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I present a short overview over W pair production and studies of angu-
lar differential cross-sections with and without initial state radiation apply-
ing semi-analytical methods and using the Fortran program GENTLE. The
influence of anomalous couplings to this process is also discussed.

PACS numbers: 12.15.Ji

1. Introduction

Since the formulation of the standard model of electroweak interactions
[1], more and more precision tests have confirmed its validity. However, for a
central part of the theory, the non-abelian structure of the gauge couplings,
we have only poor experimental information. With the results of LEP2 [2]
and potential future linear colliders [3] the situation will change. In processes
with W production triple and quartic gauge boson vertices appear and may
be measured. Of special interest in e+e− annihilation is the process

e+e− → W+W−, (1)

with contributions from γW+W− and ZW+W− vertices.
The current limits for anomalous couplings from combined results of

LEP2 and D0 are [4]:

αWφ = −0.03+0.06
−0.06, (2)

αW = −0.03+0.08
−0.08, (3)

αBφ = −0.05+0.22
−0.20, (4)
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where the α’s are given by the identities:

αWφ = cW sW δZ , (5)

αW = yγ =
sW

cW

yZ , (6)

αBφ = xγ − cW sW δZ = − cW

sW

(

xZ + s2
W δZ

)

. (7)

The anomalous parameters δZ , xγ , xZ , yγ , yZ , and zZ are defined by the
Lagrangian in Eq. (18).

In Section 2 I give an overview on W pair production and the studies of
the differential cross-sections performed with GENTLE version 2 [5]. I discuss
the influence of potential anomalous three gauge boson couplings to W pair
production in Section 3.

2. W pair production

The first calculations in the standard model for the process in (1) were
done in the narrow width approximation [6], e.g. neglecting the finite width
of the W bosons. At this time it was known, that the decay width ΓW of
the W will give rise to large corrections if the W is much heavier than the
proton [7]. As a consequence the finite W width must be considered. This
can be done by convoluting the cross-section with Breit–Wigner factors [8]:

σ(s) =

s
∫

0

ds1 ρ(s1)

(
√

s−
√

s1)2
∫

0

ds2 ρ(s2)σ0(s, s1, s2) (8)

with

ρ(si) =
1

π

√
siΓW (si)

(si − m2
W )2 + m2

W Γ 2
W (si)

× B(f), (9)

where s is the center-of-mass energy squared and B(f) the branching fraction
for the W decaying in the fermion doublet f . The invariant masses of the
decay products of the W bosons are denoted by s1 and s2.

Since the produced W bosons decay almost immediately, the production
of 4 fermions

e+e− → W+W− → 4f (10)

is observed. Additional diagrams, so called background diagrams, contribute
to the same final states and should be taken into account, too [9]. The
number of contributing diagrams depends on the final state fermions. Here,
I will concentrate on the CC11 class, since it includes the semi-leptonic final
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states. These final states are important in the measurement of the gauge
couplings, because they offer the most complete kinematical information.
The CC11 class is defined by having two different weak doublets and no
electrons nor neutrinos as final state fermions. Depending on the number of
produced neutrinos, there are 9, 10, or 11 Feynman diagrams.

For the CC11 class the σ0 of (8) can be written as a sum over all inter-
ferences and combinations of coupling constants. For the differential cross-
section one gets:

dσ0

d cos θ
=

√

λ(s, s1, s2)

πs2

∑

k

Ck · Gk(s; s1, s2, cos θ) . (11)

The coefficient functions Ck are rather trivial and contain the coupling con-
stants of the particles and the s-channel propagators. The kinematical func-
tions Gk are more complicated and describe the non-trivial dependencies of s,
s1, and s2 and other variables like the scattering angle cos θ. To express the
total cross-section a smaller set of C and G functions as in Eq. (11) is needed,
since the parity violating contributions disappear after the integration over
the scattering angle.

As a simple example I give the expressions of the C and G functions for
the differential cross-section for the square of the t-channel diagram [10]:

Ct =

(

Gµm2
W

)2

s1s2
ρW (s1)ρW (s2), (12)

and

Gt =
1

8

[

2s(s1 + s2) +
λ

4
sin2 θ +

λs1s2 sin2 θ

t2ν

]

, (13)

where λ is the Källen-function

λ ≡ λ(s, s1, s2) = s2 + s2
1 + s2

2 − 2ss1 − 2ss2 − 2s1s2, (14)

and tν is the neutrino propagator

tν =
1

2

(

s − s1 − s2 −
√

λ cos θ
)

. (15)

The interferences between signal diagrams and background diagrams are
more complicated and I give only the the kinematical function for the inter-
ference between the t-channel diagram and the u1-diagram as an example:

Gtu1(s, s1, s2) =

−1

λ

{

3

4

cos θ√
λ

s2s1s
2
2(5 sin2 θ − 2)

[

1

tν
(s + s1 − s2) + 2sL(s1; s2, s)

]
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+ λ

[

sin2 θ

8tν
[2s1s2(s2 − s1) − 6s2s2(s1 + s2)L(s1; s2, s) − 3ss2(s + s2)]

+
sin2 θ

16
[(s − s1)

2 − s2
2] +

ss1

2

]

+
ss1s2

tν

[

−3

4
ss2L(s1; s2, s)(5s sin4 θ

+ 4(s1 + s2)) −
1

8
(3s2

2 − 2ss1 + 4s1s2 − 7s2
1 + 30ss2 + 9s2) sin2 θ

− 1

2
(3s2

2 − 2s2
1 −s1s2 + 2ss1)

]

+
3s2s2

4
L(s1; s2, s)([4s1s2 + s2

1 + s2
2 − s(s1 + s2)] sin

2 θ

− 4[s1s2 + s2
1 + s2

2 − s(s1 + s2)]) +
ss2 sin2 θ

8
(2s1s2 − 5s2

1 + 3s2
2

− 14ss1 − 3s2) +
s

2
(5s2

1s2 − 2s1s
2
2 − 3s3

2 + 5ss1s2 + 3s2s2)
}

, (16)

with

L(s; s1, s2) =
1√
λ

ln
s − s1 − s2 +

√
λ

s − s1 − s2 −
√

λ
. (17)

The remaining coefficient and kinematical functions are presented in [11].

Fig. 1. Differences between Born cross-section and cross-section with initial state

radiation.

To make precise predictions for the cross-section, radiative corrections
have to be taken into account [12]. To demonstrate the size of initial state
radiation (ISR), I show in Fig. 1 the difference between the ISR corrected
cross-section and the Born cross-section in the case of signal diagrams (CC03)
and for the complete semi-leptonic process (CC10). While the difference
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peaks in the region cos θ > 0.8 it is almost constant in the other parts.
Especially in the region of cos θ → −1 this leads to important effects, be-
cause the differential cross-section drops here significantly and the relative
corrections amount to 30% for cos θ = −1 [11].

The numerical results of Fig. 1 were produced with GENTLE and radiative
corrections were treated as described in [5]. A short overview over GENTLE

is given in Appendix.

3. Anomalous couplings

The most general form for the γWW and ZWW vertices compatible
with Lorentz invariance was first considered in [13], where 9 parameters
were introduced for each vertex. In [14] it was shown that these parameters
were not independent and the number could be reduced to 7.

The number of parameters can be further reduced by using a restricted
set of anomalous couplings, which is invariant under CP transformations.
The anomalous couplings are defined by the Lagrangian:

L = −ie
[

Aµ

(

W−µνW+
ν − W+µνW−

ν

)

+ FµνW+µW−ν
]

− ie (cot ΘW + δZ)
[

Zµ

(

W−µνW+
ν − W+µνW−

ν

)

+ ZµνW+µW−ν
]

− iexγFµνW+µW−ν − iexZZµνW+µW−ν

+ ie
yγ

M2
W

F νλW−

λµW+µ
ν + ie

yZ

M2
W

ZνλW−

λµW+µ
ν

+
ezZ

M2
W

∂αZ̃ρσ

(

∂ρW−σW+α − ∂ρW−αW+σ

+∂ρW+σW−α − ∂ρW+αW−σ
)

. (18)

In the standard model the anomalous parameters δZ , xγ , xZ , yγ , yZ , and zZ

are zero. The parameter zZ violates both C and P symmetry, but is invariant
under the product CP . The parameters xγ and yγ contribute to the magnetic
dipole moment µW and the electromagnetic quadrupole moment qW of the
W boson [15]:

µW =
e

2m2
W

(2 + xγ + yγ) , (19)

qW = − e

m2
W

(1 + xγ − yγ) . (20)

With these additional parameters the cross-section for W pair production
can be written as:
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σano = σSM

+ xγ · σxγ + xZ · σxZ + . . . (21)

+ x2
γ · σxγxγ + xγxZ · σxγxZ + x2

Z · σxZxZ + . . . ,

where the anomalous parameters appear at most bilinearly.
If one considers all anomalous couplings of Eq. (18) 28 coefficients are

needed to calculate σano. Eq. (21) can also be applied to multi-differential
cross-sections. In the search for anomalous couplings multi-differential cross-
sections are used, since they contain more kinematical information [16].

GENTLE can be used to calculate the coefficients in Eq. (21). This can be
done for the differential cross-section and in the CC03 process also for the
bin-wise integrated differential cross-section. By setting the number of bins
to 2, one gets predictions for forward (cos θ > 0) and backward (cos θ < 0)
scattering. A study of the sensitivity of the forward-backward asymmetry
to pairs of anomalous couplings was performed for the pairs (xγ , δz) and
(xγ , zZ) in [11] and for (xγ , xZ) and (xZ , zZ) in [17]. The forward-backward
asymmetry proved to be useful for studies which include the parity violating
parameter zZ .

4. Conclusions

I gave a short report over the present state of GENTLE and the studies
of differential cross-sections and anomalous couplings with it. It was shown
that radiative corrections (initial state radiation) give sizeable effects to
the differential cross-section at a center-of-mass energy of 500 GeV. This is
especially important in the region of backward scattering, where the cross-
section is small and the corrections are about 30%.

I would like to thank the organizers of the conference for their hospitality
and the very pleasant atmosphere they provided. Further, I am especially
grateful to T. Riemann for the collaboration on this topic.

Appendix

GENTLE

GENTLE version 2 is a Fortran package to calculate cross-sections for 4
fermion production processes for charged currents (CC) and neutral currents
(NC) with the semi-analytical method. Table I gives an overview over the
different branches of GENTLE and the publications they are based on.
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QED ISR total cross-section [18]
Background total cross-section [10]

CC
Anomalous couplings [11]
Differential cross-section [11]
QED ISR total cross-section [19]

NC
Background total cross-section [20]

TABLE I
Overview over the different branches of GENTLE.

While in GENTLE version 2 the calculation of the differential cross-section
and the effects of anomalous couplings were only available for the signal
diagrams, in the newer version 2.01 these features were extended to the
complete CC11 class.
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