132 — 3<2 — 38C3) CF, (348)

GOV = (64 862~ 146 - 156F) e (3.49)

2545 44
(B2 + 56 -526) Cacr, (3.50)

176
— 116¢s + 120¢3 + 5(3) c%

70165 575 520 176
o T o 62— G — 5

(
(

GO0] = (3 — 24() + 48<3> 2,
+
and  G2[1] = (
n

2
—_— 01
162 9 3 CQ) CaCr (3:51)
from egs. (3.10) and (3.11) of [109] after discarding all contributions proportional to the
number of light quarks.
As with the cusp anomalous dimensions, the one-loop QED results may be obtained
by making the replacement Crp — Q? in egs. (3.46)—(3.49). Explicitly, we have

GO0 = 6Q%, (3.52)
Gy o) = (16 - 2@) Q%, (3.53)
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GO = (3236 - 5G) @3 (3.54)
and GV = (64 — 8y — 14¢5 — leggg) Q3. (3.55)

Finally, the two-loop mixed EW-QCD quark resummation functions are obtained from
eqs. (3.50) and (3.51) by setting C4 to zero and replacing C% with Q2Cp:

GV[0) = (3 — 24 + 48(3> Q2Cr (3.56)
@) 1 176 5\
and GV = (5 = 1166 + 120G + ——G3 ) Q7Cr - (3.57)

Given the ingredients discussed above, we are now in a position to present the predic-
tions of the generalized dipole formula for the ultraviolet-renormalized, infrared-divergent
scattering amplitudes Apy and Apy in, respectively, HVBM’s v5 scheme and Kreimer’s 5
scheme. At tree level we have

Apy = 4raH (0] + - - | (3.58)

where the dots stand for terms of higher order in the coupling constants. As the notation
suggests, the tree-level hard functions, H](DOS’? ) [0] and H(O 0) [0], are defined to be independent
of the coupling constants. We have

“(00)[ 0] = <Qqu L > = = aqvp
S

H Tov — Tva ‘% +- YU Tan  (3.59)
by s s —m?2 s— m%

Z

in the notation of [66] for the couplings of the Z boson to matter, see eqs. (2.73).

As is clear from the form of egs. (3.59), the tree-level amplitudes in the two 75 schemes
we consider trivially coincide in the four-dimensional limit because all of the differences
between the schemes disappear in four spacetime dimensions:

tim {757 [0]} = tim {77 [0} . (3.60)

e—0 e—0

For the remainder of this work, it will sometimes be convenient to view the hard scattermg
funct1ons in the two schemes we consider as vectors of coefficients with respect to TVV,
T\/A, ﬂv, and ﬂA. This minor abuse of notation will allow us to rewrite e.g. eq. (3.60) as

HY[0] = H[0]. (3.61)

At higher perturbative orders, we have

Apy = 4ra (‘ADY A0 <47T> + ALY (ﬁ) + ALY (40;) (Z;) +- ) (3.62)

where

AP =1, (3.63)
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2

2
~<S
mw‘}i
/\
M\»ﬁ

rODF{00 [0]) +3 (1 S5 =G0 1 [0])

- GO IHO O+ 10+ - 560D IS 0+ HE )

+e2( SGOVBIHS 01+ 4 (2] >+ (3.64)
ALY = 5 (=5 [0+ roTHEI 0 ) + L (S[sH -6 0l - 6 0] Hi o))

_%[Gu O 1]+ GO [ HSD 0]+ HD 0]+ ( %[Ga V(2] + GO R)| OO0

AHGOW )+ (=3[0 B+ GO HOP 0+ HEP )+ (3.65)
and

) 1 1 ) 1 1
A5 =& (G0 o0 r OGO+ 5 (- 5 (o0 [s60 - 6

1/(1
~GRO])+ [ ) [s5—ciptol) Ja o)+ 5 (5 (re 68
+Gf1170)[1]}+[ (L 0)+F(10)} Géo’”[l]+[SS)#)—G?’”[O]] [51(31\,(0)_%1,0)[0]

1 (=) 1 (=)
JHSD01- TGP 0]} [T+ HGP o))

+ (31 (r““) GO+ GHOR)] + [0+ 00| GO
—G(O’l) [1] [5(1 0) G(l 0)[ G(l O } [G(l 0 +G(1 0)[ ﬂ [S]()O{(l) _G(O,l) [O]}

q

) 1 )
~2G{(0] P 0] JTPVHED 1) [T+ 0] 4

+3 [S5 -GV 01— GO HEP 1+ [ - G0 0] 1P )
#3000 el B+ O]+ [T+ o
—GPORI s -G 0= GO0 - 6 R+ GO 2] Sy -G lo)
SEICRE [Gél VGO ]} _aG() ])’H(O 010]— %G((Jo,n[ 1340 o)
—5 [G OGO HR 0]+5 [t -GV lo)] Hi 1
+3 S =G 01 - GO 0] iy 11 5T DAY 12
5 [0+ r O] H D21+ HG 0]+ (3.66)

The one- and two-loop hard scattering functions which appear above are determined by
demanding equality between egs. (3.62) and the corresponding explicit calculations at one

and two loops.
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All other things being equal, it is generally believed that HVBM’s ~5 scheme and
Kreimer’s 75 scheme produce identical results through to one loop and O (€°) [54]. This
proposition was implicitly affirmed at order aay in section 2.8. At order o2, our explicit
one-loop calculations, discussed in detail in the next section, do indeed show that

H (0] = Hp 0] (3.67)
However, we also find that
HOS K] # HYY [K] for k> 0. (3.68)

Thus, in light of the fact that the higher-order-in-e¢ one-loop hard functions first enter
egs. (3.62) at the level of the ¢! poles of the relative order ars expressions, it is not
obvious that an analog of eq. (3.67) continues to hold at higher orders in perturbation
theory:

Hi 0] £ #Hi[0]. (3.69)

While it is generally expected that all terms of virtual and real radiative corrections sen-
sitive to ambiguities in the treatment of 5 eventually cancel out of combinations which
furnish complete fixed-order perturbative corrections to physical observables, hard partonic
scattering functions by themselves are not physical observables. We will test whether (3.69)
actually 7s an equality with our explicit calculations below.

4 One-loop scattering amplitudes

4.1 Diagrammatic structure

In this section, we present the diagrammatic structure of the one-loop perturbative correc-
tions to the neutral-current Drell-Yan process. Due to their familiarity, the renormalized
self-energy corrections to the photon and Z propagators,

will not be visualized in explicit detail. In what follows, we will also use a generic wavy
line for both the photon and the Z, keeping in mind that some contributions involving e.g.
a coupling to neutrinos can occur only for the Z. As is well-known, just a single class of
diagram contributes to the one-loop corrections of relative order as,
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The remaining one-loop corrections of relative order « fall into three categories: initial
state vertex diagrams, final state vertex diagrams, and box diagrams. Both the initial state
vertex diagrams

o P Jismn

and the final state vertex diagrams

P s G S

require renormalization,

S e

due to the presence of ultraviolet divergences. The box diagrams

— —

- R

have infrared divergences only.

4.2 One-loop integral definitions

All of the one-loop integrals defined below are pure functions taken in the standard MS
normalization. Therefore, all of our one-loop Feynman integrals are understood to have a
multiplicative factor of b
eVE€

c1 (e,,uQ) = m_2(ue) (4.1)
in the integration measure. In what follows, thin solid lines denote massless propagators
or massless external momenta, thick, dotted lines denote propagators of mass m,,, thick,
dashed lines denote propagators of mass m,, and thick solid lines denote propagators
of mass my. In total, 31 linearly-independent one-loop integrals appear in the one-loop
calculations of section 4.3 (supplemented by appendix B):

Il =€ %
~“““.“""¢
I, =/s(s—4m2) € > < (s,mi) (4.3)

o

s, O
2, 0

T

vy,
LTS
R 2,

o,

(4.2)

g

/N
3
N
N—

0
o
o

S
s 0
T
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Is = \/mg(llm%v—mg) € ---ifj T:é--- (mfv,mg) (4.4)
VAR

Iy=c¢ %’\ ’ (mg) (4.5)
N

Is = %O (m?) (4.6)
N + >'K.j<) (s,mz,m%) (4.7)

@,
Ig=se M (s,mi) (4.9)
Ig = /X (s,m2,m2) e (>‘ i+ A <) (s,mi,mz) (4.10)
~N_v “e?
Iip = /A (s,m2,m3) € (>\-/< + >v<) (s,mw,m%) (4.11)

L = \/m,%(élm?w —m2) e

“‘“.,""o‘ R "o,‘
Iy = yfm2(dmd, —m2) €| g e o | (3, m?) (412)
4 ~ ° 7’

----------- u + v) (mwvmh) (4.13)

i3 =se >©< (s) (4.14)

(4.15)
(4.16)

(4.17)
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wetont)e || e
e ] o

O~

=i —amt e ()
>ij (s2m2)

128:\/st(st—4m§(t+m§)) €2 I I (57t7m3)
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(4.18)

(4.19)

(4.20)

(4.21)

(4.22)

(4.23)

(4.24)

(4.25)

(4.26)

(4.27)

(4.28)

(4.29)

(4.30)

(4.31)

(4.32)



where A\(z,y, z) is the Kéllén function,
ANa,y,2) = ot +y* 4+ 24 — 207y — 22727 — 29722, (4.33)

For clarity and later convenience, we have made all dependence on the kinematic variables
s, t,u=—s—t, m2, m2 and mh completely explicit on the right-hand side. Moreover, we
have included integrals for all relevant permutations of the kinematic variables separately.
In order to actually calculate the master integrals, it is enough to find explicit expressions
for Iy, Is, I3, Ig, I7, Is, Ii3, 114, I1¢, 117, I19, Io2, I24, and Iog, as all other integrals
may be obtained by making simple replacements. For example, I3; is obtained from Iog
by replacing m? with m?2, and ¢ with u. Due to the fact that we consider the physical
region s > (m, +my)? (see (3.3)), the same form of the analytic result can be used in a
straightforward way.

Our calculation requires knowledge of the most complicated one-loop box-type master
integrals (i.e. Io4 and Isg) expanded through to fourth order in e. We could not find suitable
analytic solutions for all integrals in the literature. Several of the explicit results we could
locate in the Loopedia database [110] were either not expanded to a sufficiently high order
in € for our purposes or not provided in a form convenient for numerical evaluations in the
physical region of interest to us.

We therefore computed all of the integrals from scratch, either by direct integration for

4in € or by using the method of differential equations [49,

generic € followed by an expansion
50, 112-116]. The integral definitions given above lead to a e-decoupled form for the
differential equations [89, 90], which we integrate in terms of multiple polylogarithms. To
proceed, we construct real-valued multiple polylogarithms in the region of phase space of
interest to us, employing the functional basis presented in [29, 31], together with a few
additional logarithms and polylogarithms required to integrate e.g. I to a sufficiently high
order in e. We provide our results in the ancillary file oneloopmasters.m attached to the

arXiv submission of this paper.

4.3 Assembly of one-loop results

In this section, we give our results for the renormalized one-loop amplitude coefficients in
both HVBM’s ~5 scheme (3.14) and Kreimer’s 5 scheme (3.27). Assembling the compo-
nents provided in appendices B.1 and B.2, we find

o) = -« stqq)(s) + V) (s), (4.34)
i = Ve (s), (4.35)
ciy = - (zoq(ll( ) (4.36)
iy = — _“‘;ng AQD(s). (4.37)

MFor some of the more complicated expansions, we used the Mathematica package HypExp [111].
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Cg}\’?) — _Q;?é (2(1,0)(8) o S(SZ,(YI’O))

Y
ﬁ(queJrqu)( glzo)( )+ %( (5Z§120) + o7k 0)> —mzéZ(Zlf)))
~ ot (597 () + 902" —m2 (625" + 62 10)))
_%1(])%20)(3) Qe <5Z( )+6Z\(,£) %5 71,0 W 5Z(10)>
o e )
tiom (Vélég)( )+ (52(1 0 +5Z\(/1?) + 5Z( )) £5ZA 0)

2

2m,
S+ sty (v ae) (o241 o211

+ S_ng (17ggg>< )+ vy (0280 + 6200 + 5Z(ZZ)) — a8z
q ) g 2 w i )
_%525120) + 2(m2m_ ) (uq — :; ) <5Z(1 0) 52}5;))) + B
(4.38)
(1,0) _ Qqar (1,0) (1,0) (1,0) m2571:0)
Cya __s(s—qmz) (E () + ( (6Z"/Z +0Zy ) Z(SZZV ))

bt (5000 4 5700 2 (az;éuaz;;ém))

(s —m2)?
Qq 1,0 1,0
T s <'A,(ygg)( ) Qf <5Z1(A,€) + 2Q, 5Z(Z'y )>>

q 1,0 1,0 10 1,0
+ sjmz (’A(ZZZ)(S) +W5Z/& z) - (62(1 0 4 5Z( )y 6Z( ))

m§ 2m2, (1,0) (1,0)
a€2( —m2) (1 - m2 ) (5Z (5ng0 )

s (VD (5) + g (6209 4+ 6200 + 36789 — a0 210

s—m Z4q
—%52%’0) + 2(mgmfma ) (uq L ) (52" 52%0))) + 843,
(4.39)
O~y (50 o245 0242 i)
s (S92 () + 502y —m2 (02 +520))

Q (1,0 1,0 1,0
- ?Z (quq)(s) —Qq <521(x,q) 22; 52( )>

— 2 (VO () v (02800 + 620 + 502805 ) — aroz )

s —m? yA444
2 2
O VAr R (mzm_z — (w - az) (52“50’ - 52(1;“)))
e (0 a0 o 1209 200+ 520
s—m e
m? 2m3, (LO) _ 5,(10) (1,0)
S (1 - ) (625" — 620 )) +BWY, (4.40)
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clL0 = _% (f;gvzo)(s) 5070 _ 2 (5Z(zz) 4520 0)))

(s —m2

— 2 (AGD(5) + b2 — ap (6200 + 62 + 50255

m§ 2m,2,, (1,0) (1,0)
R (1 - o ) (5205 —620)

— s (A () + 0024y — ag (5280 + 623 + 52(2120))

s —ms: Zqq

m? 2m?, (L0) _ 5,(10) (1,0)
)(1— s )(52 ~0z5) ) + BiA (4.41)

—a
12(m2 — mi, 2

for the renormalized one-loop scattering amplitude coefficients in HVBM’s ~5 scheme. In
writing the above expressions, we made use of the tabulated one-loop vertex counterterms
collected in appendix A of [67]. Results in Kreimer’s 75 scheme may be simply obtained
from eqs. (4.34)—(4.41):

Cw' =iy, (4.42)
cii) = e, (4.43)
clil = @b (4.44)
ci) =y, (4.45)
Chy) = CR0/.BERY = B, (4.46)
¢\ =9/ LY - glLo (4.47)
cly) =0/ BLY - BLY (4.48)
) = L0/ pLo gl (4.49)

where /. denotes the replacement operator.

Eqs. (4.34)—(4.49) may be directly matched onto egs. (3.62) to determine HI()OYI)[O],
Hine (1], Ay (2], Ay 10, 59 1), A2, g 0], A (1], g 121, H 0]
7-[(1 0)[ 1], and ’Hg\? )[ 2]. We observe analytically that the 1/e? and 1/¢ poles cancel in the
hard scattering functions, leaving a finite remainder, as expected.

Let us emphasize that, upon substituting the explicit expressions for the master inte-
grals discussed in the previous section (see also appendix B.2), we find

HuL (0] = HiR 0] (4.50)
but!®
HOO k) # HED (k) for k> 0. (4.51)

In section 6.1, it is explained in detail how one-loop polarized hard scattering functions
may be derived from %" [0] and H%V[0] or, equivalently, from H\%"[0] and H2[0)].

Due to the fact that the relative order s one-loop corrections are comprised of simple vertex form
factor diagrams with no sensitivity to the 45 problem, we have 7-[](30\’,1) [k] = ?:[g){(l)[k] for all k.
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5 Two-loop scattering amplitudes

5.1 Diagrammatic structure

In this section, we present the diagrammatic structure of the two-loop perturbative correc-
tions to the neutral-current Drell-Yan process of relative order aas. As at one loop, we do
not explicitly identify the photon and Z. Due to their familiarity, diagrams with one-loop
renormalized self-energy insertions of the form

will not be visualized in explicit detail. Several other two-loop diagrams are also trivial, in
that they essentially consist of simple products of one-loop contributions:

) R ) e
Poroe - P P
e L e

Note that, in the above, the sum of the final four diagrams vanishes identically.
For the sake of brevity, we draw only one half of the two-loop vertex diagrams with a
single massive vector boson stretched across the quark line:

)
o B e
) G el
P S o S
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The remaining diagrams of this type may be trivially recovered from the above by exchang-
ing the gluon and the electroweak gauge boson attached to the quark line.

Of course, there are also diagrams with YW W™= and ZW+W ~ interactions:

Bl G
ghiwor e

Finally, the order aa, vertex receives a correction from a two-loop vertex counterterm
insertion,

The most complicated two-loop diagrams are those of box type:

&
|

&, g |
&
&

g &,
g Gl

Our evaluation of these box-type diagrams is one of the most important new results of this

5
|

— 44 —



work. In HVBM’s ~5 scheme, further diagrams,

~®
e B
L e

need to be included to ensure that the order a?ay hard scattering function in HVBM’s

~5 scheme respects the chiral symmetry of the Standard Model (see section 2.8 for more
details).
5.2 Two-loop integral definitions

All of the two-loop integrals defined below are pure functions, converted from the idiosyn-
cratic notation of [29, 31], where they were originally evaluated in the physical region above
all two-particle thresholds, to standard MS normalization. To be explicit, the m; integrals
from [29] and the m; integrals from [31] must be multiplied by

2vge 2\ 2¢
2 e 1
pls)==——— (=] . 5.1
02<6,u 5) F2(1—6)<8> (5.1)

That is to say, the integral measure of our two-loop integrals is exactly:

€ €\ 2
<6W;2(“2)> /ddkl/d%. (5.2)

For brevity, we suppress the factors of ¢s (e, u2, s) which belong in the definitions of all
of the non-factorizable two-loop integrals given below. In total, 133 linearly-independent
two-loop integrals appear in our calculations:

J1 = mar (mi)

Jy = (113)2

Jr = 14113

Jio = mas (5,m?)
Jiz = Lizlia

2

J16 = myo <s,mz)
Jig = 2
19 = Mse s,mz

2
Jag = mys (s,mw>

Jo = mar (mfu)

Js =ms (s)

J 2
8§ =Mmig |\s,m,

Ji = 2
11 = Mm31 | s, m,
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J3 =my (s)

J6 = 112 (8)

2

Jg = myg (s,mz)
Jio = 2
12 = M3z | S, M,
J _ 2
15 = MM3g | S, M,
Jis — 2
18 = Mygq ( S, T,
J 2
21 = Msg | S, M,



R R
N—— — N

Il Il Il Il

2 8 & g

e S

Jog = I13115

J37 = Ia2113

Jus = ma (u)

Jaa = mo (t)

Ju7 = mg (u) Jus = mry (S, t)

Jue = mg (t)

J51 =ms (8, u)

Js0 = mg (s,1)

J53

J49 =mr7 (S, u)

Js4 = myg (s, 1)

mo (s, u)

Js0 = myg (S, t)

Js7 = mq1 (s,u)

Js6 = mq1 (s,1)

Js5 = mio (s, u)
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2 2 2
J115 = may (U, mw) J116 = m3y (U, mw) J117 = m3s (% mw)
Ji1g = 2 Ji10 = 2 Jion = 2
118 = Mge | S, U, 11y, 119 = 47 \ S, U, TNy, 120 = 1148 | S, U, TNy,
Jio1 = 2 J100 = 2 Jion — 2
121 = 149 | S, U, 1Ty, 122 = M52 | S, U, My, 123 = M53 | S, U, My,
2 2
J12a = I13l16 J125 = mog (S, U,mw) J126 = moy (S,%mw)
Jio7 = 2 Jiog = 2 Jiog = 2
127 = 1M3p { S, My, 128 = M31 | S, U, 1Ty, 129 = IM33 { S, U, My,
Jiz0 = 2 Jia1 = 2 Jiao = 2
130 = M33 | S, U, 1My, 131 = IM34 ( S, U, My, 132 = M35 | S, U, 1My,
2
J133 = mygg (87 u, mw> . (5.3)

In writing the above definitions, we have made all dependence on the kinematic vari-
ables s, t, u = —s — t, m2, m?, and m}% explicit on the right-hand side for all functions
not expressed as a simple product of the one-loop integrals from section 4.2. The attentive
reader will note that, out of 124 non-factorizable integrals, only 57 actually need to be
evaluated due to the fact that the rest may subsequently be accessed by considering simple
permutations of the kinematic invariants.

One noteworthy fact is that, apart from Ji4, all non-factorizable crossed two-loop
integrals not treated explicitly in references [29] or [31] may be directly obtained through
to weight four from the integral evaluations carried out in [29, 31] via the replacement
t — u. For the sake of completeness, we present a simple expression for Ji4 in the physical
region above its one-mass threshold. Indeed, the integral admits a compact evaluation in
Feynman /Schwinger parameters to all orders in e:

Jua =

eT2(1 — OT(2 + 2e)e275¢ (2 \*
I'(1 —2e¢) s

m? —1-2¢ I'(—1—-2e)T'(1+¢) s
{<8> (1 —¢€e)'(—e¢) 2F1 (1’1;2_63_,”12)
— Z€ —2 — 2¢ € €2i7re 5
_F(l 2 )F(F<21 _232)F(2 + ) oFy (1, —26; 1 — 3e; _Tn2> } ) (54)

Expanding eq. (5.4) in €, we find results equivalent to those obtained from Jgy by performing

a crossing from ¢ to s and then carefully rewriting the result in terms of the basis of multiple
polylogarithms suitable for the e expansion of Ji3 in the physical region above the one-
particle threshold.

5.3 Assembly of two-loop results

In this section, we provide further details relevant to the assembly of our renormalized two-
loop scattering amplitudes for the mixed EW-QCD corrections to g7 — ¢7¢~ and discuss
some implications of our results. As alluded to in section 2.5, we have

sz =0 and  szY —o, (5.5)

my
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due to our neglect of all contributions proportional to the number of light fermion flavors
or involving the top quark. Together with eq. (2.57), egs. (5.5) imply exceptionally-simple
forms for the order aay vqq and Zgq vertex counterterms:

0ZGN) = Qo2 (5.6)
073\ = Q6 Z) (5.7)
02y, = 08200 — a8 (5.8)
and 5Z§%25q = —aqéZ\(,lj’;) + vq5Z§’;) , (5.9)

1
q
order aas quark wavefunction counterterm.'® Egs. (5.6)—(5.9) are in fact the only non-

where 5Z\(,1 ’;) and 52/(&1 ) are, respectively, the vector and axial vector components of the

zero counterterms of order aa, which directly contribute to the renormalization of the
scattering amplitudes we calculate.

Of course, it is crucial to bear in mind that the renormalization program in HVBM’s
75 scheme is complicated by the fact that insertions of the finite counterterms!'” 6Z%’;)
and 521(/8’?@ into one-loop box diagrams are required on top of all of the conventional
renormalizations required to remove ultraviolet divergences. As emphasized in section 2.8,
(52%’;) and 5Z‘(,3’i)qq do not contribute to the renormalization of the two-loop scattering
amplitudes in Kreimer’s 75 scheme. This fundamental difference between the systematics
of renormalized Standard Model perturbation theory in the two ~5 schemes we consider is
what makes a direct two-loop comparison of them instructive and highly non-trivial.

After applying the computational methods and master integral evaluations described
above to the Feynman diagrams of section 5.1, our explicit two-loop calculations confirm

analytically that (3.69) does in fact hold:
1,1 (1,1
Hi 0] = Hi[0]. (5.10)

That is to say, the hard scattering functions for the two-loop mixed EW-QCD corrections to
the neutral-current Drell-Yan process we consider in HVBM’s ~5 scheme and in Kreimer’s
~5 scheme coincide. As expected, once all relations between crossed- and uncrossed-channel
multiple polylogarithms were identified, we observed that the 1/e* through 1/e poles can-
celled analytically in the two-loop hard scattering functions we derived from egs. (3.62). In
our view, the rigorous establishment of eq. (5.10) constitutes a very important cross-check
on our entire formulation and a significant theoretical result. In the future, our detailed
comparison of HVBM and Kreimer at the two-loop level should benefit further calculations
of still-unknown multi-loop perturbative corrections to more complicated Standard Model
processes in pure dimensional regularization.

In future studies of Standard Model scattering processes, it would certainly be possible
to perform two parallel calculations for each process in the two 75 schemes considered in

16\We remind the reader that explicit all-orders-in-e results for the components of the quark wavefunction
counterterm at order awxs are provided in egs. (2.92) and (2.93).
"Expressions for the finite counterterms relevant to this work are provided in unintegrated form in

egs. (B.5) and (B.6) and, due to the trivial ratio of 6Z<ZO§’;) and 5Z$’il)qq, in integrated form in eq. (2.113).
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this work, but there may be a more practical way to rigorously cross-check perturbative cal-
culations going forward. During the course of our investigation of g7 — ¢T¢~ in Kreimer’s
75 scheme, we discovered that we could effectively check the correctness of the two-loop
hard scattering functions within Kreimer’s 5 scheme itself by setting up our code pipeline
to allow the user to make different choices of reading point prescription for the Dirac traces.
For example, we found that the fully-symmetrized reading point prescription mentioned in
section 2.3 led to different higher-order-in-¢ one-loop hard scattering functions, but to a
unique order o« hard scattering function at O (60).

Even when written as a linear combination of a minimal number of multiple polylog-
arithms such that the cancellation of infrared poles becomes manifest, the two-loop hard
scattering functions calculated in this work are too long to be included in the article. Once
we have implemented support for the remaining kinematic regions of the physical phase
space, we plan to provide public access to an efficient C++ program for the evaluation of
the polarized hard scattering functions discussed in the next section.

6 Numerical results

6.1 Helicity amplitudes

Having arrived at finite quantities in four dimensions, we can directly cast our results
into expressions for the scattering of fermions with definite helicities using explicit four-
dimensional representations.

Due to the form of the massless fermion propagator and the manner in which the
electroweak gauge bosons couple to matter, the helicity quantum number is conserved
along the initial and final fermion lines (see e.g. [117] for a review). This implies that
there are just four non-vanishing helicity amplitudes, those where both the quark and the
antiquark have opposite helicity and the lepton and antilepton have opposite helicity. We
parametrize the center-of-momentum frame according to

p1= \2[(1 0,0,1), p3 = \2[(1 sin 6,0, cos 6),
p2 = \2[(1 0,0,-1), Py = \2[(1 —sinf,0, —cos ), (6.1)
with t 1—-cost
3 5 (6.2)

us(pr) =54 (0,0, 1,0), us(pg) =574 (0,0, v=u, V=I)

u_(pr) =4 (0, 1,0, 0), u_(ps) = s~ (—v=t, v=u, 0, 0)

vy (p2) = s/ (—1, 0, 0, o) , vy (pa) = s~ /4 (—\/Tu, V=1, 0, 0) ,
v_(po) = /4 (0, 0, 0, 1), and  v_(pg) = s/ (0, 0, —/—%, ¢Tu) (6.3)
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Plugging these representations!'® into our Lorentz structures directly gives us results for the
helicity amplitudes. Decomposing the hard functions (or finite remainders) according to

7_[(m n)[ ] Hg/v’ RV I C(m n), fin 7LAA + ‘égjrim),ﬁn ,?LVA + ‘ég\r;m)ﬁn %w, (64)

we obtain for the polarized hard scattering functions HE\TAZ;@ Ve

H = —o(s +1) (G T 4+ I+ Cﬁ,’}")’ﬁ“ +clym ™),
HY, = —2(s+ 1) (™ ™+ Cl B - et - el
A T (o R o R e AR N O R B

and MUY = 2 (O — 4 cUp - oy

for coupling orders m and n. In egs. (6.5)—(6.8), due to the observed 75 scheme-indepen-
dence of the hard scattering functions at zeroth order in the e expansion (see section 5.3),
we drop the dual notation employed in eq. (6.4).

6.2 Final results
0,0)

In this section we present visualizations of the polarized hard scattering functions 7-[ A A2 AsAs?

Hg\ol )1\2 Asha? ’Hg}lgi Agn,e and ’Hg\ll ;Z Agn, defined in section 6.1 for all four non-trivial helicity
configurations. In the numerical analysis, we set the gauge boson and Higgs masses to
their on-shell values as listed in [119],

My = 80.379 GeV, m, = 91.1876 GeV, my, = 125.10 GeV, (6.9)

and the renormalization scale ugp = /s. Since we keep powers of o and «y factored out
of the expressions we plot, we do not need to specify their values here. For illustrative
purposes, we found it sufficient to consider up-type quarks in the initial state. Our figures
do look rather different for down-type quarks, but our impression is that, on the whole,
they do not introduce completely new features which would be of paramount importance
to discuss here. We elected to plot only the real parts of our final results, as the real parts
of ”Hg\ll)l\i Ag), Contain the most complicated weight four multiple polylogarithms appearing
in our calculations.

In our numerical analysis, we focus on larger values of /s where the previously un-
known non-factorizable two-loop box-type Feynman diagrams of section 5.1 are expected
to be important. In order to compare the different orders in o and oy, we find it con-
venient to include in our plots the 47 suppression factors taken out of each higher-order
term in eq. (3.62); that is, we consider HE\T)\Z;S x,/ (4m)™H", where the relative orders in the
electroweak and strong couplings are given by (m,n) (see also eq. (2.56)).

!8The phase conventions of (6.3) above are in line with the spinor helicity formalism, as in [118] where
U+ (p;) = vx(p;) for all 4. Let us stress, however, that we do not adopt the all-outgoing convention for the
external four-momenta. We made use of egs. (6.1) and (6.2) to derive egs. (6.3).
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Figure 5. Helicity amplitudes for uz — £*¢~ in dependence on the center-of-momentum energy
for central scattering, cosf = 0, and pr = /s. The figure shows the real parts of the polarized

(m;n)

hard scattering functions (finite remainders) Re 1,”5’7y, /(4m)™*", see egs. (6.5)-(6.8), where the
relative orders in the electroweak and strong couplings are denoted by (m,n).

In all plots, we include the tree-level and relative order o results for reference, they
show a rather simple behavior. The one-loop QCD corrections lie almost on top of the tree
level results. Indeed, they fully factorize from the tree results; we have

0,1 LI 0,0
Hg\lAi,\g,\4/(4W) = (3 - Z> Hg\l,\i)\g)\4 (6.10)

for all helicity configurations and both up- and down-type quarks in the initial state. For
the real part we see that 7/3 ~ 1.05, thus explaining the observed similarity.

Figure 5 shows the dependence of the hard functions on the center-of-mass energy +/s
for fixed central scattering angle. We observe that the absolute values of all plotted real
parts of relative order aay increase as a function of /s, justifying the expectation that
the calculation of the mixed two-loop EW-QCD corrections for the leptonic final state is
well-motivated in the kinematic regime depicted in the figure. We note that the real parts
of the one-loop EW and the two-loop EW-QCD corrections are not aligned for all helicity
configurations.

Figure 6 shows the dependence of the hard functions on the cosine of the scattering
angle for fixed center-of-mass energy +/s. The electroweak corrections show a rather com-
plex angular dependence. While the one-loop EW and the two-loop EW-QCD corrections
show a similarity in their angular dependence, they differ in the details.

We also compared the curves of figure 6 to analogous ones for the pure QED-QCD
model studied in [20].! While maybe not instructive from the phenomenological point of
view, it was interesting to see a somewhat similar qualitative angular dependence emerge
when comparing the two-loop polarized hard scattering functions for QED-QCD and EW-
QCD normalized by their respective tree level contributions.

1976 our knowledge, the authors of [20] calculated unpolarized hard scattering functions only.
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Figure 6. Helicity amplitudes for uzi — £7¢~ in dependence on the cosine of the scattering angle
for /s = 500 GeV and ugr = /s. The figure shows the real parts of the polarized hard scattering
functions (finite remainders) Re HE\TA:L x,/(4m)" " see egs. (6.5)-(6.8), where the relative orders
in the electroweak and strong couplings are denoted by (m,n).

7 Summary and outlook

In this article, we calculated the relative order aas mixed EW-QCD corrections to Drell-
Yan lepton pair production, g7 — £T¢~. We performed the calculation in both the 't Hooft-
Veltman-Breitenlohner-Maison 5 scheme and in the Kreimer 5 scheme using the projector
method for chiral fermions. While our two-loop scattering amplitudes were found to be
scheme dependent starting at O (e7!), unique polarized hard scattering functions in d = 4
were obtained after infrared subtraction. In the 't Hooft-Veltman-Breitenlohner-Maison
scheme, we restored chiral symmetry using local counterterms, where we found it essential
to comnsistently calculate our renormalization constants to higher orders in €. To the best
of our knowledge, our application of Kreimer’s 5 scheme to the calculation of genuine
two-loop 2 — 2 scattering amplitudes with non-trivial electroweak effects is the first of
its kind.

Our calculation provides a major building block for the calculation of the relative
order acvg corrections to off-shell Drell-Yan production in the high energy region, which
is particularly relevant to new physics searches and the establishment of constraints on
possible extensions of the Standard Model.
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A  Decoupling of irrelevant Lorentz structures

The helicity amplitudes presented in this article have been calculated using projectors
involving only a set of Lorentz structures which are independent in four dimensions. In
this appendix we show how the additional Lorentz structures in d dimensions can be cleanly
separated in d dimensions such that the limit d — 4 is smooth. Our construction is similar
to the discussion in [80], but here we consider also explicit occurrences of 5. We present
the argument for the anticommuting -5 scheme.

The basic Lorentz structures relevant to our calculation are constructed from 77, ..., 74
in (3.4)—(3.7), where we allow for additional insertions of 75 just before the last spinor of
each Dirac chain. For each of the four Lorentz structures 7; we obtain four structures
in this way: /Tz‘,VV, 7_; AA, 7_;,AV7 and ﬁ,VA- For the case of 7; this was shown explicitly
in (3.10)—(3.13), where we suppressed the index 1 for brevity.

We could collect the basic Lorentz structures according to

To = (Tivv, Tian, Tovvs Toans - - - TLavs Tiva, To.avs Tova, - - -) (A.1)

and decompose our two-loop amplitudes in d dimensions according to

16
iApy =i Co T, (A.2)

a=1

either by explicit Passarino-Veltman reduction of the tensor integrals, or using a projector
method. In fact, we could consider a matrix with elements

Mog= Y. TiTy (A.3)
spin,color
to construct projectors
16
Po =~y M1} (A4)
B=1
which fulfill
C, = Z PLiApy (A.5)
spin,color

using the standard spin summation of conventional dimensional regularization,

> u(p)u(p) = Nep,, > ulps)u(ps) = py, (A.6)

spin,color spin,color
> v(p2)v(p2) = Nep,, > o(pa)vlps) = p,, (A7)
spin,color spin,color

for the spinors of the initial state quarks and of the final state leptons. Here, the matrix
M = (M,p) and its inverse are rational functions of s, ¢ and e. The problem with the
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basis (A.1) is two-fold. First, M~! has an overall factor 1/¢, which introduces spurious
poles into the calculation and prevents a smooth limit d — 4 at the level of the Lorentz
structures. Second, even if one is interested only in the physical form factors 7:1,\/\/7 7'1 AA,
7_1,AV, 7:1’\/A, which are independent in d = 4 dimensions, one can not ignore the other
Lorentz structures when calculating the former.

Both problems can be cured by changing to a different basis of Lorentz structures.
Before we discuss this new choice we note that the matrix M above is block diagonal, and
the VV, AA block (indices 1...8) is identical to the AV, VA block (indices 9...16). It
is therefore sufficient to restrict the following discussion to the VV, AA block and restrict
indices to 1...8. We consider a new basis of Lorentz structures T, = -5 RapTp such that

2

T, =T, Ty =Ty, T, =To+ Y RapTp fora=3...8 (A.8)
B=1
or
o [ Lax2 O2xe
(T3) = (Rap)(Tp) = (Ts) (A.9)
Rex2 Lexe
and the first two structures are strictly orthogonal to the others in d dimensions,
(Mlg) = > (T4T}) = (RMR') = Moz 0 (A.10)
o0 i «rp 0 MéxG ' .
spin,color

The remaining part of R is obtained according to

2
Rop=—> (M3))pyMyq fora=3...8 B=1...2. (A.11)

a=1

Note that only the inverse of the left upper 2 x 2 submatrix of M,

8(t2 +u? — s%¢)  8s(t—u)
Mo = N, , A12
2 < 8s(t —u)  8(t? +u? — s%e) ( )
enters, which, unlike M1, is free of 1/¢ poles. For R we find explicitly
R31 = Ryo = tu(t — u)(tu + 682/2)/dR (A.13)
Ry1 = R3y = —stu(tu — es%/2) /dr (A.14)

Rs1 = Rea = —2(20t%u” — €(13s" 4+ 2653t + 3852t + 365> 4 12t)
+ 2€%5%(7s% 4 9st + 6t2) — 3¢3s1) /dp (
Re1 = Ry = —2(12t%u* — 3es(s® 4 25t + 4st* + 41%) + 3e*(t — u)s*) /dR (
R71 = Rgy = tu(4t?u + 2¢(s> + 25°t 4 5st? + 2t3) — 25%(35 + 2t)) /dR (A.17
Rg1 = Rya = tu(4t?u + 2es(s* + t2) — 3¢%s°) /dg, (

where

dr = (2t — €5%)(2u? — es?). (A.19)
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In the new basis, the matrix M’ takes the form

Mz 0 ) , (A.20)

w— (
0 Mé><6

where M, ¢ has an overall factor of € and therefore vanishes for d — 4. Since in the new
basis the first two Lorentz structures are orthogonal to the other structures in d dimen-
sions, the projectors for the first two form factors can be constructed without explicitly
considering the other structures. Moreover, from the form of Mg, 4 we see that contribu-
tions due to the other structures are suppressed by a power of €. This motivates to consider
only the first two Lorentz structures for the calculation of physical helicity amplitudes, just
ignoring the other “irrelevant” Lorentz structures (in the terminology of [80]). As pointed
out before, the same construction applies to the AV, VA structures as well, leaving us with
a total of four Lorentz structures, matching the number of different helicity configurations.

B Explicit one-loop results

B.1 Relative order o results

Corrections to the neutral-current Drell-Yan process of relative order «g are produced
exclusively via gluon exchange across the initial quark line. As should be clear from the
diagrams of section 4.1, the corresponding order a vertex form factors,

1_/%’(]1)(8) = —Q,Crti3, (B.1)
POD(s) = uCrtati, 2
and A(Zojj;)(s) = —ay,Crti113, (B.3)
where
2 — €+ 2€
t; = m ) (B.4)

are nearly trivial.

In HVBM’s v5 scheme, the finite counterterms relevant to the renormalization of the

order oy scattering amplitude,
(5Zg)q’;) = —anthflg (B.5)
and 5Z1€{0/i)qq = —awCFtQIlg, (BG)
where
2(2—¢)
to=——F7—"— B.7
2T (1—e(1-2¢) (B-7)

are also of order o, (see section 2.8 for more details).
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B.2 Relative order o results

Corrections to the neutral-current Drell-Yan process of relative order o are generated by
electroweak gauge boson self-energy diagrams, vertex diagrams, and box diagrams. For the
sake of completeness, we also present expressions for the counterterms of order « discussed
in sections 2.6 and 2.7.

The fermion wavefunction counterterms, calculated to all orders in € in section 2.7, are

62\(,17’?) = (ai, + vﬁ,)p]l + (a? + v?)pL; (B.8)
and 7Y = —2a,v,p 1 — 2a5vpp I, (B.9)
where
2(1 —¢)
=——. B.1
P=—"G 0 (B.10)

Due to their excessive length, we abbreviate the integral coefficients of the electroweak
gauge boson self-energies and associated counterterms as r; and present explicit expressions
for them in the ancillary file twopointcoeffs.m attached to the arXiv submission of this
paper. In the notation of section 2.6, we have

S0 (s) = r1 1y + 1213, (B.11)
2(1 O(s) =130 + 14, (B.12)
2(1 0) (s) =rsly +relo + 171y +rgls +19ls, (B.13)
and W+W (s) =rioly +ri1ly +ri9l5 + 11318 + r14l9 + r15110 (B.14)

for the transverse parts of the bare electroweak gauge boson self-energies of relative order a.
Inserting explicit expressions for our master integrals, we find complete agreement through
to O (60) with the results of [66, 67] after setting contributions proportional to the number
of fermion flavors to zero.

Through egs. (2.71), we subsequently find

§ZL0 =1,
5Z(Z{;O) =ri7l,
52513’0) =rigl1 +rigls,
52(2120) =ro0l1 +ro1l3 + rogly + rozls +rogly,
52}7}%” = ro5]1 + Togl3 + rorly + rogls + rogl7,
and 52,(%0) =r30l1 +r31ls + 13205 + r3zlin +raalio
for the relative order a electroweak gauge boson mass and wavefunction counterterms
appearing in our calculations. As it was not possible for us to find egs. (B.11)—(B.20) in

the literature verbatim, it may be that we present explicit all-orders-in-¢ results for the
above quantities for the first time.
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Although the vertex form factor integral coefficients are all reasonably compact, we

nevertheless abbreviate them as v; in what follows in order to highlight the strong con-

straints imposed on their structure by the chiral symmetry of the Standard Model. We

present explicit expressions for the v; in the ancillary file vertexcoeffs.m attached to the

arXiv submission of this paper. For the order a vertex form factors, we find

y5(1,0)
Vqu

A(LO)

Y4q

=(1,0
V(qu)

A(LO)

Zqq

1 (L,0)
V’y@

AL0)

el

5(1,0)
VZZ@

7(1,0)
‘AZZe

(s) =—Qivili3—Qq (ag +v§) (voly+v3li3+valiy) (B.21)
—Qy (aﬁ, —|—va> (vsl1+veliz+vrlis) — qu (G%U +Uﬁ;) (vsI1 +vola+violis)
(8) =2Qqaqvq (Vals+v3Iiz+Vali4) +2Qy awvy (vsIi +veli3 +v7lis) (B.22)
+ QIg’awvw (vsl1 +vola+violis) ,
(s)= ngqvlhg +q (3@3 —i—vg) (voly+vslig+valia) (B.23)
+ (2awvwaqr + (a?u —HJ?U) vq/) (vsl1 +veli3+vylis)
+1} (a%u —i—v?ﬂ) \/T% (vsI1 +vola+violie) ,
(s)= —anqvlllg —ay (ag + 31}2) (voly+v3li3+valiy) (B.24)
— (2awvqu/ + (aﬁ, —I—U?U) aq/> (vsI1 +velis+vrlis)
—QIg’awvw 72nw 5 (vl +vola+violis) ,
mZ - w
(5)=—Q3vil13—Qy (a? —HJ?) (vols+valiz+valis) (B.25)
—Qp (aqzu -H)?U) (vsli +velig+velis) — I} (a2w -HJfU) (vsli +vola+violis) ,
(s) =2Quaeve (Vols+v3liz+valis) +2Quawvyw (VsI1 +veli13+vrlis) (B.26)
421 vy, (VeI + Vol +violig)
(5) = Q2vpviI13+ vy (Baﬁ —H}?) (voly+v3liz+valiy) (B.27)
+ (2awvwag/ + (afu —|—vgu) Ug/) (vsI1 +veli3+vrlys)
+13 (anJrva) ﬁ (vel1 +vgla+violis) , and
w
(s) = —Qiarviliz—ay (G% + 3”5%) (vals+vshis+vylig) (B.28)

— (Qawvww/ + (afv —i—vfu) ag/) (veli+velis+vrlis)

— 213 4y (vsli +vola+violis) ,

My
2 _ 2
VI —my,

where f’ denotes the isospin partner of fermion f. It is worth pointing out that, in the

above, vs, vg, and vy may be trivially obtained from vo, vs, and v,4 respectively by

replacing m? with m?2,. For the infrared-finite contributions featuring massive electroweak

vector bosons in the loop, our results for the one-loop vertex form factors are directly

comparable to the original calculation of [66]. Indeed, upon inserting explicit expressions
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for our master integrals, we find complete agreement through to O (60) with the relevant
terms of eqgs. (5.28) and (5.30) of [66] modulo minor typos.?
Finally, for HVBM’s ~5 scheme, we let Bs}\’,o), 68’0), Bg\}o), nd B( 9 denote the

contributions from order a? box diagrams to Cg,l\’?), Cg,lAO) , Cgvo), nd Cgf) and, for

Kreimer’s 5 scheme, 38\10 ), BSAO), BSVO), and B/(xlzf ) denote the contributions from order

a? box diagrams to Cg,v), Cg,lAO), CSVO), and (_Jgf). We find

Bvl\?) . Q Q7 (a1 13 +aslir+aslis+aslio+as o)
+QqQraqar (agly+arliz+aglig+agla +aiolae+aiilos+aialog+aizlos)
+QqQevqve (a1aly+ais 17 +arel1s+a7l21 +aigloa +argloz+azgl24 +az o)
+agag (agaly+asslig+agslis+ags Ios+ags Jog +as7 26 +ass o7 +agg Irg +-asoJag)
+azvf (agiIs+asy[17+asgslis+azslos+ass log+ass 26 +asr a7 +ass s +asJog)
+ajv; (agols+as 17 +asslis+asslos +ausfos+ass 126 +ass o7 +asr Iog +ass o)
+vpv; (augls+asoli7+as [is+asa oz +asslos+asalag+ass lor+aselos +as7 Iog)
+aqagvqve (assla+ase l17+aco 18 +a61 la2 +as2loz +as3 126 +asa 27 +a65 128 +age I29)
+ay, (agr ]y +agslz+ago 16 +aro [is+ar Iso+arals)
+vy, (arsl1 +arslo+arsl16+azel1s+arr Iso+arslar)
+a2v2 (argl1 +asolo+ag [16+ase [1s+ass[30+asals1) (B.29)
Bs}AO) =QqQraque (b1ls+boli7+bslig+bslo) +bslo+bgloz+brlas+bglas)
+QqQuagvg (bgls+bioli7+bi1l1g+biala1 +bi3los+bialaz+bisloa+biglas)
+agagvy (br7Is+b1gli7+biglig+boglaz + 21123+ boo Iog+boglar+baslag+bas Ing)
+aga;vg (baels+borliz+boglis+baglrs +bso Lo+ b1 Jog+ bz oy +bsslas+bsslz)
+aqvqv] (bss Iy +bssl17+bsr1s+bss oy +b3g 23+ bagJog+bu1 o7 +bazlos+bys o)
+agvive (baals+busliz+baslis+bar o +baglog+baglog+bso o7 +bsi Ias+bsala)
+a3,vy (bssli6+bsalso+bssI31)
—l-awv (bsel16+bs7l30+bssI31) (B.30)
Bffvo) =QqQraque (c1ls+coli7+c3lig+calo +cslan+celaz+crlogs+cglas)
+QqQuapvg (cols+cioliz+ci1lig+cialor +ci3lao+cialaz+ci5laa+ci6l25)
+agagvg (cr7ls+cigliz+e19lig+coolog +Co1la3+C22 126+ Cas Tor+Coalas+Ca5129)
+aga;vg (C2614+corliz+coslis+C20oa €30 J23+ 31126 + €32 Lo+ c33198 +C34 29)
+aquqv; (c35 14+ cssl17+csrlis+casloa+Cs9la3+Ca0l26+Ca1 Jor+canlos+caslao)
+ave (caals+casliz+calis+car oo+ caglasz+caglos +cs0lar+C51 28 +C5229)
+ad,vy (cs3l16+ 54030+ C55131)
+awv3 (cs6l16+Cs7I30+Cs8031) (B.31)

20While comparing to [66], we noticed two typos in eq. (B.6), the definition of the form factor Az (k*, M)
appearing in egs. (5.28) and (5.30): the sixth and seventh lines of eq. (B.6) should read

+§w(w+2)|:l <1+ 1_4w>—712}—i7r|:2w+1\/m+ —w(w+2)In <1+ 1—4w)].

1-v1—-4w 1-v1—-4w
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BAlAO)—Q Q7 (d1f13+dal17+dslis+dal1g+ds 1)
+QqQuaqap (dels+d7li7+dglig+dglo +digloo+di1foz+di2loa+di3]25)
+QqQevqve (d1ady+di5117+d16l18+d17121 +digla +di19 /23 +d20 24 +d21 125)
—i—aﬁa? (doals+dasli7+dosl1s+daslao+dog a3 +darlos+dag oy +dag Iog +d3pl29)
+agvy (da1ly+dsali7+dsslis+dss oy +dss Ios+dsg 26+ sy Ior +dsslas+dsg Jog)
+ajv; (daols+dar I +dao [1g+das oo+ dagos+dus o6+ das o7+ dar Ios +dus Iog)
+vgvg (dagls+dsoli7+ds1 15 +ds2lao+dsslas+dsalze+dss Lo+ dsg s +ds7129)
+aqapvgve (dsgls+dsgli7+deol1s+de1 122
+dg2123+de3 26 +deal27 +deslas +des I29)
+ay, (dgr]1 +desTo+deg I +drol1s+dri Iso+drals)
+vy, (drsI1+dralz+drs 16+ drel1s+drrl30+drslsy)
+az,vy, (droly+dsolo+dsi 16+ dsal1s+dssIs0+dsalsi) (B.32)
Bvl\?) = Q Q7 (a1 L13+8sI17+azl1g+a4l19+8512)
+QqQuaqay (agls+arliz+aglig+agla +aigloe+aiilos+a12l24+a13125)
+QqQevgve (ar1als+a15 117 +a16118+a17121 +a18l22 +a19[23+ 820 [24 +2A21 I25)
+a2a? (Agels+assli7+asslig+assloo+a26 23 +a07 o6 +a08 o7 +a29 28 +a30129)
+agvy (As1ly+aspl17 4233 18+a34J20 4835123+ 836 J26+ 837 I27+ 835 25+ 839120
+apv; (asols+am Iy +asal1s+843000+ 844 To3+845 126+ 846127+ 847 Ios +8ugl20)
+vgvf (Aggls+as0l17+a51 11 +852l20+853 23+ 854126+ 855127+ 85628+ 857120
+aqapvgve (assls+asgl17+a60 18 +a61 122 +262123 + 263126 +a64l27+ 86528 +a66 [29)
+ay, (Agr 1 +aes I2+869 116 +a70 15 +a71 [30 +A72131)
+vy, (8731 +8rslo+ar75]16+876 118+ 877 30 +8rsL31)
+as,vy, (Argly+agolo+as [ig+asa 15 +8g3 30 +as4]31) , (B.33)
BleO) =QqQeaqvy <b114+b2f17+b3f18+b4121 +bsI2+bglos +b7124+bsf25)
+QqQearvg (b914+b10—717+b11—718+b12—721 +b13[22+b14123+b15124+516125)
+agagvg (517I4+518117+519118+B20122+521123+522126 +523I27+524I28+525f29>
+aga;vg (BQ6I4+BQ7II7+B2SIIS+529122+530123+B31I26 +B32127+B33128+534129)
+agvgv} (53514+1_)36—717+B37—718+538—722+539123+540126+541127+B42128+1_)43—729)
+agvg (B44I4+B45117+546[18+547I22+548123+B49[26+B5of27+551128+552129)
+aj, vy (55311 +bs4l2+bs5 116+ bse 18+ bs7 I3 +B58131>

+ay v, <b5911 +bgolo+bei I16+beal1s+bgs Iz +b64-731) (B.34)
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(1,0
BAV )= QqQraqv (S114+Coli7+C3l18+Calo1 +C5l22+Csla3+Crloa+Cslos)
+QqQuapvg (Cols+Crol17+C11l18+Cralo1 +Ci3l22+Crala3+Ci5124+Ci6125)

+agagvy (171418117 +Cio 18+ oo loa +Co1 23 +Ca2 26+ Coslor +Taalas +Cas 129

)
+agaivg (Sapls+Carli7+Cag1g+Caglan+C30I23+C31 I26+Caa o7 +C33I2g +Ca4129)
+ayvqv7 (C3514+Ca6117+C37 18+ C38 T2 +Ca9 To3 +Cao Io6 +Ca1 Io7+Caalog +Ca3129)

)

+agvivg (Caaly+Cus 17+ s l18+Car Tog +TasTog+Cag L6+ C50l27+C51Ias +Cs2 g

+ab,vy (Cs3l1 +Csal2+Cs5116+ €618+ Cs7130+ Css131)

+ayv3 (Cs911 +Ce0l2+Ce1116+Cea 18 +Ce3130 +Coals1) and (B.35)
BAlAO) =Q:Q; (d1-713+d2-717+d3f18+d4-719+d5120>

+QqQraqar (d614+d7117+d8118+d9121 +d10]22+&11]23+812]24+813[25)

+QqQevque (al4f4+(_115[17+(_116[18+C_117I21 +C_118122+C_119I23+C_12of24+az1f25)

+a¢21a% (322I4+5123117+5124118+azs-722+a26123+az7126+c_128127+5129128 +d30129

+agv; (831[4+832117+a33118+a34l22+a35123+a36126+aS7127+838128+839129

+ajv; (d4of4+d41117+d42118+d43122+d44123+d45126+d46127+d47128+d48129

N—— N N

A ((_14914+a50117+f_151118+a52-722+a53123+a54126+as5127+a56128+a57129
+aqaevguy (a5sf4+a59117+a60—718+<_161—722
+dg2To3+dg3 o6+ dealar+des Los +(_166I29>
+ay, (aG7fl +aGSIQ+aG9116+a70118+a7ll30+a72131)
+, (5173]1 +a74—72+€175116+a76118+a77130+a78—731)
+azvy, ((_1791’1 +(_?180[2+(_181I16+C_182[18+(_183130+(_184131> ; (B.36)

where, due to their excessive length, the a;, b;, c;, d;, a;, b;, ¢;, and d; are provided
in the ancillary files HVBMboxcoeffs.m and Kreimerboxcoeffs.m attached to the arXiv
submission of this paper.

In fact, it is possible to compare our results for the one-loop box diagrams to the original
calculation of [66], where a photon mass A was employed to regulate infrared singularities,
by making the identification In ()\2 /s) — 1/e. Inserting explicit expressions for our master
integrals into egs. (B.29)—(B.36), we find, modulo typos, complete agreement through to
O (V) with egs. (B.10) and (B.12)—(B.14) of [66]. To find agreement with [66], we first set
the factor of a/(27s) in eq. (B.10) to one, the factors of a/(27) in eq. (B.12) to 2/s, the
factors of a/(27) in eq. (B.13) to 2/ (s — M%), and the factors of a/(27) in eq. (B.14) to
2/s. In addition, we find that the term inside the brackets on the second line of eq. (B.12)

should read
—t —u —8 — 1€
-2l () - ()| (555)

— 60 —



that the term inside the parentheses on the right-hand side of the second equality of eq.
(B.13) should read?!

M2+t MZ+u) 1 t2 u? M2
— B —nl=]-n|l=||In|{——"2—
Sp( t ) Sp( U +2 T2 2 . M2 —s—ic
—t —Uu M2 — s —ie
- —In | =\ |In | 2=
o () - ()] m (M),

and that the factor of 23 + x; in the denominator on the third line of eq. (B.14) should be

replaced by xo — 7.

(0,1) (0,1)

From the ingredients presented above, we distill complete results for C\x;’, Cy ',
0,1 0,1) =(0,1) =(0,1) =(0,1) =(0,1) 1,0 1,0 1,0 1,0) =(1,0) =(1,0) =(1,0)
CEAV)7(1CO%A)7 Cyvv', Cvi’, Cav', Cix s €, ey, e, e, &, G, G

and C,  in section 4.3.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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