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Abstract. We present analytic results for one-loop radiative corrections to off-shell decay H∗→
W+W− in ’t Hooft-Veltman gauge within the Standard Model framework. In numerical results,
we show off-shell decay rate and its corrections with varying off-shell Higgs mass. The results
show that the corrections are of 10% contributions to the total decay rates. Furthermore, we
study the impacts of one-loop radiative corrections to the off-shell decay H∗→W+W− in Higgs
processes at future colliders. The signal processes such as e−e+→ ZH∗→ Z(WW ) with including
the initial beam polarizations and e−e+→ νeν̄eH∗→ νeν̄e(WW ) and e−γ→ e−H∗→ e−WW are
examined. We find that the effects are visible impacts and these should be taken into account at
future colliders.
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1. Introduction

One of the main targets of future colliders like the high-Luminosity Large Hadron Col-
lider (HL-LHC) [1, 2] and future colliders [3] is to measure accurately the properties of standard-
model-like Higgs boson. From the experimental data, we can verify the nature of the scalar Higgs
potential and understand deeply the electroweak spontaneous symmetry breaking. It means that
all Higgs productions and decay channels should be probed precisely as possible. Among Higgs
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decay processes, off-shell Higgs decay to W-boson pair are considerable interest at present and
future colliders [4–13]. Since the decay processes could provide an important information for
understanding the Higgs sectors at higher-energy scales which are sensitive with new physics con-
tributions.

Full one-loop electroweak corrections to Higgs decay to W -pair have been calculated in [14]
and to H→W ∗W ∗→ 4 leptons have performed in [15–18]. The calculations for one-loop radiative
corrections to H →W ∗W ∗ → 4 leptons in many of extensions for the SM have been reported
in [19–22]. Due to the importance of the decay channel, we perform the calculations for one-loop
radiative corrections to H→WW with the following extensions. We first provide analytic results
for one-loop radiative corrections to H →WW for both off-shell Higgs and W -pair. As a result,
our results are valid for one-loop correction to the vertex HWW which can be taken into account
in many relevant process calculations. Moreover, we can apply double-pole approximation for
studying off-shell Higgs decay to W-pair from the analytical results in this paper. In further, the
study for the impacts of one-loop corrections to off-shell decay to W -pair through Higgs signal
processes at future colliders like e−e+ collisions, photon-electron collisions. In the detail, our
computations are performed in the ’t Hooft-Veltman gauge in the framework of the SM. One-
loop form factors for the off-shell decay are expressed in terms of scalar one-loop Passarino-
Veltman functions in the standard notations of LoopTools. As a result, off-shell decay rates can
be evaluated numerically by using this program. In phenomenological results, we show decay rates
and the corrections as a function of off-shell Higgs mass. The results show that the corrections
are of 10% contributions. In addition, we study the impacts of one-loop corrections to off-shell
decay H∗→W+W− in Higgs processes at future colliders. Specially, all signal processes such as
e−e+→ ZH∗→ Z(WW ), e−e+→ f f̄ H∗→ f f̄ (WW ) for f = e,νe and e−γ → e−H∗→ e−WW
are examined. In this analysis, we include the initial beam polarization effects and consider both
the unpolarized case and the case of longitudinal polarizations for W bosons. We find that the
effects are visible impacts and these must be taken into account at future lepton colliders.

The layout of the paper is as follows: In section 2, we first present one-loop expressions for
the vertex HWW . We then apply these formulas to the off-shell Higgs decay channel H∗→WW .
We also take into account for soft and hard photon contributions in this section. In section 3,
phenomenological results are shown. The impacts of one-loop off-shell Higgs decay through
Higgs productions at future colliders are discussed in this section. Conclusions and outlook for
this research are discussed in the section 4. In the appendix, we show the one-loop counter-term for
HWW vertex. One-loop Feynman diagrams in the ’t Hooft-Veltman gauge for this decay channel
are shown in the appendix C.

2. Calculations

We present in detail the calculations in this section. All one-loop Feynman diagrams con-
tributing to the vertex HW+W− in the ’t Hooft-Veltman gauge can be classified into two groups
(shown in appendix C). First, we consider all fermions propagating in the loop diagrams to group
1 (called as G1). In the group 2 (noted as G2) all W , Z bosons, scalar H boson, Goldstone bosons
and ghost particles exchanging in the loop diagrams. As we shown later that one-loop contribut-
ing to the vertex HWW contains both ultraviolet divergent (UV -divergent) and infrared divergent
(IR-divergent). The counter-terms for cancelling the UV -divergent are shown as diagram in group
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G0. To handle with the IR-divergent, we include the bremsstrahlung processes H∗→W+W−γ for
both soft and hard photon contributions.

In general, one-loop contributions for the H(p)W+(q1)W−(q2) vertex are expressed in
terms of the Lorentz structure as follows:

V 1−loop
HW+W− = gHWW

{
F00 gµν +

2

∑
i, j=1

Fi j qν
i qµ

j + iFεµνρσ qρ

1 qσ
2

}
. (1)

Where gHWW = eMW/sW is the coupling of Higgs decay to W -pair. Here W boson mass is MW and
cW (sW ) is cosine (sine) of Weinberg angle, respectively. In the vertex, the scalar functions F00,Fi j
for i, j = 1,2 and F are so-called one-loop form factors. They are functions of the momenta-
squared as p2,q2

1,q
2
2. In this calculation, we use the Package-X [23] for handling all Dirac traces

and Lorentz contractions in d dimensions. One-loop amplitudes are then decomposed into tensor
one-loop integrals which are expressed in terms of the scalar PV-functions [24] in the standard
notations of LoopTools [25]. As a result, one-loop form factors can be evaluated numerically by
using this package.

In detail, analytical results for all form factors are shown in the following paragraphs. They
are calculated as follows:

F00 = ∑
G={G0,G1,G2}

F(G)
00 (2)

with {G0,G1,G2} = {group 0,group 1,group 2} of Feynman diagrams. By considering the con-
tributions of Feynman diagram in group 1, we have

F(G1)
00 =

e3

(64π2)s3
W MW

NC
t m2

t

{
2B0(p2,m2

t ,m
2
t )+B0(q2

1,m
2
b,m

2
t )+B0(q2

2,m
2
b,m

2
t ) (3)

+
[
(2m2

t +m2
b−q2

1−q2
2)C0(p2,q2

1,q
2
2,m

2
t ,m

2
t ,m

2
b)−8C00(p2,q2

1,q
2
2,m

2
t ,m

2
t ,m

2
b)
]}
.

It is noted that we take top and bottom quarks in the loop diagrams as an example. Our results must
be included all fermions contributing in one-loop diagrams. From the second group of Feynman
diagrams, one arrives at

F(G2)
00 =

e3

(128π2)s3
W c4

W MW

{[
8M2

W c6
W (4d−7)+4c4

W (M2
H +2M2

W s2
W )
]

×C00(p2,q2
1,q

2
2,M

2
W ,M

2
W ,M

2
W )

+4M2
W c2

W

[
2c4

W (M2
W +M2

Z)−2M2
W s2

W c2
W −M2

Hs4
W

+c2
W

(
(4c2

W + s2
W )(q2

1 +q2
2)− p2(5c2

W +2s2
W )
)]

C0(p2,q2
1,q

2
2,M

2
W ,M

2
W ,M

2
W )

+4c2
W

[(
M2

H +4M2
W (2d−3)−2M2

W

)
c2

W +2M2
W s2

W

]
C00(p2,q2

1,q
2
2,M

2
W ,M

2
W ,M

2
W )

+4M2
W

[
2c4

W M2
Z +
(

4(q2
1 +q2

2)−5p2
)

c4
W

]
C0(p2,q2

1,q
2
2,M

2
W ,M

2
W ,M

2
W )

+32(d−2)M2
W s2

W c4
WC00(p2,q2

1,q
2
2,M

2
W ,M

2
W ,0)
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+4M2
W s2

W c4
W

[
(2M2

W −M2
H)+3(q2

1 +q2
2− p2)

]
C0(p2,q2

1,q
2
2,M

2
W ,M

2
W ,0)

+4c4
W

(
M2

H +2M2
W

)
C00(p2,q2

1,q
2
2,M

2
W ,M

2
W ,M

2
H)−8c4

W M4
WC0(p2,q2

1,q
2
2,M

2
W ,M

2
W ,M

2
H)

+12M2
Hc4

WC00(p2,q2
1,q

2
2,M

2
H ,M

2
H ,M

2
W )−12M2

W M2
Hc4

WC0(p2,q2
1,q

2
2,M

2
H ,M

2
H ,M

2
W )

−3M2
Hc4

W B0(p2,M2
H ,M

2
H)−4M2

W c4
W

[
B0(q2

1,M
2
H ,M

2
W )+B0(q2

2,M
2
H ,M

2
W )
]

+4M2
W c2

W

(
c4

W + c2
W − s4

W

)[
B0(q2

1,M
2
W ,M

2
W )+B0(q2

2,M
2
W ,M

2
W )
]

−
[
3M2

Hc4
W −8M2

W c4
W (d−2)

]
B0(p2,M2

W ,M
2
W )

}
.

As we show in the later, form factor F00 contains the UV-divergent. Following the renormalization
theory, the counter-term (F(G0)

00 ) is given in Eq. (32). Other form factors can be given as follows:

Fi j = ∑
G={G1,G2}

F(G)
i j (4)

Applying the same procedure, one has analytic expression for F11 as

F(G1)
11 =− e3

(32π2)s3
W MW

NC
t m2

t

[
C0(p2,q2

1,q
2
2,m

2
t ,m

2
t ,m

2
b)+5C1(p2,q2

1,q
2
2,m

2
t ,m

2
t ,m

2
b)

+4C11(p2,q2
1,q

2
2,m

2
t ,m

2
t ,m

2
b)
]

(5)

and

F(G2)
11 =

e3

(32π2)s3
W c2

W MW

{
M2

W c2
W (2c2

W + s2
W )C0(p2,q2

1,q
2
2,M

2
W ,M

2
W ,M

2
W ) (6)

+c2
W

[
4M2

W c2
W (2d−3)+M2

H

]
C1(p2,q2

1,q
2
2,M

2
W ,M

2
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2
W )

+c2
W
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W c2
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W
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2
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2
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2
2,M
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2
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2
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+
[
M2
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W c2
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]
C1(p2,q2

1,q
2
2,M

2
W ,M

2
W ,M

2
W )
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2
W ,M
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W )

+2c2
W M2

WC0(p2,q2
1,q

2
2,M

2
W ,M

2
W ,M

2
H)+ c2

W

(
M2

H +3M2
W

)
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1,q
2
2,M
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2
H)
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+c2
W

(
M2

H +2M2
W

)
C11(p2,q2

1,q
2
2,M

2
W ,M

2
W ,M

2
H)

+3M2
Hc2

W

[
C1(p2,q2

1,q
2
2,M

2
H ,M

2
H ,M

2
W )+C11(p2,q2

1,q
2
2,M

2
H ,M

2
H ,M

2
W )
]

+M2
W s2

W c2
W

[
C0(p2,q2

1,q
2
2,M

2
W ,M

2
W ,0)+(8d−12)C1(p2,q2

1,q
2
2,M

2
W ,M

2
W ,0)

+(8d−16)C11(p2,q2
1,q

2
2,M

2
W ,M

2
W ,0)

]}
.

Analytical formulas for F22 are shown accordingly

F(G1)
22 = − e3NC

t m2
t

(32π2)s3
W MW

[
C1(p2,q2

2,q
2
1,m

2
t ,m

2
t ,m

2
b)+4C11(p2,q2

2,q
2
1,m

2
t ,m

2
t ,m

2
b)
]
, (7)

F(G2)
22 =

e3

(32π2)s3
W c2

W MW

{
3M2

Hc2
WC11(p2,q2

2,q
2
1,M

2
H ,M

2
H ,M

2
W ) (8)

+M2
W s2

W c2
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2,q
2
1,M

2
W ,M

2
W ,M

2
W )+2M2

W c4
WC1(p2,q2

2,q
2
1,M

2
W ,M

2
W ,M

2
W )

+c2
W

[
2c2

W M2
W (4d−7)+(M2
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W s2

W )
]
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2
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2
W ,M

2
W ,M

2
W )

+M2
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2,q
2
1,M

2
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2
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2
W )

+
[
c2

W

(
2M2

W (4d−7)+M2
H

)
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W s2
W
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2,q
2
1,M

2
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2
W ,M

2
W )

+c2
W

[
M2
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2,q

2
1,M

2
W ,M

2
W ,M
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H +2M2
W )C11(p2,q2

2,q
2
1,M

2
W ,M

2
W ,M

2
H)
]

+M2
W s2

W c2
W

[
8(d−2)C11(p2,q2

2,q
2
1,M

2
W ,M

2
W ,0)+2C1(p2,q2

2,q
2
1,M

2
W ,M

2
W ,0)

−C0(p2,q2
2,q

2
1,M

2
W ,M

2
W ,0)

]}
.

The form factor F12 is given by

F(G1)
12 =

e3

(8π2)s3
W MW

NC
t m2

t

[
C1(p2,q2

2,q
2
1,m

2
t ,m

2
t ,m

2
b)+C12(q2

1, p
2,q2

2,m
2
b,m

2
t ,m

2
t )
]

(9)

and

F(G2)
12 =

e3

(32π2)s3
W c2

W MW

{
c2

W

[
2M2

W c2
W (7−4d)− (M2

H +6M2
W s2

W )
]
× (10)

×C1(p2,q2
2,q

2
1,M

2
W ,M

2
W ,M

2
W )

−2M2
W s2

W c2
W

[
2C0(p2,q2

1,q
2
2,M

2
W ,M

2
W ,M

2
W )+3C1(p2,q2

1,q
2
2,M

2
W ,M

2
W ,M

2
W )
]

+
[
2M2

W c2
W (7−4d)− (M2

Hc2
W +M2

W s2
W )
]
C1(p2,q2

2,q
2
1,M

2
W ,M

2
W ,M

2
W )
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+M2
W s2

W

[
C0(p2,q2

1,q
2
2,M

2
W ,M

2
W ,M

2
W )+C1(p2,q2

1,q
2
2,M

2
W ,M

2
W ,M

2
W )
]

+
[
2M2

W c2
W (7−4d)− (M2

Hc2
W +2M2

W s2
W )
]
C12(q2

1, p
2,q2

2,M
2
W ,M

2
W ,M

2
W )

+2M2
W s2

W c2
W

[
2C0(p2,q2

1,q
2
2,M

2
W ,M

2
W ,0)+3C1(p2,q2

1,q
2
2,M

2
W ,M

2
W ,0)

−(4d−10)C1(p2,q2
2,q

2
1,M

2
W ,M

2
W ,0)

]
+M2

W c2
W
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1,q
2
2,M

2
W ,M

2
W ,M

2
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1,q
2
2,M

2
W ,M

2
W ,M

2
H)

−8s2
W (d−2)C12(q2
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2,0,M
2
W ,M

2
W )
]

−c2
W

[
(M2

H +M2
W )C1(p2,q2

2,q
2
1,M

2
W ,M

2
W ,M

2
H)+(M2
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2,M
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H ,M
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−
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W
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}
.

Next form factor F21 is shown

F(G1)
21 =

e3 NC
t m2

t
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1,q
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]
. (11)

F(G2)
21 =

e3

(32π2)s3
W c2

W MW

{
2M2

W c2
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W
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W
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The form factor F (the coefficient of Levi Civita) is written as

F = − e3NC
t m2

t

(32π2)s3
W MW

[
p4−2p2(q2

1 +q2
2)+(q2

1−q2
2)

2
] × (13)

×
{(

q2
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2
)[(
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1 +q2

2
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1,q
2
2,m

2
t ,m

2
t ,m

2
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t ,m
2
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]
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(
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2
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.

In the case of both external W -bosons are on-shell masses q2
1 = q2

2 = M2
W , the form factor F is

canceled analytically in our calculations.

2.1. One-loop virtual H∗→WW

We turn out attention to the one-loop amplitude for off-shell H∗→W+W−. All one-loop
virtual, soft and hard bremsstrahlung contributions are taken into account in the current calcula-
tion. For one-loop virtual contributions, the amplitude is written in the form of

M 1−loop
H∗→WW = gHWW

{
F00,H∗→WW gµν +F21,H∗→WW qµ

2 qν
1

}
ε∗µ(q1)ε

∗
ν(q2). (14)

Where εµ , εν are polarization vectors for final W bosons. Since one considers two real W bosons
in final state, we have only F00,F21 contributing to the amplitude. Analytic expressions for these
form factors can be written as follows:

F00,H∗→WW = F00(p2;M2
W ,M

2
W ) = ∑

G={G0,G1,G2}
F(G)

00 (p2;M2
W ,M

2
W ), (15)

F21,H∗→WW = F21(p2;M2
W ,M

2
W ) = ∑

G={G1,G2}
F(G)

21 (p2;M2
W ,M

2
W ). (16)

One-loop virtual off-shell decay rates for H∗ →WW are calculated in terms of the above form
factors as follows. Following kinematic variables p2 = M2

WW ,q
2
1 = M2

W and q2
2 = M2

W are used. For
tree-level decay rates, we have

Γtree = g2
HWW

√
M2

WW −4M2
W

64πM4
W M2

WW
(12M4

W −4M2
W M2

WW +M4
WW ). (17)

One-loop virtual decay rates are given by

Γ1-loop = g2
HWW

√
M2

WW −4M2
W

64πM4
W M2

WW

{
(24M4

W −8M2
W M2

WW +2M4
WW )Re[F00,H∗→WW ] (18)

+M2
WW (8M4

W −6M2
W M2

WW +M4
WW )Re[F21,H∗→WW ]

}
.



242 One-loop formulas for off-shell decay H∗→W+W− in ’t Hooft-Veltman gauge and its applications

2.2. Soft photon contribution for H∗→W+W−γS

In order to regular IR-divergent, we have to include the soft contribution which is cor-
responding to the decay process H∗(p)→W+

µ (q1)W−ν (q2)γρ(q3). The decay rates for the soft-
photon contributions can be factorized as follows:

Γsoft = δsoftΓtree (19)

where Γtree is decay rates of H∗(p)→W+
µ (q1)W−ν (q2) at tree-level. The soft factor δs depends on

the infrared regulator of photon mass λ and photon energy cut-off kc is given [24]:

δsoft =−
α

4π2

∫
λ≤Eγ≤kc

d3q3

Eγ

( q1

q1 ·q3
− q2

q2 ·q3

)2
=− α

4π2

[
I11 + I22−2I12

]
, (20)

where photon energy Eγ =
√
|q3|2 +λ 2. The basic integrals Ii j are given

I11 = I22 = (2π)

{
ln

4k2
c

λ 2 +
1
β

ln
[1−β

1+β

]}
, (21)

I12 =
(2π)

β

[
β

2 +
2M2

W

M2
WW

]{
ln
[1+β

1−β

]
ln

4k2
c

λ 2 −2Li2
[ 2β

1+β

]
− 1

2
ln2
[1+β

1−β

]}
(22)

where β =
√

1−4M2
W/M2

WW .

2.3. Hard photon contribution for H∗→W+W−γH

We next consider the hard-photon contribution in this subsection. The corresponding decay
process is H∗(p)→W+

µ (q1)W−ν (q2)γρ(q3)H which γH is the hard photon in final state. All tree-
level Feynman diagrams are plotted in Fig. 1.

The squared amplitude is shown in terms of the Mandelstam variables s = (q1 + q2)
2, t =

(q2 +q3)
2,u = (q1 +q3)

2 as follows:

∑
pol
|Mhard|2 =

e4M2
W

M2
W (M2

WW −M2
W )(M2

W − t)2(M2
W −u)2 × (23)

×
{

80M10
W −8M8

W (7s+12(t +u))+4M6
W

[
3s2 +18s(t +u)+4(2t +u)(t +2u)

]
−M4

W

[
s3 +(14s2 +16tu)(t +u)+ s(25t2 +74tu+25u2)

]
− stu(s+ t +u)2

+M2
W

[
s3(t +u)+ s(s+ t +u)(3t2 +14tu+3u2)− (t2−u2)2

]}
.

The Mandelstam invariants follow s+ t + u = M2
WW + 2M2

W . The decay rates are calculated ac-
cordingly

Γhard =
1

256π3M3
WW

MWW (MWW−2kc)∫
4M2

W

ds
tmax∫

tmin

dt ∑
pol
|Mhard|2, (24)
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where

tmax,min =
1
2

{
M2

WW +2M2
W − s±

√(
1− 4M2

W

s

)[
(M2

WW − s)2
]}
. (25)

Having all the contributions, the total decay rate is given

Γ
total
H∗→W+W− = Γtree +Γ1-loop +Γsoft +Γhard. (26)

H(p)

W+
µ (q1)

W−
ν (q2)

γρ(q3)
H(p)

W+
µ (q1)

W−
ν (q2)

γρ(q3) H(p)

W+
µ (q1)

γρ(q3)

W−
ν (q2)

H(p)

W−
ν (q2)

γρ(q3)

W+
µ (q1)

W

W

χ

χ

Fig. 1. Tree-level Feynman diagrams for hard photon contribution

3. Phenomenological results

For studying physical results, we use the input parameters as follows. All boson masses are
taken: MZ = 91.1876 GeV, ΓZ = 2.4952 GeV, MW = 80.379 GeV, ΓW = 2.085 GeV, MH = 125
GeV, ΓH = 4.07 · 10−3 GeV. For lepton sectors, their masses are selected: me = 0.00052 GeV,
mµ = 0.10566 GeV and mτ = 1.77686 GeV. All quark masses are given by mu = 0.00216 GeV
md = 0.0048 GeV, mc = 1.27 GeV, ms = 0.93 GeV, mt = 173.0 GeV, and mb = 4.18 GeV. In this
paper, we work in the so-called Gµ -scheme. In this scheme, one takes the Fermi constant as input
parameter getting Gµ = 1.16638 · 10−5 GeV−2. Subsequently, the electroweak coupling can be
then evaluated by

α =
√

2/πGµM2
W (1−M2

W/M2
Z) = 1/132.184. (27)

3.1. Decay rates of off-shell H∗→W+W−

We first evaluate decay rates of off-shell H∗→W+W−. In Fig. 2, we present decay rates
of off-shell H∗→W+W− as a function of MWW . Off-shell Higgs mass MWW is range of 200 GeV
to 500 GeV. In the left panel, tree-level contribution to decay rates is presented as solid line. Total
one-loop radiative corrections to the decay rates in the case of unpolarized for W bosons is plotted
as dashed-line and in the case of longitudinal polarizations for W bosons is shown as dash-dotted
line, respectively. In the right panel, we show the one-loop radiative corrections in percentage to
the decay rates. The corrections are defined as follows:

δ [%] =
Γtotal

H∗→WW −Γtree
H∗→WW

Γtree
H∗→WW

×100%. (28)

We find that the corrections are range form 5% to 15% for the unpolarized case for W bosons
and from −80% to 10% for the longitudinal polarization case for W bosons, respectively. The
corrections are massive contributions. They must be taken into account at future colliders.
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Fig. 2. Off-shell Higgs decay rates as a function of MWW .

3.2. Off-shell H∗→W+W− in Higgs processes at future colliders
The effects of one-loop off-shell H∗→W+W− in Higgs processes at future lepton colliders

are discussed in this section. It is well-known that three main Higgs productions at future lepton
colliders, for example, e−e+ → ZH∗ → Z(WW ) and e−e+ → f f̄ H∗ → f f̄ (WW ) for f = e,νe.
Since dominant cross sections of e−e+ → ZH∗ → Z(WW ) and e−e+ → νeν̄eH∗ → νeν̄e(WW )
in comparision with e−e+ → e−e+H∗ → e−e+(WW ) at the ILC, we only shown numerical re-
sults for the signals of the former processes. All the signals are presented including initial beam
polarization at future lepton colliders. In detail, production cross sections are derived according to

dσ e−e+→V H∗→V (WW )(
√

s)
dMWW

=
2M2

WW

π

σ e−e+→V H∗(
√

s,MWW )×ΓH∗→WW (MWW )

[(M2
WW −M2

H)
2 +Γ2

HM2
H ]

(29)

for V ≡ Z, f f̄ with f ≡ e−,νe. For deriving the above formulas, we refer our previous work for
more detail [26, 27]. The total cross sections then read:

σ
e−e+→V (WW )(

√
s) =

√
s−MV∫

2MW

dMWW
2M2

WW

π

σ e−e+→V H∗(
√

s,MWW )×ΓH∗→WW (MWW )

[(M2
WW −M2

H)
2 +Γ2

HM2
H ]

.

(30)

In Fig. 3, the differential cross sections for the production e−e+→ ZH∗→ Z(WW ) as functions of
off-shell Higgs mass MWW are plotted at center-of-mass energy

√
s = 500 GeV and at

√
s = 1000

GeV. In the left (right) panel, we show for LR (RL) polarization of e−,e+ beams, respectively. In
these Figures, the solid line is for tree-level contributions. The dashed line presents for full one-
loop radiative corrections decay rates in the case of unpolarized W -pair in the final state. While
the dash-dotted line shows for full one-loop radiative corrections decay rates with longitudinal
polarization for W -pair. The cross sections increase up to the threshold MWW ∼ 180 GeV (for
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√
s = 500 GeV) and MWW ∼ 400 GeV (for

√
s = 1000 GeV), they decrease rapidly beyond the

peaks. We find that one-loop corrections to off-shell Higgs decay are visible impacts (specially, in
the lower regions of off-shell Higgs mass) in these distributions. In Fig. 3, the differential cross

dσLR/dMWW (
√

s = 500)[fb/GeV] dσLR/dMWW (
√

s = 500)[fb/GeV]
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Fig. 3. Differential cross sections as a function of MWW .

sections for the production e−e+ → νeν̄eH∗ → νeν̄e(WW ) as functions of off-shell Higgs mass
MWW are generated at

√
s= 500 GeV (left panel) and at

√
s= 1000 GeV (right panel), respectively.

We use the same previous notations. We observe a peak around the threshold MWW = 2MW ∼ 180
GeV. The cross sections develop to the peak and decrease rapidly beyond the peak.
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Fig. 4. Differential cross sections as a function of MWW .

We turn our attention to the Higgs production at future e−-γ colliders. The signal cross
section is written as follows

d2σ(
√

s,Q2)

dMWW dQ2 =
e2

16πs

[
s2 +(M2

WW −Q2− s)2

Q2(s2−Q2)2

]
×
∣∣∣FH∗→γ∗γ

00

(
s,Q2,0

)∣∣∣2×
× 2MWW

[(M2
WW −M2

H)
2 +Γ2

HM2
H ]
×MWW ΓH∗→WW (MWW )

π
. (31)
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Fig. 5. Differential cross sections as a function of MWW and Q2.

In Fig. 5, we present the differential cross sections with respect to the off-shell Higgs mass
MWW (left panel) and Q2 (right panel). In the left figure (Fig. 5), we find the same previous con-
clusions. In the right Figure, the cross-section is dominant in the low region of Q2 in comparision
with higher-region of Q2. With high-luminosity at future colliders, the signal cross sections could
be probed in the future. The effects of one-loop corrections to the off-shell play important roles in
this analysis for testing the SM at higher-energy and for extracting new physic signals.
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4. Conclusions

In this paper, we have presented full one-loop radiative corrections to off-shell decay H∗→
W+W− in the ’t Hooft-Veltman in framework of the SM. One-loop form factors for decay process
are written in terms of the PV-functions in the standard notations of LoopTools. As a result, the
off-shell decay rates can be computed numerically by using this program. In phenomenological
results, we have shown the decay rates and one-loop corrections as functions of the off-shell Higgs
mass. The corrections are range of 5% to 15% for the unpolarized case for W bosons and of−80%
to 10% for the longitudinal polarization case for W bosons, respectively. In applications, we have
examined the impacts of one-loop corrections to off-shell decay H∗→W+W− in Higgs processes
at future colliders.The signal processes such as e−e+→ ZH∗→ Z(WW ) and e−e+→ νeν̄eH∗→
νeν̄e(WW ) and e−γ → e−H∗→ e−WW are examined. We find that the effects are visible impacts
and these should be taken into account at future colliders.
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Appendix A: Numerical checks

In order to confirm the analytic results presenting in this paper, we first check the UV -
finiteness of the results. It is mentioned in the previous section, the form factors F(G j)

00 for j =
1,2,3 contain UV -divergent. To regularize UV -divergent, counter-term form factor F(G0)

00 is taken
into account (seen Eq. (32) for its analytical formulas). The numerical results for this check are
presented in the following Table 1. In this Table, we change CUV ,µ

2 and we verify that the total
form factor F00 is very good stability (over 11 digits).

Appendix B: Counter term

Counter-term of H ·W+
µ ·W−ν vertex is taken the form of

F(G0)
00 = gHWW

(
δY +δG2 +δGW +2δZ1/2

W +δZ1/2
H

)
. (32)

All the renormalization constants presented in the above formulas can be found in [28].

Appendix C: Feynman diagrams

We show all Feynman diagrams for this decay process in ’t Hooft-Veltman gauge in this
appendix.
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Table 1. Checking for the UV-finiteness of the results at MWW = 250 GeV (p2 = M2
WW ).

In this case, two real bosons are considered in final state.

(CUV ,µ
2)

2
∑
j=1

F(G j)
00

F(G0)
00

F00 =
2
∑
j=0

F(G j)
00

(0,1) −14447.359832765836+10323.270102389799 i
14595.587461604524+0 i
148.22762883868745+10323.270102389799 i

(102,104) 100549.21840082797+10323.270102389799 i
−100400.99077198938+0 i
148.22762883868804+10323.270102389799 i

(104,108) 1.0534774386626098×107 +10323.270102389799 i
−1.053462615899727×107 +0 i
148.22762883868868+10323.270102389799 i

Table 2. Checking for the IR-divergent cancellation of the decay rates Γ1-loop and Γsoft
at kC = 0.1, MWW = 500 GeV.

mγ Γ1-loop Γsoft Γ1-loop+soft

10−10 −8.81550898033887 8.963225158327703 0.1477161779888316
10−14 −12.8788219949896 13.02653817297847 0.1477161779888316
10−18 −16.9421350096404 17.08985118762925 0.1477161779888511

Table 3. Checking for the kC-independent of the decay rates Γsoft and Γhard at MWW =
500 GeV, photon mass mγ is 10−10 GeV.

kc Γsoft Γhard Γsoft+hard

0.001 6.931568651002313 4.964814985732469 11.89638363673478
0.005 7.641602129869577 4.254791827098171 11.89639395696775
0.01 7.947396904665006 3.949009959152349 11.89640686381736

H(p)

W+
µ (q1)

W−
ν (q2)

Fig. 6. Group 0: counter-term Feynman diagram.
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H(p)

W+
µ (q1)

W−
ν (q2)

l
H(p)

u/d

W+
µ (q1)

W−
ν (q2)

νl d/u

Fig. 7. Group 1: one-loop Feynman diagrams with exchanging doublet fermions in the loop.
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Fig. 8. Group 2: one-loop Feynman diagrams with exchanging boson and ghost particles
in the loop.
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