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ABSTRACT: Because the LHC is a proton-proton collider, sizable production of two pos-
itively charged W-bosons in association with two jets is possible. This process leads to
a distinct signature of same sign high-p; leptons, missing energy and jets. We compute
the NLO QCD corrections to the QCD-mediated part of pp — WTW™jj. These correc-
tions reduce the dependence of the production cross-section on the renormalization and
factorization scale to about £10 percent. We find that a large number of WTW ™5 events
contain a relatively hard third jet. The presence of this jet should help to either pick up
the WFW ™34 signal or to reject it as an unwanted background.
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1 Introduction

The large energy and large luminosity of the LHC lead to sizable production cross-sections
for multi-particle final states, including rather exotic ones. For example, one can produce
a pair of positively charged W-bosons, in association with two jets pp — WTW Tjj. At
Vs = 14 TeV, the cross-section for this process is about 1 pb and therefore accessible.
Leptonic decays of W-bosons give rise to two positively charged isolated leptons and missing
energy, which is nearly a background-free signature.

The observation of this process is interesting in its own right, but there are other
reasons to study it. Of particular importance are various physics cases for which pp —
WHWTjj is a background process. Interestingly, such cases can be found both within and
beyond the Standard Model. For example, it is possible to use same-sign lepton pairs to
study double parton scattering at the LHC [1-3] in which case the single scattering process
pp — WTWTjj is the background. Events with same-sign leptons, missing energy and
two jets can also appear due to resonant slepton production which may occur in R-parity
violating SUSY models [4] or in the case of diquark production [5] with subsequent decay of
the diquark to e.g. pairs of top quarks. Similarly, one of the possible production mechanisms
of the double-charged Higgs boson at the LHC has a signature of two same-sign leptons,
missing energy and two jets [6].

At leading order in the perturbative expansion in QCD, the W W T4 final state is pro-
duced in proton collisions by both electroweak (EW) and QCD mechanisms. Interference
terms between these mechanisms are doubly suppressed due to the different color structure
of the two processes; interference only occurs at sub-leading color and even then only when
the quarks are all identical. We neglect these terms and consider the QCD process sepa-
rately. The corresponding cross-sections scale as opw ~ a%w and oqcp ~ a%wag, where
agw and ag are electroweak and strong coupling constant respectively. Given the large
hierarchy between strong and weak coupling constants, one expects oqcp > opw, but this
turns out to be too naive. In reality, the production cross-section due to a gluon exchange



is only about fifty percent larger than the production cross-section of pp — WTW™jj by
electroweak mechanisms [1-3].

As we mentioned earlier, WTWTjj production is the background to a number of
interesting beyond the Standard Model (BSM) physics processes. It is peculiar that NLO
QCD corrections to some of these signal BSM processes were calculated, see e.g. refs. [4,
5]. Also, the NLO QCD corrections to the electroweak production of WTWTjj were
calculated recently in ref. [7], but similar corrections to the QCD production of WTW ™ jj
are unknown. There is a clear reason for this: the computation of NLO QCD corrections
to the QCD-induced process pp — WTW T35 is more involved because pp — WTWTjj is
a 2 — 4 process. As a result, the NLO QCD calculation for QCD-induced pp — WTW™jj
requires dealing with one-loop six-point tensor integrals of relatively high rank, while for
the EW-induced process this is not the case since at Born level there is no color exchange
between the quark lines. Until very recently, theoretical methods for one-loop calculations
were inadequate to handle computations of such a complexity, but the situation has changed
dramatically in the past two years. Thanks to recent technical developments [8-17], NLO
QCD computations for such 2 — 4 processes as pp — W (Z)+3 jets, pp — tt+bb, q7 — bbbb
and pp — tt+ 2 jets, have been performed during the past year [18-28]. Similar techniques
should be applicable to NLO QCD computations of processes with several electroweak
gauge bosons and jets, and pp — WTW ™34 is an interesting example. We also note that
the computation of NLO QCD corrections to pp — WTW ™35 involves a small subset of
amplitudes needed for the computation of NLO QCD corrections to pp — WTW =53, which
is an important background to Higgs boson production in weak boson fusion.

The remainder of the paper is organized as follows. In section 2 we briefly discuss
technical aspects of the calculation. In section 3 we describe the results. In section 4 we
present our conclusions. In the appendix, numerical results for one-loop helicity amplitudes
for 0 — (W *¢;) (W " qp) are given.

2 Technical details

In this section, technical aspects of the computation are summarized. It is well-known
that the computation of NLO QCD corrections to any process requires three ingredi-
ents — one-loop virtual corrections to a Born process, real emission corrections and the
subtraction counter-terms for infra-red and collinear singularities. To compute the one-
loop virtual corrections, we use the framework of generalized D-dimensional unitarity
[15, 16], closely following and extending the implementation described in ref. [29]. Be-
cause the one-loop virtual corrections are computed using unitarity cuts, an important
ingredient for the computation of one-loop corrections are the tree-level helicity amplitudes
0 — (GW*q;)(@W " gm) + g. We compute those helicity amplitudes using Berends-Giele
recursion relations [30]. Incidentally, these amplitudes are the ones that are needed to
compute the real emission corrections to pp — WTW™jj. The subtraction terms are cal-
culated using the Catani-Seymour dipole formalism [31]. We employ the optimization of
the subtraction technique suggested in ref. [32, 33], where the subtraction is only performed

if the kinematics of the event is close to either soft or collinear limit. Our implementation of



the Catani-Seymour formalism closely follows the program MCFM [34]. In fact, we use the
MCFM framework extensively to combine virtual and real emission corrections and the sub-
traction terms. Finally, we evaluate one-loop scalar integrals using the QCDloop library [35].

We now describe the computation in some detail. First, we point out that within the
generalized unitarity framework, a basic object that needs to be calculated for each phase-
space point is a one-loop helicity amplitude. To decouple color, helicity amplitudes are
expressed through primitive amplitudes [36]. Those primitive amplitudes can be computed
with the help of the color-stripped Feynman rules [36-38]. We note that, for the calculation
of a given primitive amplitude, color-charged particles are ordered while all permutations
of color-neutral particles must be considered, to achieve a gauge-invariant result. For our
purposes, this implies that the ordering of the W™ bosons is not fixed and we have to
account for all possible insertions of the W bosons. Fortunately, given the fact that both
of the two W bosons have the same charge, this is a relatively minor complication since
two W-bosons can not couple to the same quark line. Throughout the paper we treat
the top quark as infinitely heavy, while all other quarks are taken to be massless. We do
not consider final state top production as this leads to a different experimental signature.
Top quarks therefore only contribute through fermion loops. While it is possible to deal
with massive particles in the loop with D-dimensional unitarity [39, 40], we choose to
neglect these effects since the momentum transfer through the fermion loop is far below
the threshold for top pair production. This is consistent with the treatment of parton
distribution functions, which use 5y with five flavours in the evolution of «.

We now give the decomposition of the scattering amplitudes in terms of primitive
amplitudes. We begin with the tree-level process 0 — adcs + (Wt — etv,) + (WH —
pwtv,), where we fix the flavor structure, for definiteness and treat the Cabibbo-Kobayashi-
Maskawa matrix as diagonal. The amplitude for this process reads

4
Atree(ﬂada E,S;GJF,VeouraVﬂ) = 93 (f};) PW*(SWLVS)PW*(S;NLVH)
1

X <5idi55isiﬁ ~ N 5idz‘a5isi5> Ao(u,d,c,s), (2.1)

where g, are the strong and weak coupling constants, respectively, quark color indices
are indicated explicitly, N. = 3 is the number of colors, and lepton labels in the right hand
side of eq. (2.1) are suppressed. Also, we use the W™ propagators with a Breit-Wigner

form in eq. (2.1)
s

P = .
we(s) = M2, + Ty My

(2.2)
Finally, to account for leptonic decays W+ — [T (q1)v(g2) in eq. (2.1), we replace the
polarization vector of the outgoing W bosons by

_ u(g2)yr-v(q) 1=

65(%&2) - ) 2

(q1 + q2)* 23)

A typical diagram that contributes to the amplitude Ag(u,d, ¢, s) is shown in figure 1.



\"‘\—\_\_\_\_\“
W+ W+

u S

Figure 1. A typical Feynman diagram that contributes to QCD production of W W5 in hadron
collisions at leading order in perturbative QCD.

The computation of real emission corrections requires the scattering amplitude for
0—adés +g+ (Wt —etv.)+ (W' — pty,). The amplitude for this process is written

in terms of primitive amplitudes

4
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Again, in the right hand side of this equation the lepton labels are suppressed. Finally, the
one-loop amplitudes required for this calculation can be written as

Aone—loop(ﬁ7 d, G, s: e+, Ve, ,U+7 VM) —
gw !
gs (\/2> P+ (8etu ) P+ (Sutu,) [0i4iz0igin A1 + Gigig0igiz A2] - (2.5)
The color-ordered amplitudes A; 2 can be expressed through the primitive amplitudes
shown in figure 2. The relations read
2

2 L _ _
A = (Nc — Nc) Aq(a,d, e, s) — NcAa(u,d,s,c)
1 L 1 L _
_NcAb(u, s,¢,d) — NcAc(u, s,¢,d) +nyAq(u,d,c,s), (2.6)
1 L 1 _ _
Ay = NgAa(u,d, ¢ s)+ 1+ N2 Aq(u,d, s, c)
1 _ 1 L ng _ L
—i—ch Ap(a, s, ¢, d) + NCQAC(U’S’C’ d) — NcAd(u, d,c,s). (2.7)

Amplitudes with two adjacent quarks can be reduced to amplitudes where quarks and
anti-quarks alternate using the C-parity relation

Ag(@he, dM s ) = —Ag (@, dM 5 ) (2.8)
where we explicitly indicate fermion helicities.!

We note that the r.h.s. of eq. (2.8) is non-zero, since once the helicities of the fermions are fixed, we
implement the coupling of the W-bosons to fermions as a vector coupling.
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Figure 2. Parent diagrams for one-loop primitive amplitudes for 0 — wudes + WTW™T. Shaded
areas represent dummy lines which can not be cut. W7 bosons are not shown. Quarks @’ do not
couple to W-bosons.

Amplitudes with two identical quarks and anti-quarks are obtained from the amplitudes
shown above by anti-symmetrising quarks or anti-quarks and including the appropriate
symmetry factors in the cross-section calculation. Finally, we note that numerical results

for helicity amplitudes at a particular phase-space point are given in the appendix.

3 Results

In this section, we present the results of the calculation. We consider proton-proton col-
lisions with the center-of-mass energy /s = 14 TeV. We require leptonic decays of the
W-bosons and consider et 1., final state. The W-bosons are on the mass-shell and we
neglect quark flavour mixing. We note that if identical leptons in the final state are present,
there are interference effects not included in our calculation. However, such interference
effects force the W-bosons off the mass shell, so that their numerical importance is limited.
Within this approximation, the cross-sections for same- and different-flavor production are
related o(pp — ptutX) =o(pp — etet X) = 0.50(pp — et X). This implies that the
cross-section for the full flavor sum e™put + ete™ + pu*u™ can be obtained by multiplying
our results by a factor two.

We impose standard cuts on lepton transverse momenta p ; > 20 GeV, missing trans-
verse momentum p | miss > 30 GeV and charged lepton rapidity |n;| < 2.4. We define jets
using anti-k | algorithm [41], with AR; ;, = \/(nj, — 1) + (5, — ¢5,)? = 0.4 and, unless
otherwise specified, with no transverse momentum cut on the two jets. The mass of the
W-boson is taken to be my = 80.419 GeV, the width I'yy = 2.140 GeV. W couplings



to fermions are obtained from aqrp(myz) = 1/128.802 and sin?6y, = 0.2222. We use
MSTWOSLO parton distribution functions for leading order and MSTWOSNLO for next-
to-leading order computations, corresponding to as(Mz) = 0.13939 and a(Mz) = 0.12018
respectively [42]. We do not impose lepton isolation cuts. All results discussed below apply
to the QCD production pp — WTW™jj; the electroweak contribution to this process is
ignored. Note, however, that at next-to-leading order, QCD and electroweak production
processes start to interfere and the separation of the two production mechanisms is not as
clean as it is at leading order.

We point out that, because a massive gauge boson is produced from each fermion line,
the cross-section for the process pp — WTW™jj remains finite even if the requirement
that two jets are observed is lifted. Hence, we can consider the production of same-sign
gauge bosons in association with n jets pp — WTW™ + n jets, where n = 0,1,2 or n > 2.
It is useful to consider different jet multiplicities separately because, depending on the
number of jets, backgrounds to pp — WTW ™ +n jets change. Also, if we are interested in
pp — WHTW T 4+ n jets as a potential background to New Physics processes, it is helpful to
know how jetty this process is.

We begin by showing in figure. 3 the dependence of the production cross-sections for
pp — et ,u*ueyu +n jets on the renormalization and factorization scales, which we set equal
to each other. Jets are defined to have a transverse momentum cut p, ; = 30 GeV. We show
results for the following four processes i) pp — WHTW T+ > 2 jets; ii) pp — WHTWT+2 jets;
iii) pp — WHTWT + 1 jet; and iv) pp — WHTWT + 0 jets. The total inclusive cross-
section is then given by the sum of the two-jet inclusive cross-section, the one-jet exclusive
cross-section and the zero-jet exclusive cross-section. The difference between inclusive and
exclusive two jet cross-sections shows how often W W™ is produced in association with
three, rather than two, jets.

It is clear from figure 3 that leading order cross-sections for all jet multiplicities mono-
tonically increase with the decrease of the renormalization/factorization scales. This be-
havior is driven by the dependence of the leading order cross-section on the square of
the strong coupling constant; the factorization scale dependence is minor. It follows from
figure 3 that when cross-sections are calculated at next-to-leading order in perturbative
QCD, they show significantly reduced scale dependence. For example, considering the
range of scales 50 GeV < p < 400 GeV, we find the two-jet inclusive cross-section to
be o0 = 2.7+ 1.0 fb at leading order and ¢NO = 2.44 + 0.18 fb at next-to-leading
order. The forty percent scale uncertainty at leading order is reduced to less than ten
percent at NLO. We observe similar stabilization of the scale dependence for the 0- and
1-jet exclusive multiplicities. Combining these cross-sections we obtain a total NLO cross-
section of about 2.90 fb for pp — et vev, inclusive production. This implies about 60
etut +etet + ptut events per year at the LHC with 10 fb~! annual luminosity. While
this is not a gigantic number, such events will have a very distinct signature, so they will
definitely be seen and it will be possible to study them.

On the other hand, it is apparent from figure 3 that there is quite a dramatic change
in the two-jet exclusive cross-section. At leading order, there is no difference between the
exclusive and inclusive cross-sections, but this difference appears at NLO. With AR;; = 0.4
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Figure 3. The dependence on factorization and renormalization scales of cross-sections for pp —
et utvev, +njets, n =0,1,2 at leading and next-to-leading order in perturbative QCD We set
the two scales equal to each other up = pur = p.

and a transverse momentum jet cut of 30 GeV, the two-jet exclusive cross-section is only
about 0.7 fb at u = 150 GeV; if the scale is decreased to about 80 GeV, the two-jet
exclusive cross-section becomes negative. One can argue that this is the consequence of
the fact that the 30 GeV jet transverse momentum cut is too small for the convergence of
the perturbative expansion of the two-jet exclusive cross-section. However, it is not fully
clear how to make this explanation compatible with the reasonable perturbative stability of
the zero-jet and the one-jet exclusive cross-sections for the same value of the jet transverse
momentum cut. In figure 4 we show the inclusive and exclusive cross-sections for pp —
e utver,+2 jets at next-to-leading order in perturbative QCD, in dependence on the jet p |
cut. We set the factorization and renormalization scales equal to each other up = pur = p,
and vary the scale p in the range 100 GeV < pu < 200 GeV. It is clear that for a jet cut of
40 — 50 GeV, the scale dependence of the exclusive two-jet cross-section is relatively small,
while for the 30 GeV jet cut, the scale dependence increases strongly. The results displayed
in figure 4 suggest that, whatever the exact value of the exclusive two-jet cross-section is,
it is significantly smaller than the two-jet inclusive cross-section. This smallness implies
that quite a large fraction of events in pp — e ptvey,+ > 2 jets have a relatively hard
third jet. This effect remains present, although less pronounced, for larger values of R.
This feature may be useful for rejecting contributions of pp — WTW ™3 when looking for
multiple parton scattering.

We now turn to the discussion of kinematic distributions. Unless explicitly stated
otherwise, we do not impose a transverse momentum cut on the jets. A glance at figure 3
suggests that NLO QCD corrections to jet cross-sections are small if the renormalization
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sections for pp — e ut vo v, + 2 jets at leading and next-to-leading order in perturbative QCD.
We show scale uncertainty bands, for values of the renormalization and factorization scales set to a
common value p, which is varied in the interval 100 GeV < p < 200 GeV. Results for p = 140 GeV
are shown as solid lines.

and factorization scales are set to p = 150 GeV. Indeed, for p = 150 GeV, two-jet
inclusive leading and next-to-leading order cross-sections nearly coincide o1,0 = 2.4 fb and
onLO = 2.5 fb, so that the NLO QCD corrections change the leading order cross-sections
by less than five percent. In the plots that follow, we show the scale uncertainty bands for
50 GeV < pu <400 GeV and predictions for = 150 GeV, for leading and next-to-leading
order distributions.

The transverse momentum distributions of the hardest and next-to-hardest jets, as
well as the distribution of the scalar sum of the transverse momenta of all jets and charged
leptons and the missing transverse momentum in the event are shown in the first three pane
of figure 5. It is clear from figure 5 that jets in pp — W W T jj are hard; a typical transverse
momentum of the hardest jet is close to 100 GeV and the transverse momentum of the
next-to-hardest jet is close to 40 GeV. While no major changes in kinematic distributions
occur when NLO QCD corrections are calculated, some shape changes are apparent from
figure 5. Indeed, the NLO QCD transverse momenta distributions of the hardest and
next-to-hardest jet show a characteristic depletion at large values of p ;. One reason this
change occurs is because a constant, rather than a dynamical, renormalization scale is
used in our leading order calculation. As was emphasized many times recently, the choice
of dynamical renormalization scales in leading order computations may affect shapes of
kinematic distributions in a manner similar to NLO QCD corrections [7, 22, 25, 43]. The
shapes of rapidity distributions of the hardest and next-to-hardest jets, as well as the
distribution of the pseudo-rapidity of the sum of hardest and next-to-hardest jet, shown in
the next three panes, remain very similar to the shapes of leading order distributions, once
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the NLO QCD corrections are included. On the other hand, scale dependencies of rapidity
distributions are reduced dramatically.

We now turn to lepton and missing transverse momentum distributions. In figure 6
we show the charged lepton transverse momentum distribution, the missing transverse
momentum distribution, the distributions of the charged lepton rapidity and of the pseudo-
rapidity of the two lepton system, as well as the distributions of the invariant mass of the

CG0(0T0OCZ) CTdHHL



two charged leptons and the transverse mass of the two W-bosons.? Lepton kinematic
distributions are affected by the QCD radiative corrections in a similar way to the jet
kinematic distributions. We observe that transverse momentum distributions become softer
while shapes of rapidity distributions are unaffected. Distributions of dilepton invariant
mass and the transverse mass of the W-bosons become softer as well. It is also interesting
to look at the angular distributions of the charged leptons. In figure. 7 the angular distance
AR;; = /(m —nj)% + (1 — ¢§)? between a charged lepton of fixed flavor (et or u*) and
the hardest (next-to-hardest) jet is displayed, as well as the distribution of the relative
azimuthal angle of the two charged leptons. Distributions of angular distances between jets
and leptons have a transverse momentum cut of p; ; = 30 GeV. Although distributions
of angular distances between leptons and jets are broad, they peak at AR;; ~ 3 for both
hardest and next-to-hardest jets. NLO QCD effects do not change this conclusion but,
interestingly, they make the angular distance between next-to-hardest jet and the charged
lepton somewhat larger at next-to-leading order. The distribution of the relative azimuthal
angle of the two charged leptons becomes less peaked at A¢;+;+ = m, although the two
leptons still prefer to be back to back. It is interesting to remark that, if the two same sign
leptons are produced through a double-parton scattering mechanism, their directions are
not correlated. Hence, yet another possibility to reduce the single-scattering-background
is to cut on the relative azimuthal angle between the two leptons.

4 Conclusion

In this paper, we presented the computation of NLO QCD corrections to the QCD-mediated
process pp — WTW ™45 at the LHC. In spite of the fact that this is a 2 — 4 process, the
computation of NLO QCD corrections is relatively straightforward, thanks to spectacular
developments in technology of NLO QCD computations in recent years [8-17]. We note
that NLO QCD corrections to electroweak-mediated pp — W W process were recently
calculated in ref. [7].

The production of two same-sign W-bosons in association with two jets is a background
to studies of double-parton scattering, as well as to a number of beyond the Standard Model
physics processes. The NLO QCD corrections to pp — WTW T4 reduce the scale depen-
dence to about ten percent. An interesting feature of pp — W W ™34 is that perturbative
QCD is applicable even if the observation of the two jets is not demanded. This opens up
the possibility to study QCD radiative corrections to pp — WTW T +n jets where the num-
ber of jets can be zero, one and two. At next-to-leading order, the final state with three jets
also appears. We have studied QCD corrections to processes with various jet multiplicities
and observed reasonable behavior of the perturbative expansion for two-jet inclusive, and
one- and zero-jet exclusive processes. The situation with the two-jet exclusive cross-section
is less satisfactory. As follows from figure 4, the two-jet exclusive cross-section is about fifty
percent of the inclusive cross-section. Since at leading order exclusive and inclusive two-jet

2Since neutrinos are not observed, it is impossible to reconstruct the true transverse mass of the pair of

the two W-bosons. We follow ref. [44] and define mi,ww = (B v+ + EL,miss)2 — (P y+i+ + Pl miss)’
where the missing transverse energy I | miss is reconstructed from the missing transverse momentum using

the invariant mass of the charged lepton system El,miss = \/pi’miss + mfﬂ,.

,10,
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Figure 6. Kinematic distributions of charged leptons and missing energy in pp — et utve v, +
n jets at leading and next-to-leading order in perturbative QCD for inclusive two-jet events. The
bands show renormalization and factorization scale uncertainty, for 50 GeV < p < 400 GeV. Solid
lines show leading and next-to-leading order predictions for = 150 GeV.

cross-sections coincide, the NLO QCD correction is large. In addition, there is significant
residual scale uncertainty in the prediction for the exclusive two-jet cross-section which is
smaller than, but comparable to, the leading order scale dependence. We believe that these
results suggest that nearly fifty percent of all events in pp — et T ver,+ > 2 jets contain
a relatively hard third jet. It may be possible to use this effect in designing selection or
suppression criteria for W W T jj final state. We have also studied a variety of kinematic
distributions and showed that no dramatic shape changes occur.
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and next-to-leading order predictions for y = 150 GeV.

As a final comment, we point out that the production of two negatively charged W-
bosons at the LHC is also possible, at a rate which is about forty percent of the W W+
production [1-3]. We can use our set up to compute NLO QCD corrections to pp —
W =W~ jj using charge conjugation and parity reversal [7]. To this end, if we are interested
in pp — e " v, jj, we can do a calculation for pp — et ptrer,jj, treat the final state
leptons as if they are positively charged and reverse the momentum directions for parity-
odd distributions.
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Amplitude 1/€ 1/e e’

Ap(u,d, ¢, s) —7.488599 — ¢ 17.47659
rq(@,d, e, s) —2.000000 5.580909 + 7 0.000000 11.010146 + ¢ 14.39329
rq(t,d, s, c) —2.000000 6.634395 + ¢ 0.000000 —16.15227 — ¢ 7.909865
rp(t, 8, ¢, d) —1.000000 3.551457 — ¢ 3.141593 —2.605243 +79.184110
re(u, s, ¢, d —1.000000 —2.092934 — ¢3.141593  —1.237780 — ¢9.355851
rq(a,s,c,d) —0.666667 + 7 0.000000 2.256527 + 12.094395

Table 1. Numerical results for the primitive tree-level amplitude Ag(a,d,¢,s), in units of

10~ GeV~* and the ratios of primitive one-loop amplitudes ;.

A Results for primitive amplitudes at a fixed phase space point

In this appendix we give numerical results for all primitive amplitudes needed to reconstruct
the one-loop amplitudes in eq. (2.5) at a particular phase space point. The momenta

(E,pz,py,D=), in GeV, are chosen to be

k1 () = (—500.000000000000, —500.000000000000, 0.00000000000000, 0.00000000000000),
ka2 (d) = (—500.000000000000, 500.000000000000, 0.00000000000000, 0.00000000000000),
ks(c)=(54.2314070117999, —31.1330162081798, —7.92796656791140, 43.6912823611163),
ka(s)=(214.488870161418, —27.0607980217775, —98.5198083786150, 188.592247959949).
ks(et)=(85.5312248384887, —8.22193223977868, 36.1637837682033, —77.0725048002414),
ke(ve)=(181.428811610043,—57.8599829481937,—171.863734086635,—5.61185898481311),
k7(ut) = (82.8493010774356, —65.9095476235891, —49.8952157196287, 5.51413360058664),
kg () = (381.470385300815, 190.185277041519, 292.042940984587, —155.113300136598).

(A1)

Because the W-bosons couple only to left-handed fermions and right-handed anti-
v +
e’lLL )
+,—}. Below we tabulate numerical results for the primitive
In table 1 we
display tree-level amplitudes and ratios of unrenormalized one-loop amplitudes to tree-

fermions, all helicities in the following are fixed, so that {u,d,¢c,s,e",
helicities {4, —,+, —,+, —,
tree and one-loop amplitudes at the phase-space point given in eq. (A.1).

v, } have

amplitudes
1 A;

A2
e Ao (A.2)

Ty =

L(1+e)T?(1—¢)
(4m)%2=<T'(1 — 2e)
use ur = 80GeV; it enters our calculation through the usual modification of the loop

where cp = and the A; are defined through equations (2.5)—(2.7). We

integration measure / d*k — ,u%f / dPk in dimensional regularization. The one-loop am-

plitudes are calculated in the four-dimensional helicity scheme [45, 46]. In table 2 we give

the ratio S
A Re(Aone—loopAtree*)

o |AtreeQ |

S = (A.3)
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Ratio 1/€ 1/e e
S(u,d,e,s) —5.333333 13.62554  27.48580

Table 2. Numerical results for the ratio of spin and color summed amplitudes S(@,d, ¢, ).

of amplitudes summed over spin and color. Note that all unrenormalized virtual amplitudes

(including fermion loops) contribute to A°Pe-1ooP,
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