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We investigate the Standard Model Higgs boson production in e−γ collisions. The electroweak one-loop
contributions to the scattering amplitude for e−γ → e−H are calculated and expressed in analytical form.
We analyze the cross section for the Higgs boson production in e−γ collisions for each combination of
polarizations of the initial electron and photon beams. The feasibility of observing the Higgs boson in the
e− þ γ → e− þ bþ b̄ channel is examined.
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I. INTRODUCTION

A Higgs boson with mass about 125 GeV was discov-
ered by ATLAS and CMS at LHC [1] and its spin, parity,
and couplings to other particles have been examined [2].
For further detailed studies of its properties, a new accel-
erator facility, a linear eþe− collider, which offers much
cleaner experimental collisions, is attracting growing
attention [3]. Along with an eþe− collider, other options
such as e−e−, e−γ and γγ colliders have also been
discussed. See Refs. [4–8] and the references therein.
Each option for colliders will provide interesting topics
to study, such as the detailed measurement of the Higgs
boson properties and the quest for the new physics beyond
the Standard Model (SM). An e−e− collider is easier to
build than an eþe− collider and may stand as a potential
candidate before positron sources with high intensity are
available. The e−γ and γγ options are based on e−e−

collisions, where one or two of the electron beams are
converted to the photon beams.
In this paper we investigate the production of the SM

Higgs boson (H) in an e−γ collider.1 We examine the
reaction e−γ → e−H at the one-loop level in the electro-
weak interaction. Particularly, we are interested in the
contribution from the two-photon fusion process γ�γ →
H which is described by the so-called transition form
factor of the Higgs boson [9]. One of the advantages of
linear colliders is that large polarization can be obtained
for both beams. We analyze the Higgs boson production

cross section in e−γ collisions for each combination of
polarizations of the initial electron and photon beams
and discuss the feasibility of observing the Higgs
bosons.
In fact, the Higgs boson production in e−γ collisions was

investigated by Gabrielli, Ilyin and Mele some time ago
before the Higgs boson was discovered [10] (see also
Ref. [11]). They surveyed the reaction e−γ → e−H in the
center-of-mass energy range

ffiffiffi
s

p ¼ ð0.5–2Þ TeV and
mh ¼ ð80–700Þ GeV. Comparing their results (at

ffiffiffi
s

p ¼
500 GeV and mh ¼ 120 GeV) with ours (at

ffiffiffi
s

p ¼
500 GeV and mh ¼ 125 GeV), we found some differences
between the two. At the one-loop level in the electroweak
interaction, four groups of Feynman diagrams, “γ�γ,”
“Z�γ,” “Wνe,” and “Ze” (which are defined in Sec. II),
contribute to the reaction e−γ → e−H. Although their result
on the “γ�γ” contribution is consistent with ours, the
contributions from “Z�γ” and “Wνe” were predicted to
be much less than ours. Indeed, it was reported in Ref. [10]
that the “γ�γ” contribution was dominant in the total cross
section and thus the interference effect among different
groups of diagrams was rather small. We find that the “Z�γ”
contribution becomes approximately of the same magni-
tude as the one from “γ�γ” at

ffiffiffi
s

p ¼ 500 GeV. Also, for the
case when the initial electron beam is left-handed, the
“Wνe” contribution prevails over the “γ�γ” atffiffiffi
s

p ¼ 500 GeV. We will show that the interferences
between “γ�γ” and “Z�γ” and between “γ�γ” and “Wνe,”
which work destructively or constructively depending on
the polarizations of the initial beams, are important factors
affecting the behaviors of both the differential cross section
and the cross section of the Higgs production. To make
differences clear, we give explicit expressions for the
results of our calculations.
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In the next section, we classify the one-loop diagrams for
the reaction e−γ → e−H into four groups. The contribution
to the scattering amplitude from each group of the diagrams
is evaluated in unitary gauge and expressed in analytical
form. In Sec. III, the dependence of the reaction on the
polarizations of the initial electron and photon beams is
emphasized. Both the differential cross section and the
cross section for e−γ → e−H are examined in each case of
polarizations of the initial beams. In Sec. IV we consider
the case when a high-intensity photon beam is produced by
laser light backward scattering off a high-energy electron
beam and we analyze the Higgs boson production in e−γ
collisions using an e−e− collider machine. The final section
is devoted to the conclusions. For completeness we add
three Appendices where the Feynman rules we use are
enumerated in Appendix A, the analytical expressions of
the relevant scalar one-loop integrals are given in
Appendix B and the contributions from the interference
terms are written down in Appendix C.

II. HIGGS BOSON PRODUCTION
IN e−γ COLLISIONS

We analyze the Higgs production in a e− and real γ
collision experiment,

e−ðk1Þ þ γðk2Þ → e−ðk01Þ þHðphÞ: ð2:1Þ
The Higgs boson we consider is the one in the SM. The
relevant Feynman diagrams for this process start not at tree
level but at the one-loop level in the electroweak interaction.
We calculate the relevant one-loop diagrams in unitary gauge
using dimensional regularization which respects electromag-
netic gauge invariance. In the unitary gauge, only the
physical particles appear and ghosts and Goldstone bosons
are absent. The gauge boson propagators in unitary gauge
and the relevant Feynman rules for the three- and four-point

vertices which we use for this work are summarized in
Appendix A. The one-loop diagrams which contribute to the
reaction (2.1) are classified into four groups: γ�γ fusion
diagrams (Figs. 1 and 2), Z�γ fusion diagrams, “Wνe”
diagrams (Fig. 3) and “Ze” diagrams (Fig. 4).
Since k2 is the momentum of a real photon, we have

k22 ¼ 0 and kβ2ϵβðk2Þ ¼ 0, where ϵβðk2Þ is the photon
polarization vector. We set q ¼ k1 − k01. Assuming that
electrons are massless so that k21 ¼ k01

2 ¼ 0, we introduce
the following Mandelstam variables:

s ¼ ðk1 þ k2Þ2 ¼ 2k1 · k2;

t ¼ ðk1 − k01Þ2 ¼ q2 ¼ −2k1 · k01; ð2:2Þ

u ¼ ðk1 − phÞ2 ¼ −2k01 · k2 ¼ m2
h − s − t; ð2:3Þ

where p2
h ¼ m2

h with mh being the Higgs boson mass.

A. Virtual photon-real photon fusion diagrams

Charged fermions and theW boson contribute to the one-
loop γ�γ fusion diagrams. Note that one of the two γ’s is
virtual. Since the couplings of the Higgs boson to fermions
are proportional to the fermion masses, we only consider
the top quark for the charged fermion loop diagrams. The
γ�γ fusion diagrams we calculate are shown in Figs. 1 and
2. The calculation is straightforward and we make full use
of FEYNCALC [12]. We obtain the contribution from the
one-loop γ�γ fusion diagrams to the gauge-invariant scat-
tering amplitude as follows:

Aγγ ¼
�

e3g
16π2

�
½ūðk01Þγμuðk1Þ�

1

t

�
gμβ −

2kμ2q
β

m2
h − t

�
ϵβðk2ÞFγγ;

ð2:4Þ

with

Fγγ ¼
2m2

t

mW
NcQ2

t S
γγ
ðTÞðt; m2

t ; m2
hÞ −mWS

γγ
ðWÞðt; m2

W;m
2
hÞ;

ð2:5Þ

where e and g are the electromagnetic and weak gauge
couplings, respectively, and Nc ¼ 3 and Qt ¼ 2

3
. SγγðTÞ andFIG. 1. γ�γ fusion diagrams: top-quark loop contributions.

FIG. 2. γ�γ fusion diagrams: W-boson loop contributions.
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SγγðWÞ are contributions from top loops and W loops,

respectively, and are expressed in terms of scalar
integrals—more specifically, in terms of the Passarino-
Veltman two-point integrals B0 and three-point integrals
C0 [13],

SγγðTÞðt; m2
t ; m2

hÞ ¼ 2þ 2t
m2

h − t
½B0ðm2

h;m
2
t ; m2

t Þ

− B0ðt;m2
t ; m2

t Þ� þ f4m2
t −m2

h þ tg
× C0ðm2

h; 0; t;m
2
t ; m2

t ; m2
t Þ; ð2:6Þ

SγγðWÞðt; m2
W;m

2
hÞ ¼ 6þm2

h − t
m2

W
−

m2
ht

2m4
W

þ tð12m4
W þ 2m2

Wðm2
h − tÞ −m2

htÞ
2m4

Wðm2
h − tÞ

× ½B0ðm2
h;m

2
W;m

2
WÞ − B0ðt;m2

W;m
2
WÞ�

þ
�
tðm2

h − 2tÞ
m2

W
þ 12m2

W − 6m2
h þ 6t

�
× C0ðm2

h; 0; t;m
2
W;m

2
W;m

2
WÞ; ð2:7Þ

where mt and mW are the top-quark and W-boson masses,
respectively. The explicit expressions of the relevant B0’s
and C0’s are given in Appendix B. The two-point integrals
B0 have ultraviolet divergences, but the B0 in Eqs. (2.6) and
(2.7) appear in pairs and the differences are finite with the
ultraviolet divergences being cancelled out. The integrals
C0 in Eqs. (2.6) and (2.7) are finite. Therefore, SγγðTÞ and
SγγðWÞ give finite results.

A dimensionless quantityGγγðtÞ≡ FγγðtÞ=ðt−m
2
h

2mW
Þmay be

considered as a transition form factor of the Higgs boson. In
the limit t → 0, GγγðtÞ reduces to

Gγγð0Þ ¼ NcQ2
t F1=2 þ F1; ð2:8Þ

where F1=2 and F1 are the top-quark and W-boson loop
contributions to theH → γγ decay amplitude [14]. They are
given, for example, in Eq. (2.17) of Ref. [15]. TheW-boson
contribution jmWS

γγ
ðWÞj is much larger in magnitude than the

top-quark contribution j 2m2
t

mW
NcQ2

t S
γγ
ðTÞj and grows with −t.

Thus, GγγðtÞ, the sum of the top-quark and W-boson
contributions, grows with −t. Actually, it grows as
log2 −t

m2
W
for large −t.

B. Z boson-real photon fusion diagrams

The one-loop Z�γ fusion diagrams for the Higgs boson
production are obtained from the one-loop γ�γ fusion
diagrams given in Figs. 1 and 2 by replacing the photon
propagator with that of the Z boson with massmZ. Charged
fermions and the W boson contribute to the one-loop Z�γ
fusion diagrams. Again we only consider the top quark for

the charged fermion loop diagrams. We calculate the
contribution from the Z�γ fusion diagrams and obtain,

AZγ ¼
�

eg3

16π2

�
½ūðk01ÞγμðfZe þ γ5Þuðk1Þ�

1

t −m2
Z

×

�
gμβ −

2kμ2q
β

m2
h − t

�
ϵβðk2ÞFZγ; ð2:9Þ

with

FZγ ¼ −
m2

t

8mWcos2θW
NcQtfZtS

Zγ
ðTÞðt; m2

t ; m2
hÞ

þmW

4
SZγðWÞðt; m2

W;m
2
hÞ; ð2:10Þ

where fZe and fZt are the strength of the vector part of the
Z-boson coupling to the electron and top quark, respec-
tively, and are given by

fZe ¼ −1þ 4sin2θW; fZt ¼ 1 −
8

3
sin2θW; ð2:11Þ

with θW being the Weinberg angle. The axial-vector part of
the Z-boson coupling to the top quark [see Eq. (A6)] has a
null effect and we find

SZγðTÞðt; m2
t ; m2

hÞ ¼ SγγðTÞðt; m2
t ; m2

hÞ;
SZγðWÞðt; m2

W;m
2
hÞ ¼ SγγðWÞðt; m2

W;m
2
hÞ: ð2:12Þ

C. “Wνe” one-loop diagrams

The Feynman diagrams involving the W boson and
electron neutrino, which are shown in Fig. 3, also contribute
to the Higgs boson production in e−γ collisions. They yield
the “Wνe” amplitude which is written in the following form:

AWνe ¼
�

eg3

16π2

�
mW

4
½ūðk01ÞFðWνeÞβð1− γ5Þuðk1Þ�ϵðk2Þβ;

ð2:13Þ

FIG. 3. “Wνe” diagrams.
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where the factor ð1 − γ5Þ is due to the e-ν-W vertex. Thus, when the electron beams are right-handedly polarized, these “Wνe”
diagrams do not contribute. The factor FðWνeÞβ is written in a gauge-invariant form as

FðWνeÞβ ¼
�
2k1βk2

s
− γβ

�
SWνe
ðk1Þ ðs; t; m2

h; m
2
WÞ þ

�
2k01βk2

u
þ γβ

�
SWνe
ðk0

1
Þ ðs; t; m2

h; m
2
WÞ; ð2:14Þ

where SWνe
ðk1Þ and SWνe

ðk0
1
Þ are expressed in terms of the scalar integrals B0, C0 and the scalar four-point integrals D0 as follows:

SWνe
ðk1Þ ðs; t;m2

h;m
2
WÞ ¼

ð2m2
W þm2

hÞs
2m4

Wðsþ uÞ þ 2

ðsþ tÞ ½B0ðm2
h;m

2
W;m

2
WÞ− B0ðu; 0;m2

WÞ�

þ stð2m2
W þm2

hÞ
2m4

Wðsþ uÞ2 ½B0ðm2
h;m

2
W;m

2
WÞ − B0ðt;m2

W;m
2
WÞ�

þ ðm2
W − sÞ
t

C0ð0; 0; s;m2
W;m

2
W; 0Þ−

uð−m2
W þ sþ tÞ
st

C0ð0; 0; u;m2
W;m

2
W;0Þ

−
t
s
C0ð0; 0; t;m2

W;0;m
2
WÞ þ

ðm2
W − sÞðtþ uÞ

st
C0ð0; s;m2

h;m
2
W;0;m

2
WÞ

−
ðs2 − 2st− t2Þð−m2

W þ sþ tÞ
stðsþ tÞ C0ð0; u;m2

h;m
2
W; 0;m

2
WÞ

þ−2m4
Wðsþ uÞ2 þm2

Wð2s3 þ s2ð3tþ 4uÞ þ 2suðtþ uÞ þ tu2Þ − s2tðs− tþ uÞ
m2

Wstðsþ uÞ
×C0ð0; t;m2

h;m
2
W;m

2
W;m

2
WÞ

þ ðm2
W − sÞðm2

Wðsþ uÞ þ stÞ
st

D0ð0; 0; 0;m2
h; s; t;m

2
W;m

2
W;0;m

2
WÞ

þ ðm4
Wðsþ uÞ −m2

Wðs2 þ sðu − tÞ þ 2tuÞ þ tuðsþ tÞÞ
st

D0ð0; 0; 0;m2
h; t; u;m

2
W; 0;m

2
W;m

2
WÞ; ð2:15Þ

and

SWνe
ðk0

1
Þ ðs; t;m2

h;m
2
WÞ ¼ −

ð2m2
W þm2

hÞu
2m4

Wðsþ uÞ −
2

ðtþ uÞ ½B0ðm2
h;m

2
W;m

2
WÞ− B0ðs; 0;m2

WÞ�

−
tuð2m2

W þm2
hÞ

2m4
Wðsþ uÞ2 ½B0ðm2

h;m
2
W;m

2
WÞ − B0ðt;m2

W;m
2
WÞ�

þ sð−m2
W þ tþ uÞ
tu

C0ð0; 0; s;m2
W;m

2
W; 0Þ −

ðm2
W − uÞ
t

C0ð0; 0; u;m2
W;m

2
W; 0Þ

þ t
u
C0ð0; 0; t;m2

W; 0;m
2
WÞ þ

ðu2 − 2tu− t2Þð−m2
W þ tþ uÞ

tuðtþ uÞ C0ð0; s;m2
h;m

2
W; 0;m

2
WÞ

−
ðm2

W − uÞðsþ tÞ
tu

C0ð0; u;m2
h;m

2
W; 0;m

2
WÞ

þ 2m4
Wðsþ uÞ2 −m2

Wð2u3 þ u2ð3tþ 4sÞ þ 2suðsþ tÞ þ s2tÞ þ tu2ðs− tþ uÞ
m2

Wtuðsþ uÞ
×C0ð0; t;m2

h;m
2
W;m

2
W;m

2
WÞ

−
ðm2

W − uÞðm2
Wðsþ uÞ þ tuÞ
tu

D0ð0; 0; 0;m2
h; t; u;m

2
W; 0;m

2
W;m

2
WÞ

−
ðm4

Wðsþ uÞ−m2
Wðsð2tþ uÞ þ uðu− tÞÞ þ stðtþ uÞÞ

tu
D0ð0; 0; 0;m2

h; s; t;m
2
W;m

2
W; 0;m

2
WÞ: ð2:16Þ

The explicit expressions of B0, C0 andD0 are given in Appendix B. The integrals C0 andD0 in Eqs. (2.15) and (2.16) are all
finite. Again, the integrals B0 appear in pairs and the differences yield finite results. In the end, SWνe

ðk1Þ and SWνe
ðk0

1
Þ are finite.

Finally we note that SWνe
ðk0

1
Þ vanishes at u ¼ 0, which is anticipated from the expression of the second term in Eq. (2.14).
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D. “Ze” one-loop diagrams

The last one-loop contributions to the Higgs boson
production in e−γ collisions come from the Feynman
diagrams shown in Fig. 4. These “Ze” diagrams give the
following amplitude:

AZe ¼
�

eg3

16π2

��
−

mZ

16cos3θW

�
× ½ūðk01ÞFðZeÞβðfZe þ γ5Þ2uðk1Þ�ϵðk2Þβ; ð2:17Þ

where the factor ðfZe þ γ5Þ2 arises from the Z-boson
coupling to electrons. The factor FðZeÞβ is written in a
gauge-invariant form as

FðZeÞβ ¼
�
2k1βk2

s
− γβ

�
SZeðk1Þðs; t; m2

h; m
2
ZÞ

þ
�
2k01βk2

u
þ γβ

�
SZeðk0

1
Þðs; t; m2

h; m
2
ZÞ; ð2:18Þ

where

SZeðk1Þðs; t; m2
h; m

2
ZÞ ¼ −

2

ðsþ tÞ ½B0ðm2
h;m

2
Z;m

2
ZÞ − B0ðu; 0; m2

ZÞ� −
ðm2

Z − sÞðtþ uÞ
st

C0ð0; s; m2
h;m

2
Z; 0; m

2
ZÞ

þ ðm2
Zð−s2 þ 2stþ t2Þ þ s3 − st2Þ

stðsþ tÞ C0ð0; u; m2
h;m

2
Z; 0; m

2
ZÞ

þ ðm2
Z − sÞ
st

fsC0ð0; 0; s;m2
Z; 0; 0Þ þ uC0ð0; 0; u;m2

Z; 0; 0Þ
þ ½m2

Zðsþ uÞ − su�D0ð0; 0; 0; m2
h; s; u;m

2
Z; 0; 0; m

2
ZÞg; ð2:19Þ

and

SZeðk0
1
Þðs; t; m2

h; m
2
ZÞ ¼

2

ðtþ uÞ ½B0ðm2
h;m

2
Z;m

2
ZÞ − B0ðs; 0; m2

ZÞ� þ
ðm2

Z − uÞðsþ tÞ
tu

C0ð0; u; m2
h;m

2
Z; 0; m

2
ZÞ

−
ðm2

Zðt2 þ 2tu − u2Þ − t2uþ u3Þ
tuðtþ uÞ C0ð0; s; m2

h;m
2
Z; 0; m

2
ZÞ

−
ðm2

Z − uÞ
tu

fsC0ð0; 0; s;m2
Z; 0; 0Þ þ uC0ð0; 0; u;m2

Z; 0; 0Þ
þ ½m2

Zðsþ uÞ − su�D0ð0; 0; 0; m2
h; s; u;m

2
Z; 0; 0; m

2
ZÞg: ð2:20Þ

The explicit expressions of the scalar integrals B0, C0

and D0 which appear in Eqs. (2.19) and (2.20) are
given in Appendix B. The integrals C0ð0; s; m2

h;m
2
Z; 0; m

2
ZÞ

and C0ð0; u; m2
h;m

2
Z; 0; m

2
ZÞ are finite. On the other hand,

collinear singularities appear in C0ð0; 0; s;m2
Z; 0; 0Þ,

C0ð0; 0; u;m2
Z; 0; 0Þ and in the four-point integral

D0ð0;0;0;m2
h;s;u;m

2
Z;0;0;m

2
ZÞ. These collinear divergences

are handled by dimensional regularization. See Eqs. (B28),
(B29) and (B37). These scalar integrals with collinear
divergences appear in combination as in the parentheses
of the last terms of Eqs. (2.19) and (2.20) and, as a result,
their collinear divergences cancel out. Thus SZeðk1Þ and

SZeðk0
1
Þ are both finite. Note also that SZeðk0

1
Þ vanishes at

u ¼ 0.

FIG. 4. “Ze” diagrams.
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III. HIGGS BOSON PRODUCTION
CROSS SECTION

One of the advantages of linear colliders is that we can
acquire highly polarized colliding beams. Let us consider
the Higgs boson production reaction (2.1) when both the
initial electron and photon beams are fully polarized. We
denote the polarizations of the electron and photon as Pe ¼
�1 and Pγ ¼ �1, respectively.2 The differential cross
section for e−γ → e−H with the initial electron and photon
polarizations Pe and Pγ is expressed by,

dσðeγ→eHÞðs; Pe; PγÞ
dt

¼ 1

16πs2
×

� X
final electron spin

jAðPe; PγÞj2
�
; ð3:1Þ

where AðPe; PγÞ is written at the one-loop level as

AðPe; PγÞ ¼ AγγðPe; PγÞ þ AZγðPe; PγÞ
þ AWνeðPe; PγÞ þ AZeðPe; PγÞ: ð3:2Þ

In the center-of-mass (CM) frame, t and u are expressed as

t ¼ −
s −m2

h

2
ð1 − cos θÞ;

u ¼ −
s −m2

h

2
ð1þ cos θÞ; ð3:3Þ

where θ is the angle between the initial and scattered
electrons. We are dealing with e−γ collisions in the high-
energy limit and thus we neglect the electron mass. In the
massless limit the helicity of the electron is conserved.
Then the angular momentum conservation along the
direction of the initial electron requires that the amplitude
AðPe; PγÞ should vanish at θ ¼ 0. Hence, apart from the
photon propagator which appears as 1

t, an overall factor t
arises in the differential cross section. Also when the
electron is scattered in the backward direction, the ampli-
tude AðPe; PγÞwith PePγ ¼ −1 should vanish at θ ¼ π due
to the angular momentum conservation. Hence the differ-
ential cross section for the initial beams with PePγ ¼ −1
vanishes as u → 0 (or t → tmin ¼ m2

h − s).

When an initial electron is polarized with polarization
Pe, we modify uðk1Þ as

uðk1Þ →
1þ Peγ5

2
uðk1Þ: ð3:4Þ

In the center-of-mass frame where a photon with momen-
tum k2 is moving in the þz direction, the circular
polarization (Pγ ¼ �1) of the photon is taken to be

ϵðk2;�1Þβ ¼
1ffiffiffi
2

p ð0;∓1;−i; 0Þ: ð3:5Þ

In this frame, the momenta k2, k1 and k01 are expressed as

kμ2 ¼
ffiffiffi
s

p
2

ð1; 0; 0; 1Þ; kμ1 ¼
ffiffiffi
s

p
2

ð1; 0; 0;−1Þ;

k0μ1 ¼
s −m2

hffiffiffi
s

p ð1; sin θ cosϕ; sin θ sinϕ;− cos θÞ; ð3:6Þ

and we find that the polarization tensor of the circularly
polarized photon is given by

ϵðk2;�1Þ�αϵðk2;�1Þβ ¼−
1

2
gαβ�

i
2
ðgα1gβ2−gα2gβ1Þ: ð3:7Þ

With ε0123 ¼ 1, we obtain in this frame

fðk01Þ1ε2μνλ − ðk01Þ2ε1μνλgk1μk2νk01λ ¼ −
1

2
tu;

ε12μνk1μk01ν ¼
1

2
t: ð3:8Þ

Using Eqs. (3.4)–(3.8), we evaluate
P

finalelectronspin×
jAðPe;PγÞj2 and obtain the differential cross section for
e−γ → e−H for each case of polarizations of the electron
and photon beams. In order to see the relative contributions
from γ�γ fusion, Z�γ fusion, and the “Wνe” and “Ze”
diagrams, we evaluate the differential cross section given in
Eq. (3.1) by replacing AðPe; PγÞ with AγγðPe; PγÞ,
AZγðPe; PγÞ, AWνeðPe; PγÞ and AZeðPe; PγÞ, respectively.
We obtain

dσðγγÞðs; Pe; PγÞ
dt

¼ 1

16πs2

�
e3g
16π2

�
2
�
−
1

t

�
Fγγ

2

�
s2 þ u2

ðsþ uÞ2 þ PγPe

�
1 −

2u
sþ u

��
; ð3:9Þ

dσðZγÞðs; Pe; PγÞ
dt

¼ 1

16πs2

�
eg3

16π2

�
2 −t
ðt −m2

ZÞ2
FZγ

2

×

�
ðf2Ze þ 2PefZe þ 1Þ s

2 þ u2

ðsþ uÞ2 þ PγðPef2Ze þ 2fZe þ PeÞ
�
1 −

2u
sþ u

��
; ð3:10Þ

2For the cases of full polarization, we note that Pe ¼ 2 × electron helicity and Pγ ¼ photon helicity.
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dσðWνeÞðs; Pe; PγÞ
dt

¼ 1

16πs2

�
eg3

16π2

�
2m2

W

8
ð−tÞð1 − PeÞf½jSWνe

ðk1Þ ðs; t; m2
h; m

2
WÞj2 þ jSWνe

ðk0
1
Þ ðs; t; m2

h; m
2
WÞj2�

þ Pγ½−jSWνe
ðk1Þ ðs; t; m2

h; m
2
WÞj2 þ jSWνe

ðk0
1
Þ ðs; t; m2

h; m
2
WÞj2�g; ð3:11Þ

dσðZeÞðs; Pe; PγÞ
dt

¼ 1

16πs2

�
eg3

16π2

�
2
�

mZ

16cos3θW

�
2

ð−tÞ

× fðf4Ze þ 4Pef3Ze þ 6f2Ze þ 4PefZe þ 1Þ½jSZeðk1Þðs; t; m2
h; m

2
ZÞj2 þ jSZeðk0

1
Þðs; t; m2

h; m
2
ZÞj2�

þ PγðPef4Ze þ 4f3Ze þ 6Pef2Ze þ 4fZe þ PeÞ½jSZeðk1Þðs; t; m2
h; m

2
ZÞj2

− jSZeðk0
1
Þðs; t; m2

h; m
2
ZÞj2�g: ð3:12Þ

When the initial electron is right-handed (Pe ¼ þ1), there
is no contribution from the “Wνe” diagrams and we indeed
see that dσðs; Pe ¼ þ1; PγÞðWνeÞ=dt ¼ 0. Also using the

fact that SWνe
ðk0

1
Þ and SZeðk0

1
Þ vanish at u ¼ 0, we find that

the above four differential cross sections reduce to zero as
u → 0 for the case PePγ ¼ −1. In order to examine the

differential cross section for e−γ → e−H given in Eq. (3.1),
we need to evaluate the interference terms among the four
amplitudes AγγðPe; PγÞ, AZγðPe; PγÞ, AWνeðPe; PγÞ and

AZeðPe; PγÞ. The expressions of the six interference terms
are given in Appendix C.
Now we analyze numerically the differential cross

section dσðeγ→eHÞðs; Pe; PγÞ=dt together with the other
four differential cross sections given in Eqs. (3.9)–
(3.12). We choose the mass parameters and the coupling
constants as follows:

mh ¼ 125 GeV; mt ¼ 173 GeV;

mZ ¼ 91 GeV; mW ¼ 80 GeV; ð3:13Þ
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FIG. 5 (color online). The differential cross section for Higgs boson production dσðeγ→eHÞ=dðt=m2
hÞ (black solid line) together with

dσðγγÞ=dðt=m2
hÞ (blue dashed line), dσðZγÞ=dt (red dotted line), dσðWνeÞ=dðt=m2

hÞ (green dot-dashed line) and dσðZeÞ=dðt=m2
hÞ (orange

thin solid line) as a function of −t=m2
h with

ffiffiffi
s

p ¼ 200 GeV for four cases of polarizations of the initial electron and photon beams,
ðPe ¼ þ1; Pγ ¼ þ1Þ, ðPe ¼ þ1; Pγ ¼ −1Þ, ðPe ¼ −1; Pγ ¼ þ1Þ and ðPe ¼ −1; Pγ ¼ −1Þ. In the plot of ðPe ¼ þ1; Pγ ¼ −1Þ,
dσðZeÞ=dt is too small and is out of the plot range.
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cos θW ¼ mW

mZ
; e2 ¼ 4παem ¼ 4π

128
; g ¼ e

sin θW
:

ð3:14Þ
The electromagnetic constant e2 is chosen to be the value at
the scale of mZ. We plot these differential cross sections as
a function of −t=m2

h in Fig. 5 and Fig. 6 for the casesffiffiffi
s

p ¼ 200 GeV and
ffiffiffi
s

p ¼ 400 GeV, respectively. The
graphs are shown for each case of polarizations of the
electron and photon beams. First we find that the con-
tribution from the “Ze” diagrams is very small for all cases
compared with those from the other three. Actually, it is
negligibly small when PePγ ¼ −1. In such cases, the terms
with dominant jSZeðk1Þðs; t; m2

h; m
2
ZÞj2 in Eq. (3.12) cancel out

and jSZeðk0
1
Þðs; t; m2

h; m
2
ZÞj2 vanishes as u → 0 (or t → tmin ¼

m2
h − s). Also we see that when PePγ ¼ −1 all the graphs

indeed diminish as u → 0.
For the case of polarizations Pe ¼ −1 and Pγ ¼ �1, a

dominant contribution at smaller jtj, more specifically, up
to −t=m2

h ¼ 1, comes from the γ�γ fusion diagrams. This is
due to the factor ð−1=tÞ in the expression (3.9) for
dσðγγÞ=dt, which arises as ð−tÞ × ð1=t2Þ with 1=t coming
from the photon propagator. For 1 < −t=m2

h < 1.5, the
contributions to the differential cross section from γ�γ

fusion, Z�γ fusion and “Wνe” diagrams become of the same
order, and at −t=m2

h > 1.5 (see Fig. 6), the contribution of
“Wνe” diagrams prevails over the other two, since “Wνe”
diagrams do not have propagator factors such as 1=t and
1=ðt −m2

ZÞ. For Pe ¼ −1 and Pγ ¼ �1, the interference
between Aγγ and AZγ works constructively, while the one
between Aγγ and AWνe works destructively and its effect
becomes large at −t=m2

h > 1.5. Thus the values of
dσðeγ→eHÞ=dt become smaller than those of dσðγγÞ=dt,
dσðZγÞ=dt and dσðWνeÞ=dt (see Fig. 6).
For the electron polarization Pe ¼ þ1, no contribution

comes from “Wνe” diagrams. The interference between Aγγ

and AZγ for Pe ¼ þ1 and Pγ ¼ �1works destructively and
its effect is large even for small −t=m2

h. Therefore,
dσðeγ→eHÞ=dt decreases rather rapidly as −t=m2

h increases.
Integrating the differential cross section given in

Eq. (3.1) over t, we obtain the Higgs boson production
cross section

σðeγ→eHÞðs; Pe; PγÞ ¼
Z
cut

dt
dσðeγ→eHÞðs; Pe; PγÞ

dt
: ð3:15Þ

It is known that the forward and backward directions in an
e−γ collider are blind spots for the detection of scattered
particles. So we set kinematical cuts for the scattered
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FIG. 6 (color online). The differential cross section for Higgs boson production dσðeγ→eHÞ=dðt=m2
hÞ (black solid line) together with

dσðγγÞ=dðt=m2
hÞ (blue dashed line), dσðZγÞ=dðt=m2

hÞ (red dotted line), dσðWνeÞ=dðt=m2
hÞ (green dot-dashed line) and dσðZeÞ=dðt=m2

hÞ
(orange thin solid line) as a function of −t=m2

h with
ffiffiffi
s

p ¼ 400 GeV for four cases of polarizations of the initial electron and photon
beams, ðPe ¼ þ1; Pγ ¼ þ1Þ, ðPe ¼ þ1; Pγ ¼ −1Þ, ðPe ¼ −1; Pγ ¼ þ1Þ and ðPe ¼ −1; Pγ ¼ −1Þ. In the plots of ðPe ¼ þ1; Pγ ¼
−1Þ and ðPe ¼ −1; Pγ ¼ þ1Þ, dσðZeÞ=dt is too small and is out of the plot range.
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electron in e−γ collisions. We choose the allowed region of
θ in the CM frame given in Eq. (3.3) as 10∘ ≤ θ ≤ 170∘,
which leads to the integration range of t in Eq. (3.15)
as ð−sþm2

h − tcutÞ ≤ t ≤ tcut with tcut ¼ − 1
2
ðs −m2

hÞ×
ð1 − cos 10∘Þ. We find that the imposition of kinematical
cuts reduces the contribution of γ�γ fusion diagrams but has
almost no effect on the contributions of the other Z�γ
fusion, “Wνe” and “Ze” diagrams.
Similarly we define σðγγÞðs; Pe; PγÞ, σðZγÞðs; Pe; PγÞ,

σðWνeÞðs; Pe; PγÞ and σðZeÞðs; Pe; PγÞ by integrating the
expressions given in Eqs. (3.9)–(3.12) over t. We plot
these cross sections in Fig. 7 as a function of

ffiffiffi
s

p ð ffiffiffi
s

p
≥

130 GeVÞ for each case of polarizations of the electron
and photon beams. The detailed behaviors of
σðeγ→eHÞðs; Pe; PγÞ in linear scale are summarized in
Fig. 8. For the case PePγ ¼ −1, the Higgs boson produc-
tion cross section σðeγ→eHÞ is very small at

ffiffiffi
s

p ¼ 130 GeV,
since the integration range of t is small and the differential
cross section vanishes as t → tmin. The cross section
σðeγ→eHÞðs; Pe ¼ −1; Pγ ¼ þ1Þ rises gradually up to about
2 fb, while σðeγ→eHÞðs; Pe ¼ þ1; Pγ ¼ −1Þ increases
rather slowly up to 0.4 fb. This is due to the interference
between Aγγ and AZγ, which acts constructively for
(Pe ¼ −1; Pγ ¼ þ1) but destructively for (Pe ¼ þ1;
Pγ ¼ −1). For the case PePγ ¼ þ1, the cross section
σðeγ→eHÞ is about 2 fb at

ffiffiffi
s

p ¼ 130 GeV. The cross section
σðeγ→eHÞðs; Pe ¼ −1; Pγ ¼ −1Þ rises above 3 fb around

ffiffiffi
s

p ¼ 200 GeV and then gradually decreases as
ffiffiffi
s

p
increases. This is due to the destructive interference
between AWνe and Aγγ and between AWνe and AZγ in the
range of large −t. Again the destructive interference
between Aγγ and AZγ is responsible for the decrease of
σðeγ→eHÞðs; Pe ¼ þ1; Pγ ¼ þ1Þ as ffiffiffi

s
p

increases.
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FIG. 8. Higgs boson production cross section
σðeγ→eHÞðs; Pe; PγÞ for the cases of ðPe ¼ −1; Pγ ¼ −1Þ (thick
solid line), ðPe ¼ −1; Pγ ¼ þ1Þ (dashed line), ðPe ¼ þ1; Pγ ¼
þ1Þ (dotted line) and ðPe ¼ þ1; Pγ ¼ −1Þ (thin solid line). The
kinematical cut is chosen such that the allowed angle θ of the
scattered electron in the center-of-mass frame is 10∘ ≤ θ ≤ 170∘.
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FIG. 7 (color online). Higgs boson production cross section σðeγ→eHÞ (black solid line), together with σðγγÞ (blue dashed line), σðZγÞ
(red dotted line), σðWνeÞ (green dot-dashed line) and σðZeÞ (orange thin solid line) as a function of

ffiffiffi
s

p
for four cases of polarizations

of the initial electron and photon beams, ðPe ¼ þ1; Pγ ¼ þ1Þ, ðPe ¼ þ1; Pγ ¼ −1Þ, ðPe ¼ −1; Pγ ¼ þ1Þ and ðPe ¼ −1; Pγ ¼ −1Þ.
The kinematical cut is chosen such that the allowed angle θ of the scattered electron in the CM frame is 10∘ ≤ θ ≤ 170∘.
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IV. ANALYSIS OF HIGGS BOSON PRODUCTION
IN e−γ COLLISIONS

A high-intensity photon beam can be produced by laser
light backward scattering off a high-energy electron beam,
e−γLaser → e−γ, where the backward-scattered photon
receives a major fraction of the incoming electron energy
[16]. Its energy distribution depends on the polarizations of
the initial electron (Pe2 ¼ �) and laser photon
(PLaser ¼ �). Assuming, for simplicity, that a low-energy
laser photon (typically a few eV) has a head-on collision
with an electron with high energy (typically 125–
250 GeV), we calculate the energy spectra of the scattered
photon for different combinations of polarizations of the
initial beams and also of the scattered photon. In this
situation, the laser photon is scattered backwards and gains
a large portion of the electron energy. The energy spectrum
of the scattered photon, which is the sum of two helicity
states (Pγ ¼ �1), is given by [17]

1

σC

dσC
dy

¼ πα2

2Ee2ELaserσC

�
1

1− y
þ 1− y− 4rð1− rÞ

þPe2PLaserrxð1− 2rÞð2− yÞ
�
; ð4:1Þ

where Ee2 and ELaser are the energies of the initial electron
and laser photon, respectively, σC is the total cross section
of Compton scattering and y ¼ ω

Ee2
with ω being the energy

of the scattered photon. The variable r is defined as

r ¼ y
xð1 − yÞ ; with x ¼ 4Ee2ELaser

m2
e

; ð4:2Þ

where me is the electron mass. The maximum value of y is
given by

ymax ¼
x

1þ x
: ð4:3Þ

The parameter x should be less than 4.83, since the laser
photons cannot be too energetic so that the scattered high-
energy photons may not disappear by colliding with other
laser photons to produce eþe− pairs [17]. We assume the
use of laser photons with energy 2.33 eV (corresponding to
the YAG laser with wavelength 532 nm) for the case of an
electron beam with energy 125 GeV and those with energy
1.17 eV (the YAG laser with wavelength 1064 nm) for an
electron beam with energy 250 GeV. For both cases we
obtain x ¼ 4.46 and the energy spectra of the scattered
photons are described by the same graph shown in Fig. 9.
The solid blue and red curves represent the spectra for the
cases when the initial electron and laser photon have the
opposite polarizations (Pe2PLaser ¼ −1) and the same
polarizations (Pe2PLaser ¼ þ1), respectively. We see from
Eq. (4.3) that 82% of the electron energy can be transferred
to the scattered photon at the maximum.
Actually we need the energy spectrum for each helicity

state Pγ of the scattered photon. We use GRACE [18] to
calculate these two helicity components. The result is also
shown in Fig. 9. The dashed and dotted (blue and red) curves
show the helicity-flip (Pγ ¼ −PLaser) and helicity-non-flip
(Pγ ¼ PLaser) components of the scattered photon, respec-
tively, and the solid curves represent the sum of the two,
which are expressed by Eq. (4.1). It is noted that the
spectrum with a peak at the kinematic endpoint,
y ¼ ymax, is obtained when Pe2PLaser ¼ −1 (the thick solid
blue curve in Fig. 9). The highest-energy photons are
produced by the helicity-flip process (the dashed curves)
and their helicity Pγ is the opposite of PLaser. Therefore, we
are particularly interested in the spectrum for the case
Pe2PLaser ¼ −1, where the helicity-flipped component
dominates the large-y region while helicity-conserved com-
ponent occupies the small-y region.
Suppose we have a highly polarized e−e− collider

machine. Converting one of the electron beams to photon
beam by means of backward Compton scattering of a
polarized laser beam, we obtain an e−γ collider with high
polarization. Dividing the energy spectrum of the scattered
photon, 1

σC

dσC
dy given in Eq. (4.1), into two pieces

Nðy; Ee2; ELaser; Pe2; PLaser; PγÞ depending on its helicity
Pγ , the Higgs boson production cross section for e−γ →
e−H in an e−e− collider, whose beam energies are Ee1 and
Ee2 and polarizations are Pe1 and Pe2, is expressed as3
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Ee2 250 GeV, ELaser 1.17eV

FIG. 9 (color online). The energy spectra of the scattered
photons as a function of y ¼ ω

Ee2
for the cases of

(ELaser ¼ 2.33 eV, Ee2 ¼ 125 GeV) and (ELaser ¼ 1.17 eV,
Ee2 ¼ 250 GeV). For both cases, the energy spectra are de-
scribed by the same graph. The blue and red curves represent the
spectra when the initial electron and laser photon have the
opposite polarizations (Pe2PLaser ¼ −1) and the same polariza-
tions (Pe2PLaser ¼ þ1), respectively. The dashed and dotted
curves show the helicity-flip (Pγ ¼ −PLaser) and helicity-
non-flip (Pγ ¼ PLaser) components of the scattered photon,
respectively, and the solid curves represent the sum of the two.

3Although, in an actual laser backscattering, the electron and
laser beams intersect at a certain angle; here we assume a head-on
collision of the two beams and use the energy spectrum of the
photon beam obtained by that assumption.
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σeγcollisionðsee; ELaser; Pe1; Pe2; PLaserÞ ¼
X
Pγ

Z
dyNðy; Ee2; ELaser; Pe2; PLaser; PγÞσðeγ→eHÞðs; Pe1; PγÞ; ð4:4Þ

where σðeγ→eHÞðs; Pe1; PγÞ is given in Eq. (3.15) with Pe
replaced by Pe1, and see is the CM energy squared of the
two initial electron beams and is related to s as s ¼ ysee.
The integration range of y is given by ymin ≤ y ≤ ymax with
ymin ¼ 0.25ð0.0625Þ for the case Ee2ð¼ Ee1Þ ¼ 125 GeV
(250 GeV).
A feasible channel to observe the SM Higgs boson

with mass 125 GeV is bb̄ decay, since it has a large
branching ratio. We analyze the cross section of the
Higgs boson production through the bb̄ decay channel,
eþ γ → eþH → eþ bþ b̄. The energy spectrum
of the photon beam is given by Nðy; Ee2; ELaser;
Pe2; PLaser; PγÞ with Pe2PLaser ¼ −1. We consider the
two cases (i) ELaser ¼ 2.33 eV, Ee2 ¼ 125 GeV and
(ii) ELaser ¼ 1.17 eV, Ee2 ¼ 250 GeV. Both cases give
the same spectrum. Note that we take the case Pe2PLaser ¼
−1 so that the spectrum has a peak at the highest
energy which corresponds to the blue solid curve in
Fig. 9. The Monte Carlo method is used. A b-quark
mass is chosen to be 4.3 GeV. The angle cuts of the

scattered electron and bðb̄Þ quarks are chosen such
that the allowed regions are 10∘ ≤ θe− ≤ 170∘ and
10∘ ≤ θbðb̄Þ ≤ 170∘, respectively, and the energy cuts of
these particles are set to be 3 GeV. The Monte Carlo
statistical error is about 0.1% when the sampling number is
taken to be 200 000.
In Table I we show the results of the Higgs boson

production cross section σcut for the cases
ffiffiffiffiffiffi
see

p ¼
250 GeV and

ffiffiffiffiffiffi
see

p ¼ 500 GeV and for each combination
of polarizations Pe1 and PLaser. In the case

ffiffiffiffiffiffi
see

p ¼
250 GeV (and thus Ee2 ¼ 125 GeV), we obtain
ymin ¼ 0.25, ymax ¼ 0.82, and

ffiffiffiffiffiffiffiffiffi
smax

p ≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ymaxsee

p ¼
226 GeV. Hence the cross section σðeγ→eHÞðs; Pe1; PγÞ
with s ≤ smax is convolved with the photon energy spec-
trum in Eq. (4.4). The behaviors of σðeγ→eHÞðs; Pe; PγÞ for
various polarizations Pe and Pγ with

ffiffiffi
s

p
below 226 GeV

which are shown in Fig. 8 and the fact that the helicity-
flipped (Pγ ¼ −PLaser) component (the dashed blue curve)
has a peak at y ¼ ymax and dominates the spectrum region
0.5 < y < ymax (see Fig. 9) lead to the expectation

σcutðPe1 ¼ −1; PLaser ¼ 1Þ > σcutðPe1 ¼ −1; PLaser ¼ −1Þ
> σcutðPe1 ¼ 1; PLaser ¼ −1Þ > σcutðPe1 ¼ 1; PLaser ¼ 1Þ;

for
ffiffiffiffiffiffi
see

p ¼ 250 GeV. The Monte Carlo results on σcut
given in Table I confirm our expectation.
On the other hand, the Monte Carlo results for the caseffiffiffiffiffiffi
see

p ¼ 500 GeV show σcutðPe1 ¼ −1; PLaser ¼ −1Þ >
σcutðPe1 ¼ −1; PLaser ¼ 1Þ and σcutðPe1¼1;PLaser¼1Þ>
σcutðPe1¼1;PLaser¼−1Þ. The changes in the order of
the sizes of the cross sections are explained as follows.
For

ffiffiffiffiffiffi
see

p ¼500GeV, we obtain ymin¼0.0625, ymax ¼ 0.82,

and
ffiffiffiffiffiffiffiffiffi
smax

p ¼ 452 GeV. Figure 9 tells us that the helicity-
conserving component (the dotted blue curve) dominates
in the small y region, i.e., ymin ≤ y < 0.5. And we see
from Fig. 8 that both σðeγ→eHÞðs; Pe ¼ −1; Pγ ¼ −1Þ
and σðeγ→eHÞðs; Pe ¼ 1; Pγ ¼ 1Þ increase as

ffiffiffi
s

p
decreases

from
ffiffiffiffiffiffiffiffiffi
smax

p
. These two factors give a concise account

of the results on σcut for
ffiffiffiffiffiffi
see

p ¼ 500 GeV given in
Table I.
So far we have considered the cases where both initial

electrons and laser photons are fully polarized. Although
we can prepare laser photons with full polarization, the
electron beams are, in fact, partially polarized. Let us
denote the polarization of the incident electrons as

p≡ pR − pL ð4:5Þ
where pR is the fraction with positive helicity and pL ¼
1 − pR is the fraction with negative helicity. Now we
reconsider the Higgs boson production cross section for
e−γ → e−H in an e−e− collider when the two electron
beams have polarizations pe1 and pe2. Then Eq. (4.4) is
replaced by4

TABLE I. Higgs boson production cross section and signifi-
cance in an e−γ collision in an e−e− collider for the cases
(i) ELaser ¼ 2.33 eV, Ee2 ¼ 125 GeV,

ffiffiffiffiffiffi
see

p ¼ 250 GeV and
(ii) ELaser ¼ 1.17 eV, Ee2 ¼ 250 GeV,

ffiffiffiffiffiffi
see

p ¼ 500 GeV, and
for each combination of polarizations Pe1 and PLaser. Pe2 is
chosen to be −PLaser.ffiffiffiffiffiffi
see

p
GeV Pe1 PLaser σcut fb S=

ffiffiffiffi
B

p

250 1 −1 0.50 6.17
1 1 0.36 4.48

−1 −1 0.80 4.51
−1 1 1.53 8.68

500 1 −1 0.11 2.93
1 1 0.19 1.31

−1 −1 1.22 10.6
−1 1 1.01 6.8

4Note that Pe1 and Pe2 take the fixed values �1, while pe1 and
pe2 are variables with the range −1 ≤ pe1; pe2 ≤ 1.
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σeγ collisionðsee;ELaser;pe1;pe2;PLaserÞ ¼
X
Pγ

Z
dy

�
1þpe2

2
Nðy;Ee2;ELaser;Pe2 ¼þ1;PLaser;PγÞ

þ 1−pe2

2
Nðy;Ee2;ELaser;Pe2 ¼−1;PLaser;PγÞ

�

×

�
1þpe1

2
σðeγ→eHÞðs;Pe1 ¼þ1;PγÞþ

1−pe1

2
σðeγ→eHÞðs;Pe1 ¼−1;PγÞ

�
: ð4:6Þ

For example, setting pe1 ¼ pe2 ¼ −0.8 [19] and
PLaser ¼ þ1, we obtain σcut ¼ 1.28 fb and 0.92 fb, respec-
tively, for the cases

ffiffiffiffiffiffi
see

p ¼ 250 GeV and
ffiffiffiffiffiffi
see

p ¼
500 GeV. Particularly, here we have chosen a negative
polarization for pe1. This is in order to increase the
contribution from the “Wνe” one-loop diagrams.
We also analyze the significance S=

ffiffiffiffi
B

p
of the Higgs

boson production in e−γ collisions. The bb̄ decay channel
of the Higgs boson in e−γ collisions has a substantial
background. Two examples of the background processes
are shown in Fig. 10.
In particular, a huge background appears at the Z-boson

pole. However, it is expected that when we measure the
invariant mass mbb̄ of b and b̄ quarks, the background will
be small in the region mbb̄ > 120 GeV compared with the
signals of the Higgs boson production. We use GRACE to
write down all the tree Feynman diagrams for eþ γ →
eþ bþ b̄ and to evaluate their contributions to the back-
ground cross section. We assume that the integrated
luminosity is 250 fb−1. The significance is calculated by
taking samples in the region 120 GeV ≤ mbb̄ ≤ 130 GeV
at the parton level. The results are given in Table I. Large
values of the significance are obtained for the cases of
ðPe1; PLaserÞ ¼ ð1;−1Þ and ð−1; 1Þ with ffiffiffiffiffiffi

see
p ¼ 250 GeV

and ðPe1; PLaserÞ ¼ ð−1;∓1Þ with ffiffiffiffiffiffi
see

p ¼ 500 GeV.
An additional background to the reaction eþ γ → eþ

H → eþ bþ b̄ is the resolved photon process
eþ γðgÞ → eþ bþ b̄, where the gluon content in a photon
interacts with γ (and also Z) to produce a bb̄ pair. This
background process was considered in Refs. [10,11]. We
estimate this background as follows. The gluon content in a
photon has not been reliably measured until now and
parametrizations of the gluon distribution have been
proposed only for the case of an unpolarized photon in
the literature [20,21]. Therefore, we study both the resolved
photon process eþ γðgÞ → eþ bþ b̄ and the direct pho-
ton process eþ γ → eþ bþ b̄ in an e−e− collider for the

case when initial electron beams and laser photons are
unpolarized. We use the gluon distribution function
fG=γðz;Q2Þ in an unpolarized photon given by the para-
metrization in Ref. [21], where Q2 is the scale at which the
structure of the photon is being probed and z is the fraction
of the photon energy carried by the gluon. The cross section
for eþ γðgÞ → eþ bþ b̄ is expressed asZ

ymax

0

dyNunpolðy; Ee2; ElaserÞ

×
Z

1

0

dzfG=γðz;Q2Þσðeg → ebb̄ÞðzyseeÞ ð4:7Þ

where Nunpolðy; Ee2; ElaserÞ ¼ 1
σC

dσC
dy junpol which is obtained

from Eq. (4.1) by setting Pe2PLaser ¼ 0. Again we use
GRACE to write down all the tree Feynman diagrams for
eþ g → eþ bþ b̄ and to evaluate the cross section
σðeg → ebb̄Þ. We choose Q2 as −ðk1 − k01Þ2 ¼ −t for
fG=γðz;Q2Þ and also for the running strong coupling
constant αsðQ2Þ. Since the gluon content in a photon
accumulates in a small-z region, the invariant mass mbb̄
distribution of the resolved photon background cross
section is expected to become smaller as mbb̄ gets large.
It is also noted that in the direct photon process, the effect
of the Z-boson pole (see the left diagram in Fig. 10) on the
background cross section remains to some extent as a tail in
the region mbb̄ ¼ 125 GeV, but that in the resolved photon
process, there is no such Z-boson pole effect. We obtain
0.06 for the background ratio of dσcut=dmbb̄ between the
resolved photon and direct photon processes at mbb̄ ¼
125 GeV in the case

ffiffiffiffiffiffi
see

p ¼ 500 GeV. Whenffiffiffiffiffiffi
see

p ¼ 250 GeV, the ratio becomes negligibly small.
Hence we find that the contribution of the resolved photon
process to the background is very small compared to that of
the direct photon process when we observe a pair of bb̄ at
the invariant mass around mbb̄ ¼ 125 GeV. Although the
analysis so far was on the background contributions for the
case of the unpolarized beams, we expect that the same
trend still remains when we use the polarized electron and
photon beams.
Due to the electric charge factors, cc̄ pairs have larger

production cross sections than bb̄ pairs. If the cc̄ pairs are
misidentified as bb̄, they turn out to be a further back-
ground for the reaction eþ γ → eþH → eþ bþ b̄. This
is a reducible background and can be controllable if we
have a detector with good efficiency for b identification and

FIG. 10. Examples of background processes for eþ γ →
eþ bþ b̄.
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c rejection. We compute the rate for eþ γ → eþ cþ c̄ in
an e−e− collider for the case of the unpolarized electron and
photon beams. We find that dσcutðeγ → ecc̄Þ=dmcc̄ is
larger than dσcutðeγ → ebb̄Þ=dmbb̄ at mcc̄ ¼ mbb̄ ¼
125 GeV by a factor of 3.2 (3.1) when

ffiffiffiffiffiffi
see

p ¼
250 GeV (

ffiffiffiffiffiffi
see

p ¼ 500 GeV). The effect of electric charge
difference, Qc ¼ 2

3
and Qb ¼ − 1

3
, does not appear as

significant as we have expected. The reason is that, as
mentioned above, at the invariant mass of 125 GeV, the
contribution from the diagrams with a Z-boson propagator
also becomes important. Thus this reducible background
eγ → ecc̄ will be brought under control once we prepare
for a detector with a good b-tagging efficiency.
After all, we conclude that the Higgs boson will be

clearly observed in e−γ collision experiments.
Finally we show the results of our Monte Carlo analysis

on the differential cross section dσcut=dðt=m2
hÞ for the

process eγ → eH → eðbb̄Þ in e−γ collision in an e−e−

collider. In Fig. 11 we plot dσcut=dðt=m2
hÞ as a function of

−t=m2
h for the cases (a)

ffiffiffiffiffiffi
see

p ¼ 250 GeV and
(b)

ffiffiffiffiffiffi
see

p ¼ 500 GeV, and for each combination of
polarizations Pe1 and PLaser. The kinematical cuts are
the same as before. The behaviors of the four differential
cross sections in Fig. 11(a) are consistent with the obser-
vation that, for

ffiffiffiffiffiffi
see

p ¼ 250 GeV, the helicity-flipped
(Pγ ¼ −PLaser) component dominates the photon spectrum
and with the results on dσðeγ→eHÞ=dðt=m2

hÞ (black solid
lines) for

ffiffiffi
s

p ¼ 200 GeV in Fig. 5. Also these four
differential cross sections are in conformity with the
numerical values of σcutðfbÞ for

ffiffiffiffiffiffi
see

p ¼ 250 GeV in
Table I. In the case

ffiffiffiffiffiffi
see

p ¼ 500 GeV, the lower region
of y, i.e., 0.0625 < y < 0.5 where the helicity-conserving
component dominates the photon spectrum, participates in
the convolution integral in Eq. (4.4) as well. Together with
the results on dσðeγ→eHÞ=dðt=m2

hÞ (black solid lines) forffiffiffi
s

p ¼ 400 GeV in Fig. 6, this explains the behaviors of the
four differential cross sections in Fig. 11(b). The crossover
of the blue thick ðPe1 ¼ −1; PLaser ¼ 1Þ and red thin

ðPe1 ¼ −1; PLaser ¼ −1Þ lines near −t=m2
h ¼ 3 gives an

account of the change in the order of the size for σcut in
Table I. We see a sharp drop of dσcut=dðt=m2

hÞ for the case
Pe1 ¼ 1 [see the black thick dashed and green thin dashed
lines in Figs. 11(a) and 11(b)]. This is due to the fact that,
for the case Pe1 ¼ 1, no contribution comes from “Wνe”
diagrams and the interference between γ�γ and Z�γ fusion
diagrams works destructively.
In Ref. [9], we have pointed out the transition form factor

of the Higgs boson via γ�γ fusion and its feasibility of
observation in e−γ collision experiments. In Table I we see
rather large significances for both

ffiffiffiffiffiffi
see

p ¼ 250 GeV andffiffiffiffiffiffi
see

p ¼ 500 GeV in the case of Pe1 ¼ −1. See also the
blue and red plots in Figs. 11(a) and 11(b). As regards the
differential cross section for the Higgs boson production,
we find that the contribution of γ�γ fusion diagrams is
dominant up to −t=m2

h ¼ 1 for the case of Pe1 ¼ −1.
Hence we conclude that when the left-handed electron
beam is used, the transition form factor of the Higgs boson
is measurable and extracted from the differential cross
section for the Higgs boson production up to −t=m2

h ¼ 1.

V. SUMMARY

We have investigated the SM Higgs boson production
in e−γ collisions. The electroweak one-loop contributions
to the scattering amplitude for e−γ → e−H were calculated
and they were expressed in analytical form. Since
large polarizations for the initial beams can be obtained
in linear colliders, we analyzed both the differential cross
section dσðeγ→eHÞðs; Pe; PγÞ=dt and the cross section
σðeγ→eHÞðs; Pe; PγÞ for each combination of polarizations
of the electron and photon beams. We have found the
following. (i) Both the differential cross section and cross
section are significantly dependent on the polarizations of
the electron and photon beams. (ii) The interferences
between γ�γ and Z�γ fusion diagrams and between γ�γ
fusion and “Wνe” diagrams, which work destructively or
constructively depending on the polarizations of the initial
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FIG. 11 (color online). Monte Carlo results for the differential cross section dσcut=dðt=m2
hÞ for the process eγ → eH → eðbb̄Þ in e−γ

collision in an e−e− collider for the cases (a)
ffiffiffiffiffiffi
see

p ¼ 250 GeV and (b)
ffiffiffiffiffiffi
see

p ¼ 500 GeV. The blue thick, red thin, black thick dashed
and green thin dashed lines represent the results for the cases where ðPe1; PLaserÞ are ð−1; 1Þ, ð−1;−1Þ, ð1;−1Þ and (1,1), respectively,
and Pe2 ¼ −PLaser.
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beams, are important factors affecting the behaviors of both
the differential cross section and cross section. (iii) For
Pe ¼ −1, the contribution to dσðeγ→eHÞ=dt from γ�γ fusion
diagrams is dominant for −t=m2

h ≤ 1. Thus the transition
form factor of the Higgs boson is measurable and extracted
from the differential cross section for the Higgs boson
production up to −t=m2

h ¼ 1, when the left-handed electron
beam is used. (iv) The “Wνe” diagrams do not contribute to
the reaction e−γ → e−H for Pe ¼ þ1. But they take part in
the reaction for Pe ¼ −1, together with the γ�γ fusion and
Z�γ fusion diagrams. (v) The contribution from “Ze”
diagrams is extremely small and can be negligible.
We analyzed the cross section of the Higgs boson

production through the bb̄ decay channel, eþ γ →
eþH → eþ bþ b̄, in an e−γ collision in an e−e− collider.
A high-energy photon beam was assumed to be produced
by laser light backward scattering off one of the high-
energy electron beams of the e−e− collider. We obtained
large values of the significance

ffiffiffi
S

p
=B for the Higgs boson

production for both
ffiffiffiffiffiffi
see

p ¼ 250 GeV and
ffiffiffiffiffiffi
see

p ¼
500 GeV. We therefore conclude that the Higgs boson
will be clearly observed in e−γ collision experiments.
As a final comment, we point out that in an e−γ collider,

the photon structure functions can be measured by the

single electron-tagging experiments. Analyses of photon
structure functions have been intensively performed by
using perturbative QCD [22].
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APPENDIX A: FEYNMAN RULES

The W- and Z-boson propagators in unitary gauge are,
respectively, given by

−i
k2 −m2

W

�
gμν −

kμkν
m2

W

�
;

−i
k2 −m2

Z

�
gμν −

kμkν
m2

Z

�
:

ðA1Þ

The Feynman rules for the tree-point and four-point
vertices are

e · e · γvertex ∶ ið−eÞγμ; ðA2Þ

t · t · γvertex ∶ iðQteÞγμ; ðA3Þ

e · ν ·Wvertex ∶ i
g

2
ffiffiffi
2

p γμð1 − γ5Þ; ðA4Þ

e · e · Zvertex ∶ i
g

4 cos θW
γμðfZe þ γ5Þ with fZe ¼ −1þ 4sin2θW; ðA5Þ

t · t · Zvertex ∶ i
g

4 cos θW
γμ½fZt − γ5� with fZt ¼ 1 −

8

3
sin2θW; ðA6Þ

Higgs · t · tvertex ∶ − i
gmt

2mW
; ðA7Þ

Higgs ·W ·Wvertex ∶ igmWgμν; ðA8Þ

Higgs · Z · Zvertex ∶ i
gmZ

cos θW
gμν; ðA9Þ

Aμðk1Þ ·Wþ
ν ðk2Þ ·W−

λ ðk3Þvertex ∶ − ie½ðk1 − k2Þλgμν þ ðk2 − k3Þμgνλ þ ðk3 − k1Þνgλμ�; ðA10Þ

Zμðk1Þ ·Wþ
ν ðk2Þ ·W−

λ ðk3Þvertex ∶ − ig cos θW ½ðk1 − k2Þλgμν þ ðk2 − k3Þμgνλ þ ðk3 − k1Þνgλμ�; ðA11Þ

Aμ · Aν ·Wþ
α ·W−

β vertex ∶ − ie2½2gμνgαβ − gμαgνβ − gμβgνα�; ðA12Þ

Aμ · Zν ·Wþ
α ·W−

β vertex ∶ − ieg cos θW ½2gμνgαβ − gμαgνβ − gμβgνα�; ðA13Þ

where, in Eqs. (A10) and (A11), momenta are all inward.
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APPENDIX B: SCALAR ONE-LOOP INTEGRALS

The scalar one-loop integrals which appeared in Sec. II are the two-, three- and four-point integrals which are defined as

B0ðp2;m2
1; m

2
2Þ≡ ð2πμÞ4−n

iπ2

Z
dnk

½k2 −m2
1�½ðkþ pÞ2 −m2

2�
; ðB1Þ

C0ðp2
1; p

2
2; p

2
3;m

2
1; m

2
2; m

2
3Þ≡ ð2πμÞ4−n

iπ2

Z
dnk

½k2 −m2
1�½ðkþ p1Þ2 −m2

2�½ðkþ p1 þ p2Þ2 −m2
3�
; ðB2Þ

D0ðp2
1;p

2
2;p

2
3;p

2
4;s12;s23;m

2
1;m

2
2;m

2
3;m

2
4Þ≡ ð2πμÞ4−n

iπ2

Z
dnk

½k2−m2
1�½ðkþp1Þ2−m2

2�½ðkþp1þp2Þ2−m2
3�½ðk−p4Þ2−m2

4�
;

ðB3Þ
where n ¼ 4 − 2ϵ and μ is the mass scale of dimensional regularization. Note that p1 þ p2 þ p3 ¼ 0 for the three-point
function C0 and p1 þ p2 þ p3 þ p4 ¼ 0 for the four-point function D0. We evaluate these integrals for the case of the
parameters s; t; u;m2

h; m
2
W and m2

Z which satisfy the following kinematical constraints:

s > m2
h; −ðs −m2

hÞ ≤ t ≤ 0; −ðs −m2
hÞ ≤ u ≤ 0;

m2
h < 4m2

W; m2
h < 4m2

Z: ðB4Þ

Therefore, analytic continuation is necessary for the variable s from s < 0 to s > m2
h.

The integrals are expressed in terms of the following ratios:

tT ≡ t
m2

t
; hT ≡m2

h

m2
t
; ðB5Þ

sW ≡ s
m2

W
; tW ≡ t

m2
W
; uW ≡ u

m2
W
; hW ≡ m2

h

m2
W
; ðB6Þ

sZ ≡ s
m2

Z
; tZ ≡ t

m2
Z
; uZ ≡ u

m2
Z
; hZ ≡ m2

h

m2
Z
: ðB7Þ

1. Two-point integrals

The ultraviolet divergences appear in the scalar two-points integrals B0 and they are expressed by the 1
ϵ terms in

dimensional regularization. But when we take difference between two B0’s, the result becomes finite. Specifically we obtain

B0ðm2
h;m

2
t ; m2

t Þ − B0ðt;m2
t ; m2

t Þ ¼ −2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
4

hT
− 1

s
sin−1

� ffiffiffiffiffi
hT
4

r �
þ

ffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4

tT

s
log

� ffiffiffiffiffiffiffiffiffiffiffiffi
4 − tT

p þ ffiffiffiffiffiffiffiffi
−tT

pffiffiffiffiffiffiffiffiffiffiffiffi
4 − tT

p
−

ffiffiffiffiffiffiffiffi
−tT

p
�
; ðB8Þ

B0ðs; 0; m2
WÞ − B0ð0;m2

W;m
2
WÞ ¼ 2þ

�
1

sW
− 1

�
flogðsW − 1Þ − iπg; ðB9Þ

B0ðu; 0; m2
WÞ − B0ð0;m2

W;m
2
WÞ ¼ 2þ

�
1

uW
− 1

�
logð1 − uWÞ; ðB10Þ

B0ðt;m2
W;m

2
WÞ − B0ð0;m2

W;m
2
WÞ ¼ 2 −

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4

tW

s
log

� ffiffiffiffiffiffiffiffiffiffiffiffiffi
4 − tW

p þ ffiffiffiffiffiffiffiffiffi
−tW

pffiffiffiffiffiffiffiffiffiffiffiffiffi
4 − tW

p
−

ffiffiffiffiffiffiffiffiffi
−tW

p
�
; ðB11Þ
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B0ðm2
h;m

2
W;m

2
WÞ − B0ð0;m2

W;m
2
WÞ ¼ 2 − 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4

hW
− 1

s
sin−1

� ffiffiffiffiffiffi
hW
4

r �
; ðB12Þ

B0ðs; 0; m2
ZÞ − B0ð0; 0; m2

ZÞ ¼ 1þ
�
1

sZ
− 1

�
flogðsZ − 1Þ − iπg; ðB13Þ

B0ðu; 0; m2
ZÞ − B0ð0; 0; m2

ZÞ ¼ 1þ
�
1

uZ
− 1

�
logð1 − uZÞ; ðB14Þ

B0ðm2
h;m

2
Z;m

2
ZÞ − B0ð0; 0; m2

ZÞ ¼ 1 − 2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
4

hZ
− 1

s
sin−1

� ffiffiffiffiffi
hZ
4

r �
: ðB15Þ

2. Three-point integrals

We introduce the following parameters:

λ1 ≡ 1

2

�
1 −

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4

tW

s �
; λ2 ≡ 1

2

�
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4

tW

s �
; ðB16Þ

xWþ ≡ 1

2

�
1þ i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4

hW
− 1

s �
; xW−

≡ 1

2

�
1 − i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4

hW
− 1

s �
; ðB17Þ

xZþ ≡ 1

2

�
1þ i

ffiffiffiffiffiffiffiffiffiffiffiffiffi
4

hZ
− 1

s �
; xZ−

≡ 1

2

�
1 − i

ffiffiffiffiffiffiffiffiffiffiffiffiffi
4

hZ
− 1

s �
: ðB18Þ

The three-point integrals given below are all finite except for the last two.

C0ðm2
h; 0; t;m

2
t ; m2

t ; m2
t Þ ¼

1

t −m2
h

�
1

2
log2

� ffiffiffiffiffiffiffiffiffiffiffiffi
4 − tT

p þ ffiffiffiffiffiffiffiffi
−tT

pffiffiffiffiffiffiffiffiffiffiffiffi
4 − tT

p
−

ffiffiffiffiffiffiffiffi
−tT

p
�
þ 2

�
sin−1

ffiffiffiffiffi
hT
4

r �
2
�
; ðB19Þ

C0ð0; 0; s;m2
W;m

2
W; 0Þ ¼

1

s

�
Li2

�
1

sW

�
þ 1

2
ðlogðsWÞ − iπÞ2 þ π2

6

�
; ðB20Þ

C0ð0; 0; u;m2
W;m

2
W; 0Þ ¼ −

1

u
Li2ðuWÞ; ðB21Þ

C0ð0; 0; t;m2
W; 0; m

2
WÞ ¼

−1
t

�
Li2ðtWÞ þ Li2

�
1

λ1

�
þ Li2

�
1

λ2

�
− Li2

�
−
λ2
λ21

�
− Li2

�
−
λ1
λ22

�

þ 4 log ð− ffiffiffiffiffiffiffiffiffi
−tW

p
λ1Þ logð1 − λ2tWÞ

�
; ðB22Þ

WATANABE et al. PHYSICAL REVIEW D 90, 033015 (2014)

033015-16



C0ð0; s; m2
h;m

2
W; 0; m

2
WÞ ¼

−1
s −m2

h

�
Li2

�
1

ðsW − hWÞxWþ þ 1

�
þ Li2

�
1

ðsW − hWÞxW−
þ 1

�

− Li2

�
sW − hW þ 1

ðsW − hWÞxWþ þ 1

�
− Li2

�
sW − hW þ 1

ðsW − hWÞxW−
þ 1

�

− Li2ðhW − sWÞ þ Li2

�ðsW − 1ÞðsW − hWÞ
s2W − hWsW þ hW

�
− Li2

�
hW − sW

s2W − hWsW þ hW

�

þ logðsW − hW þ 1Þ log
�
s2W − sWhW þ hW

ðsW − hWÞ2
�

þ logðsW − 1Þ log
�

sW
s2W − sWhW þ hW

�
þ iπ log

�
s2W − sWhW þ hW

sW

��
; ðB23Þ

C0ð0; u; m2
h;m

2
W; 0; m

2
WÞ ¼

−1
u −m2

h

�
Li2

�
1

1þ ðuW − hWÞxWþ

�
þ Li2

�
1

1þ ðuW − hWÞxW−

�

− Li2

�
uW − hW þ 1

1þ ðuW − hWÞxWþ

�
− Li2

�
uW − hW þ 1

1þ ðuW − hWÞxW−

�
þ Li2ðuW − hW þ 1Þ

− Li2

�
uW

u2W − hWuW þ hW

�
þ Li2

�
uWðuW − hW þ 1Þ
u2W − hWuW þ hW

�
−
π2

6

�
; ðB24Þ

C0ð0; t; m2
h;m

2
W;m

2
W;m

2
WÞ ¼ C0ðm2

h; 0; t;m
2
W;m

2
W;m

2
WÞ

¼ 1

t −m2
h

�
1

2
log2

� ffiffiffiffiffiffiffiffiffiffiffiffiffi
4 − tW

p þ ffiffiffiffiffiffiffiffiffi
−tW

pffiffiffiffiffiffiffiffiffiffiffiffiffi
4 − tW

p
−

ffiffiffiffiffiffiffiffiffi
−tW

p
�
þ 2

�
sin−1

ffiffiffiffiffiffi
hW
4

r �
2
�
; ðB25Þ

C0ð0; s; m2
h;m

2
Z; 0; m

2
ZÞ ¼

−1
s −m2

h

�
Li2

�
1

ðsZ − hZÞxZþ þ 1

�
þ Li2

�
1

ðsZ − hZÞxZ−
þ 1

�

− Li2

�
sZ − hZ þ 1

ðsZ − hZÞxZþ þ 1

�
− Li2

�
sZ − hZ þ 1

ðsZ − hZÞxZ−
þ 1

�

− Li2ðhZ − sZÞ þ Li2

�ðsZ − 1ÞðsZ − hZÞ
s2Z − hZsZ þ hZ

�
− Li2

�
hZ − sZ

s2Z − hZsZ þ hZ

�

þ logðsZ − hZ þ 1Þ log
�
s2Z − sZhZ þ hZ

ðsZ − hZÞ2
�
þ logðsZ − 1Þ log

�
sZ

s2Z − sZhZ þ hZ

�

þ iπ log

�
s2Z − sZhZ þ hZ

sZ

��
; ðB26Þ

C0ð0; u; m2
h;m

2
Z; 0; m

2
ZÞ ¼

−1
u −m2

h

�
Li2

�
1

1þ ðuZ − hZÞxZþ

�
þ Li2

�
1

1þ ðuZ − hZÞxZ−

�

− Li2

�
uZ − hZ þ 1

1þ ðuZ − hZÞxZþ

�
− Li2

�
uZ − hZ þ 1

1þ ðuZ − hZÞxZ−

�

þ Li2ðuZ − hZ þ 1Þ − Li2

�
uZ

u2Z − hZuZ þ hZ

�
þ Li2

�
uZðuZ − hZ þ 1Þ
u2Z − hZuZ þ hZ

�
−
π2

6

�
: ðB27Þ

The following two three-point integrals have collinear divergences which are regularized by dimensional regularization.
Both integrals are in the form of C0ð0; 0; p2;m2; 0; 0Þ, which corresponds to “Triangle 3,” ID3 ð0; p2

2; p
2
3; 0; 0; m

2Þ with
p2
3 ¼ 0, of Ref. [23]. Its expression is given in Eq. (4.8) of Ref. [23]. For C0ð0; 0; s;m2

Z; 0; 0Þ, we need an analytic
continuation of the variable s from s < 0 to s > m2

Z.
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C0ð0; 0; s;m2
Z; 0; 0Þ ¼ −

�
4πμ2

m2
Z

�
ϵ 1

s

�
1

ϵ
½logðsZ − 1Þ − iπ� − 1

2
½logðsZ − 1Þ − iπ�2

− Li2

�
sZ − 1

sZ

�
−
1

2
log2

�
sZ

sZ − 1

�
þ π2

3
− iπ log

�
sZ

sZ − 1

��
; ðB28Þ

C0ð0; 0; u;m2
Z; 0; 0Þ ¼ −

�
4πμ2

m2
Z

�
ϵ 1

u

�
1

ϵ
logð1 − uZÞ þ Li2

�
−uZ
1 − uZ

�
−
1

2
log2ð1 − uZÞ

�
: ðB29Þ

3. Four-point integrals

The four-point integrals D0ð0; 0; 0; m2
h; t; u;m

2
W; 0; m

2
W;m

2
WÞ and D0ð0; 0; 0; m2

h; s; t;m
2
W;m

2
W; 0; m

2
WÞ appear in

Eqs. (2.15) and (2.16). Due to the relation

D0ð0; 0; 0; m2
h; t; u;m

2
W; 0; m

2
W;m

2
WÞ ¼ D0ðm2

h; 0; 0; 0; u; t;m
2
W;m

2
W; 0; m

2
WÞ;

these two integrals correspond to the one given in Eq. (37) of Ref. [24]. After the analytic continuation procedure for both
dilogarithms and logarithms [23], we obtain

D0ð0; 0; 0; m2
h; t; u;m

2
W; 0; m

2
W;m

2
WÞ ¼ D0ðm2

h; 0; 0; 0; u; t;m
2
W;m

2
W; 0; m

2
WÞ

¼ 1

m4
W

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t2WðuW − 1Þ2 − 2tWð2u2W − uWhW þ hWÞ þ h2W

p
×

�
Li2

�
−

s1
rx1

�
− Li2

�
−

s1
rx2

�
þ Li2

�
−

s2
rx1

�
− Li2

�
−

s2
rx2

�
þ Li2

�
rx1

uW − 1

�

þ Li2

�
uW − 1

rx2

�
− Li2

�
x1

uW − 1

�
− Li2

�
uW − 1

x2

�
− 2Li2

�
−

1

x1

�
þ 2Li2

�
−

1

x2

�

þ logðs2Þ log
�
−
rx2 þ s1
rx1 þ s1

�
þ logðs1Þ log

�
−
rx2 þ s2
rx1 þ s2

�

þ logðrÞ log
�
x21ðx2 þ 1Þ2ðuW − x1 − 1Þ
x2ðx1 þ 1Þ2ðuW − x2 − 1Þ

�

þ logð1 − uWÞ log
� ð−uW þ x1 þ 1Þðrx2 − uW þ 1Þ
rð−uW þ x2 þ 1Þðrx1 − uW þ 1Þ

�
þ log2ðrÞ

2

�
; ðB30Þ

where

r ¼ 1 −
1

2
tW

�
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4

tW

s �
; s1 ¼ −

xWþ
xW−

; s2 ¼ −
xW−

xWþ
; ðB31Þ

x1 ¼
1

4

� ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4

tW

s
− 1

��
hW þ ð1 − uWÞtW

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4

tW

s

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t2Wð1 − uWÞ2 − 2tWð2u2W − uWhW þ hWÞ þ h2W

q �
; ðB32Þ

x2 ¼
1

4

� ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4

tW

s
− 1

��
hW þ ð1 − uWÞtW

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4

tW

s

−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t2Wð1 − uWÞ2 − 2tWð2u2W − uWhW þ hWÞ þ h2W

q �
; ðB33Þ
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D0ð0; 0; 0; m2
h; s; t;m

2
W;m

2
W; 0; m

2
WÞ ¼

1

m4
W

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t2WðsW − 1Þ2 − 2tWð2s2W − sWhW þ hWÞ þ h2W

p
×

�
−Li2

�
sW − 1

ry1

�
− Li2

�
ry2

sW − 1

�
þ 2Li2

�
−

1

ry1

�
− 2Li2

�
−

1

ry2

�
− Li2

�
−
s1
y1

�
þ Li2

�
−
s1
y2

�

− Li2

�
−
s2
y1

�
þ Li2ð−

s2
y2
Þ þ Li2

�
sW − 1

y1

�
þ Li2

�
y2

sW − 1

�

þ logðrÞ log
�
y1ðry2 þ 1Þ2ðry1 − sW þ 1Þ
y22ðry1 þ 1Þ2ðry2 − sW þ 1Þ

�
þ logðs1Þ log

�ðs1 þ y2Þðs2 þ y1Þ
ðs1 þ y1Þðs2 þ y2Þ

�

þ logðsW − 1Þ log
�
rð−sW þ y1 þ 1Þðry2 − sW þ 1Þ
ð−sW þ y2 þ 1Þðry1 − sW þ 1Þ

�
−
1

2
log2ðrÞ

þ iπ log
�ð−sW þ y2 þ 1Þðry1 − sW þ 1Þ
ð−sW þ y1 þ 1Þðry2 − sW þ 1Þ

��
; ðB34Þ

where r, s1 and s2 are given in Eq. (B31) and

y1 ¼
1

4

� ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4

tW

s
− 1

��
−hW − ðsW − 1ÞtW

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4

tW

s

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t2WðsW − 1Þ2 − 2tWð2s2W − hWsW þ hWÞ þ h2W

q �
; ðB35Þ

y2 ¼
1

4

� ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4

tW

s
− 1

��
−hW − ðsW − 1ÞtW

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4

tW

s

−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t2WðsW − 1Þ2 − 2tWð2s2W − hWsW þ hWÞ þ h2W

q �
: ðB36Þ

The four-point integralD0ð0; 0; 0; m2
h; s; u;m

2
Z; 0; 0; m

2
ZÞ, which appears in Eqs. (2.19) and (2.20), corresponds to the one

given in Eq. (4.37) of Ref. [23] and also in Eq. (4.13) of Ref. [25]. It has a collinear singularity. After the analytic
continuation procedure for both dilogarithms and logarithms [23], we obtain

D0ð0; 0; 0; m2
h; s; u;m

2
Z; 0; 0; m

2
ZÞ ¼ D0ð0; 0; m2

h; 0; s; u; 0; 0; m
2
Z;m

2
ZÞ

¼ 1

su −m2
Zðsþ uÞ

��
4πμ2

m2
Z

�
ϵ

e−ϵγE ×
1

ϵ
½−½logðsZ − 1Þ − iπ� − logð1 − uZÞ�

þ 2Li2

�
sZ − 1

sZ

�
− 2Li2

�
−

uZ
1 − uZ

�
− 2Li2

�
1

ð1 − sZÞð1 − uZÞ
�

þ Li2

�
−

xZþ

xZ−
ð1 − sZÞ

�
þ Li2

�
−

xZ−

xZþð1 − sZÞ
�
þ Li2

�
1þ xZþð1 − uZÞ

xZ−

�
þ Li2

�
1þ xZ−

ð1 − uZÞ
xZþ

�

þ log2
�

sZ
sZ − 1

�
þ 2 logððsZ − 1Þð1 − uZÞÞ log

�
sZ þ uZ − uZsZ
ðsZ − 1Þð1 − uZÞ

�
þ 2 logðsZ − 1Þ logð1 − uZÞ

þ log2ð1 − uZÞ þ log

�
1þ xZþ

xZ−
ð1 − sZÞ

��
log

�
−
xZþ

xZ−

�
− logðsZ − 1Þ

�

þ log

�
1þ xZ−

xZþð1 − sZÞ
��

log

�
−
xZ−

xZþ

�
− logðsZ − 1Þ

�
−
2π2

3

þ iπ

�
2 log

�
sZ

sZ þ uZ − uZsZ

�
þ log

�
1þ xZþ

xZ−
ð1 − sZÞ

�
þ log

�
1þ xZ−

xZþð1 − sZÞ
���

: ðB37Þ
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APPENDIX C: INTERFERENCE TERMS

We write down the contributions from the interference terms of
P

final electron spinjAðPe; PpÞj2,X
spin

½A�
γγðPe; PγÞAZγðPe; PγÞ þ AγγðPe; PγÞA�

ZγðPe; PγÞ�

¼
�
e2g2

16π2

�
2
�

−2
t −m2

Z

�
FγγFZγ

�
ðfZe þ PeÞ

s2 þ u2

ðsþ uÞ2 þ PγðfZePe þ 1Þ
�
1 −

2u
sþ u

��
; ðC1Þ

X
spin

½A�
γγðPe; PγÞAWνeðPe; PγÞ þ AγγðPe; PγÞA�

Wνe
ðPe; PγÞ�

¼
�
e2g2

16π2

�
2 −mW

2
Fγγð1 − PeÞ

1

sþ u

× f−s Re½SWνe
ðk1Þ ðs; t; m2

h; m
2
WÞ� þ uRe½SWνe

ðk0
1
Þ ðs; t; m2

h; m
2
WÞ�

þ Pγðs Re½SWνe
ðk1Þ ðs; t; m2

h;m
2
WÞ� þ uRe½SWνe

ðk0
1
Þ ðs; t; m2

h; m
2
WÞ�Þg; ðC2Þ

X
spin

½A�
γγðPe; PγÞAZeðPe; PγÞ þ AγγðPe; PγÞA�

ZeðPe; PγÞ�

¼
�
e2g2

16π2

�
2
�
−

mZ

8cos3θW

�
1

sþ u
Fγγ

× fðf2Ze þ 2PefZe þ 1Þfs Re½SZeðk1Þðs; t; m2
h; m

2
ZÞ� − uRe½SZeðk0

1
Þðs; t; m2

h; m
2
ZÞ�g

þ PγðPef2Ze þ 2fZe þ PeÞfs Re½SZeðk1Þðs; t; m2
h; m

2
ZÞ� þ uRe½SZeðk0

1
Þðs; t; m2

h; m
2
ZÞ�gg; ðC3Þ

X
spin

½A�
ZγðPe; PγÞAWνeðPe; PγÞ þ AZγðPe; PγÞA�

Wνe
ðPe; PγÞ�

¼
�

eg3

16π2

�
2 mW

2

�
−t

t −m2
Z

�
ð1 − PeÞðfZe − 1ÞFZγ

1

sþ u

× f−s Re½SWνe
ðk1Þ ðs; t; m2

h; m
2
WÞ� þ uRe½SWνe

ðk0
1
Þ ðs; t; m2

h; m
2
WÞ�

þ Pγfs Re½SWνe
ðk1Þ ðs; t; m2

h; m
2
WÞ� þ uRe½SWνe

ðk0
1
Þ ðs; t; m2

h; m
2
WÞ�gg; ðC4Þ

X
spin

½A�
ZγðPe; PγÞAZeðPe; PγÞ þ AZγðPe; PγÞA�

ZeðPe; PγÞ�

¼
�

eg3

16π2

�
2
�
−

mZ

16cos3θW

��
1

t −m2
Z

�
FZγ

2t
sþ u

× fðf3Ze þ 3f2ZePe þ 3fZe þ PeÞfsRe½SZeðk1Þðs; t; m2
h; m

2
ZÞ� − u Re½SZeðk0

1
Þðs; t; m2

h;m
2
ZÞ�g

þ Pγðf3ZePe þ 3f2Ze þ 3fZePe þ 1Þfs Re½SZeðk1Þðs; t; m2
h; m

2
ZÞ� þ uRe½SZeðk0

1
Þðs; t; m2

h; m
2
ZÞ�gg; ðC5Þ

X
spin

½A�
Wνe

ðPe; PγÞAZeðPe; PγÞ þ AWνeðPe; PγÞA�
ZeðPe; PγÞ�

¼
�

eg3

16π2

�
2mW

4

�
−

mZ

16cos3θW

�
ð1 − PeÞðfZe − 1Þ2ð−2tÞ

× fRef½SWνe
ðk1Þ ðs; t; m2

h; m
2
WÞ�½SZeðk1Þðs; t; m2

h; m
2
ZÞ�� þ ½SWνe

ðk0
1
Þ ðs; t; m2

h; m
2
WÞ�½SZeðk0

1
Þðs; t; m2

h; m
2
ZÞ��g

þ PγRef−½SWνe
ðk1Þ ðs; t; m2

h; m
2
WÞ�½SZeðk1Þðs; t; m2

h; m
2
ZÞ��

þ ½SWνe
ðk0

1
Þ ðs; t; m2

h; m
2
WÞ�½SZeðk0

1
Þðs; t; m2

h; m
2
ZÞ��gg: ðC6Þ
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With the fact that SWνe
ðk0

1
Þ and S

Ze
ðk0

1
Þ vanish as u → 0, it is easy to see that the contributions from the interference terms reduce to

zero as u → 0 when PePγ ¼ −1.
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