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We investigate the Standard Model Higgs boson production in e~y collisions. The electroweak one-loop
contributions to the scattering amplitude for e”y — e~ H are calculated and expressed in analytical form.
We analyze the cross section for the Higgs boson production in e~y collisions for each combination of
polarizations of the initial electron and photon beams. The feasibility of observing the Higgs boson in the

e~ +7y — e + b+ b 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 e*e™ collider, which offers much
cleaner experimental collisions, is attracting growing
attention [3]. Along with an e*e™ collider, other options
such as e7e¢”, e7y and yy 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 ete™ collider and may stand as a potential
candidate before positron sources with high intensity are
available. The e~y and yy 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 e7y collider.! We examine the
reaction e"y — 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 y*y —
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
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cross section in e~y 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~y 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"y — ¢~ H in the
center-of-mass energy range +/s = (0.5-2) TeV and
mj, = (80-700) GeV. Comparing their results (at /s =
500 GeV and m;, = 120 GeV) with ours (at /s =
500 GeV and m;, = 125 GeV), we found some differences
between the two. At the one-loop level in the electroweak
interaction, four groups of Feynman diagrams, “y*y,”
“Z*y) “Wu,,” and “Ze” (which are defined in Sec. II),
contribute to the reaction e”y — e~ H. Although their result
on the “y*y” contribution is consistent with ours, the
contributions from “Z*y” and “Wwv,” were predicted to
be much less than ours. Indeed, it was reported in Ref. [10]
that the “y*y” 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*y”
contribution becomes approximately of the same magni-
tude as the one from “y*y” at /s = 500 GeV. Also, for the
case when the initial electron beam is left-handed, the
“Wv,” contribution prevails over the “y*y” at
/s =500 GeV. We will show that the interferences
between “y*y” and “Z*y” and between “y*y” and “Wuv,,”
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.

© 2014 American Physical Society
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In the next section, we classify the one-loop diagrams for
the reaction e"y — 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"y — ¢~ 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~y
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~y COLLISIONS

We analyze the Higgs production in a e~ and real y
collision experiment,
e (ki) +r(ky) — e (k) + H(py). (2.1)

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

FIG. 1. y*y fusion diagrams: top-quark loop contributions.
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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: y*y fusion
diagrams (Figs. 1 and 2), Z*y fusion diagrams, “Wuv,”
diagrams (Fig. 3) and “Ze” diagrams (Fig. 4).
Smce ko is the momentum of a real photon, we have
=0 and k’eﬂ(kz) =0, where €4(ky) is the photon
polanzatlon vector. We set g = k; — k. Assuming that
electrons are massless so that k3 = k|2 = 0, we introduce
the following Mandelstam Varlables

s = (ki + ky)* = 2k - ks,

t=(kj —k))? =q*> = =2k, - k], (2.2)

u=(ky—pp)?=-2kl-ky=ml—s—1, (2.3)

where p? = m} with my, being the Higgs boson mass.

A. Virtual photon-real photon fusion diagrams

Charged fermions and the W boson contribute to the one-
loop y*y fusion diagrams. Note that one of the two y’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
y*y 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 y*y fusion diagrams to the gauge-invariant scat-
tering amplitude as follows:

= (o) k] (9 - 25 k)

(2.4)

2m?
F, = mw’ N Q787 (t.m7, my)

- mWSJ(/yW)(tv iy, m%),
(2.5)

where e and g are the electromagnetic and weak gauge

couplings, respectively, and N, = 3 and Q, = 2. S{y) and

FIG. 2.

y*y fusion diagrams: W-boson loop contributions.
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ng) 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 B, and three-point integrals
Co [13],

2t
S{;)(I, mi,m3) =2 +———[Bo(mj; m}, m})
m; —t
— By(t;m?, m?)] + {4m? — m} + 1}

. 2 2
x Co(m3,0,t;m?, m?, m?),

(2.6)

2 2
mj, —1  myt

2 4
my  2my

SKV)(t, myy,my) =6+

1(12my, + 2m3,(m3 — 1) — my1)
2mf, (m3 — 1)

X [Bo(my; my,, my,) — Bo(t; miy,, miy,)]

2t
+ {g + 12m}, — 6m2 + 6t}
mW

2 L2 2
x Co(my,, 0, t; my,, my,, my,),

(2.7)
where m, and my, are the top-quark and W-boson masses,
respectively. The explicit expressions of the relevant By’s
and Cy’s are given in Appendix B. The two-point integrals
B have ultraviolet divergences, but the B, in Egs. (2.6) and
(2.7) appear in pairs and the differences are finite with the
ultraviolet divergences being cancelled out. The integrals
Cy in Egs. (2.6) and (2.7) are finite. Therefore, S}(’;) and
S{tv) give finite results.

A dimensionless quantity G, (1) = F,,(t)/ (2m ) may be

considered as a transition form factor of the Higgs boson. In
the limit  — 0, G,, () reduces to

GV}'(O) = NchzFl/Z + Flv (28)

where Fy,, and F are the top-quark and W-boson loop
contributions to the H — yy decay amplitude [14]. They are
given, for example, in Eq. (2.17) of Ref. [15]. The W-boson
contribution [myy Sy, | is much larger in magnitude than the

- NCQ?S}(';)| and grows with —r.
Thus, ny(t), the sum of the top-quark and W-boson
contributions grows with —t. Actually, it grows as
log for large —t.

B. Z boson-real photon fusion diagrams

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

PHYSICAL REVIEW D 90, 033015 (2014)

the charged fermion loop diagrams. We calculate the
contribution from the Z*y fusion diagrams and obtain,

e 3
= () W e+ )

16 my

2k5q”
<g”ﬂ— >€/3(k2)sz (2.9)
mj, —
with
my

Fz, = _W cQtht (f mg, mj)

m

+—WS(W)(1, mw, mh), (210)

4

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

8
fZe — —1 + 4Sin29W, th — 1 - g Sinzew, (21 1)
with 0y, 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
S(Zy)(h m%, m]%l) = S{y)(t’ mt27 m%t)’
S(Zy)(t m3,, mi) = S’{y (8 miy, ml). (2.12)
C. “Wv,” 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~y collisions. They yield
the “Wv,” amplitude which is written in the following form:

Aw, = (fg’ ) )1 = sl el .
(2.13)

FIG. 3. “Wuv,” diagrams.
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where the factor (1 — y5) is due to the e-v-W vertex. Thus, when the electron beams are right-handedly polarized, these “Wwv,”
diagrams do not contribute. The factor Fy,, s is written in a gauge-invariant form as

2ky ko Wu 2K, ko Wy,
Fungn = (22 gy st tmiomy) + (S22 47 ) Sty (214

where § (V,ZID) and S(V,‘?’ j are expressed in terms of the scalar integrals B, Cy and the scalar four-point integrals D, as follows:
1

(2miyy + mj)s
7 +
2my(s+u)  (s+1)
st(2m}, + m3)
2miy (s +u)?

Wu,
St (5.1, mi, mi,) =

[Bo(mis miy, miy) = Bo(u; 0, miy )]

[Bo(my; miy, miy) — Bo(t; miy,, miy )]

2 2
- - t
+ MCO(O, 0, s;m3%,, m3,0) — M(mW—_J_SHCO(O, 0, u;m3,, m3,,0)
s
(myy = s)(t + u)

t
—;CO(O,O, t; m%V,O, m%v) + CO(O,s,m%;m%V,O,m%V)

st
(s =25t —12)(—=m3, + s +1)

_ porp t)W Co(0,u, m?;m%,, 0, m¥,)

N =2m, (s +u)? +m3y (25> + s> (3t + 4u) + 2su(t + u) + tu®) — s*t(s — t + u)

m,st(s + u)

2.2 2 2
x Co(0, t, my; my,, my,, my,)

N (m%, — s)(m%, (s + u) + st)

Dy(0,0,0,m3; s, t; myy, m3,, 0, my)

st
i — m3 (s — 1)+ 2mu) +1 t
+<mW(S+u) miy (s —I—S(? ) +2tu) + tu(s + ))DO(O,O,O,m,zz;t, u;m%‘,,o,m%‘,,mz ). (2.15)
s
and
” 2m3, 4+ m2)u 2
$1f o1 ) = — G L [Bo(oms iy ) = Bo(s:.0. )]

2 (s+u) (4w
 tu(2miy + mj)
2miy (s + u)?
N s(=m3, + 1+ u)
tu

[Bo(miy: my. my) = Bo(t: miy, miy )]

2 _
Co(0,0, s;m3%,, m3,,0) —MCO(O, 0, u;m3,, m3,,0)
u? = 2tu — 1) (—m¥, + t + u)

tu(t + u)

t
—I—;CO(O,O, f; m%V,O, m%‘,) —|—( CO(O,s,m%;mﬁ,,O,mﬁ,)

B (m%, —u)(s + 1)
tu
4 22 93 2 2 2(g—
+2mW(s—§-u) miy (2u’ + u? (3t + 4s) + 2su(s + t) + s°t) + tu*(s —t + u)
mtu(s + u)

2.2 2
Co(0, u, mj; my,, 0, my,)

2.0 0 0
x Co(0, t, mj,; my,, my,, my,)

2 2
- t
_ (myy u)(m‘;,u(s—ku) + u)DO(O,O,O,mﬁ;t,u;m%V,O,m%V,m%V)

4 —m3,(s(2t —t t(t
_(mW(s+u) iy (s —i—tz)—f—u(u ))+S(+u))D0(O,O,0,m%;s,t;m%v,m%V,O,m%V). (2.16)

The explicit expressions of By, Cy and D, are given in Appendix B. The integrals C and D, in Eqs. (2.15) and (2.16) are all

finite. Again, the integrals B appear in pairs and the differences yield finite results. In the end, SB:’)“ and S(“,?’g are finite.
1

W,

Finally we note that S *) vanishes at # = 0, which is anticipated from the expression of the second term in Eq. (2.14).
1
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K kl; p

FIG. 4.

D. “Ze” one-loop diagrams

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

A, — 693 mz
Ze = \16x2 16cos*8y,

X [@(k))F (ze)p(fze +75)?u(ky)]e(ky)P,

(2.17)
|

2

St (s, t.mj m3) = —

—

+

N

1)

(m%(=s% + 2st + 12) + 53 — 51?)

[Bo(miy; m7. m7) = Bo(u; 0, m3)]

st(s+1)

(m3

+ [m%(s + u) — sulDy(0,0,0, m2; s, u; m%,0,0,m%)},

and

s%

7 (5. 1.3 m3) =

(t+u)
(m% (£ + 2tu — u?) — Pu + u?)
tu(t + u)

(7 — u)

+ [m% (s + u) — sulDy(0,0,0,m3; s, u; m%,0,0,m%)}.

The explicit expressions of the scalar integrals By, Cy
and D, which appear in Egs. (2.19) and (2.20) are
given in Appendix B. The integrals Cy(0, s, m2; m%,0, m%)
and Cy(0, u, m3;m%,0,m%) are finite. On the other hand,
collinear singularities appear in Cy(0,0,s;m%,0,0),
Co(0,0, u; m%,0,0)
D(0,0,0,m?;5,u;m%,0,0,m%). These collinear divergences

and in the four-point integral

[Bo(mi; m3. m%) — By(s;0, m3)] +

PHYSICAL REVIEW D 90, 033015 (2014)

“Ze” diagrams.

where the factor (f,, +ys)> arises from the Z-boson
coupling to electrons. The factor F(z,., is written in a
gauge-invariant form as

2k, Ky
F(Ze)ﬁ = < ; —)/ﬁ>S(Z,§)(S,t,m/21,m%)

2K ko ) .
+< u +]//3>S<ke/l)(s,t,mh,m ), (2.18)

where

_(mz =)t +u)

" Co(0, s, m3; m%,0, m%)

2.2 2
Co(0, u, my;; m3,0,m3)

— S)
+ Zsit {sC(0,0,53m%,0,0) + uCy(0,0,u; m%,0,0)

(2.19)

(mZ —u)(s+1)

P Co(0, u, m,zl; m%, 0, m%)

2.2 2
Co(0, s, my;m3,0,m3)

{5Cy(0,0, s3m%,0,0) + uCy(0,0, u; m%,0,0)

(2.20)

|
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 Egs. (2.19) and (2.20) and, as a result,
their collinear divergences cancel out. Thus S(Zkel) and

S(Zk‘i) are both finite. Note also that S(Z,j) vanishes at
1 1
u=20.
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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 P, =
+1 and P, = +1, respectively.2 The differential cross
section for e”y — ¢~ H with the initial electron and photon
polarizations P, and P, is expressed by,

do—(ey—wH)(sv Pe’ Py)
dt

 16xs?

where A(P,, P,) is written at the one-loop level as

>

final electron spin

|A<P6,Py>2}, (1)

A<Peva> = Ay}/<Peva> +AZy(PevP7)

+Aw,, (P..P,) + Az (P,.P,). (3.2)

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

2

t= —%(1 —cosf),
s—m2
u:—Th(l—i—cose), (3.3)

where @ is the angle between the initial and scattered
electrons. We are dealing with e~y 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
A(P,,P,) should vanish at & = 0. Hence, apart from the
photon propagator which appears as % an overall factor ¢
arises in the differential cross section. Also when the
electron is scattered in the backward direction, the ampli-
tude A(P,, P,) with P,P, = —1 should vanish at @ = 7 due
to the angular momentum conservation. Hence the differ-
ential cross section for the initial beams with P, P, = —1
vanishes as u — 0 (or t = f, = m2 — s).

|

PHYSICAL REVIEW D 90, 033015 (2014)

When an initial electron is polarized with polarization
P,, we modify u(k,) as

1+Pe7/5
- — U

u(ky) )

(k1). (3.4)

In the center-of-mass frame where a photon with momen-
tum k, is moving in the +z direction, the circular
polarization (P, = +1) of the photon is taken to be

1 .
e(ky, £1), = ﬁ(o, T1.-i,0).

In this frame, the momenta k5, k; and k| are expressed as

(3.5)

K :%E(l,o,o, ., K :§<1,0,0,—1),

o S—mi, o

K ——\/_ (1,sin @ cos ¢, sin @ sin ¢, — cos ), (3.6)
s

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

i

1
e(ky, £1)ge(ky, £1) 5= ——Qaﬂiz

) (galgﬁZ - gazg/ﬂ)- (3-7)

With €123 = [, we obtain in this frame

1
{127 — (1, 224 ey o, Ky, = = .

e K = %t. (3.8)

Using Eqgs. (3.4)=(3.8), we evaluate ) g.iclectronspin ¥
|A(P,.P,)|* and obtain the differential cross section for
e"y — e~ H for each case of polarizations of the electron
and photon beams. In order to see the relative contributions
from y*y fusion, Z*y fusion, and the “Wy,” and “Ze”
diagrams, we evaluate the differential cross section given in
Eq. (3.1) by replacing A(P,,P,) with A, (P, P,),
Az, (P,.P,), Ay, (P..P,) and Ay (P,,P,), respectively.
We obtain

Aoy (s, P, P,) 1 e3g\2 s+ u? 2u
— ——|F,>? PP,|1- , 3.9
dt 167s> \ 1672 " (s+u)2+ e s+u (3.9)
doz)(s.Pe.Py) 1 (e \> -t .,
dt T l6mst \1672) (1—m2)2 7
2 2
+u 2u
) D2 P (P f2, +2f g+ P (1 - 3.10
{2t 0 s 2 ) (1- 20 G

*For the cases of full polarization, we note that P, = 2 x electron helicity and P, = photon helicity.
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FIG. 5 (color online). The differential cross section for Higgs boson production do(,,—..x)/d (1/ m%) (black solid line) together with
do(,,)/d(t/mj) (blue dashed line), do(z,)/dt (red dotted line), doy,,)/d(t/mj) (green dot-dashed line) and doz,)/d(t/mj,) (orange
thin solid line) as a function of —#/mj, with /s = 200 GeV for four cases of polarizations of the initial electron and photon beams,
(P, =+1,P,=+1), (P,=+1,P,=~1), (P, ==1,P, = +1) and (P, = ~1,P, = —1). In the plot of (P, =+1,P, = —1),
do(z,)/dt is too small and is out of the plot range.

dG(WVe)(S’PwP) 1 693 2 mj Wy, W,
i = 1eat \ter2) 8 (OO0 PSRt mi)P 5 1S5 s o i P

Wu, W,
+ PV[_|S(1<I,/) (s. 2, mij, my)|* + |S(k?) (s, 2. mj, miy ) *1}, (3.11)

dG(Ze) (S’Pwpy) _ 1 693 2 mgz 2(—t)
dt 165> \167>) \16cos*0y,

X {(fhe 4P f3 + 6F% + 4P f 7+ V)ISZ (s tommB) [ 4 (87 (5.1, m3) )
P (Pofbe +8F3 +6Puf3, +4f 70 + PLIISE (s, m2, m3)P

= 1SG) (s, t.m m7)PI}. (3.12)

|

When the initial electron is right-handed (P, = +1), there ~ Az, (P,, P,). The expressions of the six interference terms
is no contribution from the “Wuv,” diagrams and we indeed ~ are given in Appendix C.

see that do(s, P, = +1.P, )y, /dt = 0. Also using the Now we analyze numerically the differential cross
‘ v (Wee) section do (.. (s, P, P,)/dt together with the other

four differential cross sections given in Egs. (3.9)—
the above four differential cross sections reduce to zero as  (3.12). We choose the mass parameters and the coupling
u — 0 for the case P,P, = —1. In order to examine the ~ constants as follows:

differential cross section for ey — ¢~ H given in Eq. (3.1),

fact that SZZ,”)E and S<Z,f,) vanish at u = 0, we find that
1 1

. =125 GeV, =173 GeV,
we need to evaluate the interference terms among the four " ¢ " ¢

amplitUdeS AV}’(PE’PV)’ AZy(Pe’P}’)’ AWIJe (P€7P]/) and mZ - 91 GCV, mW - 80 GBV, (313)
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FIG. 6 (color online). The differential cross section for Higgs boson production do,,_..r)/d(t/ m?) (black solid line) together with
do(,,)/d(t/m3) (blue dashed line), doz,/d(t/m}) (red dotted line), doyy,,)/d(t/m3) (green dot-dashed line) and doz,)/d(t/m3)
(orange thin solid line) as a function of —7/m3 with /s = 400 GeV for four cases of polarizations of the initial electron and photon
beams, (P, = +1,P, = +1), (P, = +1,P, = -1), (P, = =1,P, = +1) and (P, = —1,P, = —1). In the plots of (P, = +1,P, =
—1) and (P, = =1,P, = +1), do(z./dt is too small and is out of the plot range.

My » 4z e
O = —— =4 = —, = — .
o my’ ¢ lem = 728 9= Sin Ow
(3.14)

The electromagnetic constant e is chosen to be the value at
the scale of m,. We plot these differential cross sections as
a function of —7/m7 in Fig. 5 and Fig. 6 for the cases
Vs =200 GeV and /s =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 P,P, = —1. In such cases, the terms
with dominant |S(Zkel | (s,t,m%, m%)|? in Eq. (3.12) cancel out
E

and \S(Zke,l)(s, t,m7, m%)|* vanishes as u — 0 (or t — t,,, =

mﬁ — 5). Also we see that when P,P, = —1 all the graphs
indeed diminish as u — 0.

For the case of polarizations P, = —1 and P, = *1, a
dominant contribution at smaller |¢|, more specifically, up
to —t/m? = 1, comes from the y*y fusion diagrams. This is
due to the factor (—1/¢) in the expression (3.9) for
do,,)/dt, which arises as (—1) x (1/#*) with 1/t coming
from the photon propagator. For 1 < —t/m3 < 1.5, the
contributions to the differential cross section from y*y

fusion, Z*y fusion and “Wv,” diagrams become of the same
order, and at —¢/ m% > 1.5 (see Fig. 6), the contribution of
“Wuv,” diagrams prevails over the other two, since “Wv,”
diagrams do not have propagator factors such as 1/ and
1/(t —m%). For P, = -1 and P, = +£1, the interference
between A,, and Ay, works constructively, while the one
between A,, and Ay, works destructively and its effect
becomes large at —t/ m%l > 1.5. Thus the values of
do(ey—.n)/dt become smaller than those of do(,,/dt,
do(z,)/dt and doy,,)/dt (see Fig. 6).

For the electron polarization P, = +1, no contribution
comes from “Wuv,” diagrams. The interference between A,
and Az, for P, = +1 and P, = £1 works destructively and
its effect is large even for small —7/m3}. Therefore,
do(ey—.n)/dt decreases rather rapidly as —t/ m? increases.

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

do'e —eH (SaPeaP)
Oleymetn) (5, Pes Py) = / dr >dt v,

cut

(3.15)

It is known that the forward and backward directions in an
e~y collider are blind spots for the detection of scattered
particles. So we set kinematical cuts for the scattered
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Vs [GeV]

Higgs boson production cross section 6 ,,_..x) (black solid line), together with o(,,) (blue dashed line), oz,

(red dotted line), oy, (green dot-dashed line) and 6z, (orange thin solid line) as a function of \/s for four cases of polarizations
of the initial electron and photon beams, (P, = +1,P, = +1), (P, = +1,P, = -1), (P, = -1,P, = +1) and (P, = —-1,P, = —1).
The kinematical cut is chosen such that the allowed angle 6 of the scattered electron in the CM frame is 10° < 8 < 170°.

electron in e~y collisions. We choose the allowed region of
0 in the CM frame given in Eq. (3.3) as 10° <0 < 170°,
which leads to the integration range of ¢ in Eq. (3.15)
as (=s+mj —toy) <1<ty With 1 = =5 (s —m3)x
(I —cos 10°). We find that the imposition of kinematical
cuts reduces the contribution of y*y fusion diagrams but has
almost no effect on the contributions of the other Z*y
fusion, “Wv,” and “Ze” diagrams.

Similarly we define o, (s, P,, P],), a(zy)(s, P,, Py),
owy,) (s, P, P,) and 6z, (s, P,, P,) by integrating the
expressions given in Egs. (3.9)—(3.12) over . We plot
these cross sections in Fig. 7 as a function of /s(y/s >
130 GeV) for each case of polarizations of the electron
and photon beams. The detailed behaviors of
O(ey—etr) (S, Pe, Py) in linear scale are summarized in
Fig. 8. For the case P,P, = —1, the Higgs boson produc-
tion Cross section o, _,.p) is very small at Vs =130 GeV,
since the integration range of ¢ is small and the differential
cross section vanishes as ¢ — f,;,. The cross section
O(ey—en) (8, P = =1, P, = +1) rises gradually up to about

fb, while o(,cn(s.P, = +1,P, = —1) increases
rather slowly up to 0.4 fb. This is due to the interference
between A, and Az, which acts constructively for
(P, =—1,P,=+1) but destructively for (P, = +1,
Py = —1). For the case PePy = +1, the cross section
O (ey—er) 18 about 2 fb at /s = 130 GeV. The cross section
O (ey—er) (5, Pe = =1, P, = —1) rises above 3 fb around

\/s =200 GeV and then gradually decreases as +/s
increases. This is due to the destructive interference
between Ay, and A,, and between Ay, and Ay, in the
range of large —t. Again the destructive interference
between A,, and Ay, is responsible for the decrease of
O(ey—ser)($, Pe = +1, P, = +1) as /s increases.

4 LN S S S EL S S S S I S S S S S S S S R L R R |
I (Pe==1, P,=-1)
3t ]
9 (Po=-1, P,=+1) ]
5 N (Pe=+1, Py=+1) PPt L i
~.~~~. ”’¢’
~~.. ,/
1+ o i
',/ ..........
e LT
(P=tl, Py=-l) eesmeasa
0 L S S S S S S S S S S S |
100 200 300 400 500 600
Vs [GeV]
FIG. 8. Higgs boson  production  cross  section

O(ey—en) (5, P, P,) for the cases of (P, = —1,P, = —1) (thick
solid line), (P, = —1, P, = +1) (dashed line), (P, = +1,P, =
+1) (dotted line) and (P, = +1, P, = —1) (thin solid line). The
kinematical cut is chosen such that the allowed angle € of the
scattered electron in the center-of-mass frame is 10° < 8 < 170°.
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IV. ANALYSIS OF HIGGS BOSON PRODUCTION
IN e~y COLLISIONS

A high-intensity photon beam can be produced by laser
light backward scattering off a high-energy electron beam,
€ YLaser — €77, Wwhere 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 (P, ==+) and laser photon
(Ppaser = £). 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 (P, = +1), is given by [17]

1 doc na?

1
——= +1—y—4r(1-r)
oc dy 2Ee2ELaser6C |:1 -y

+Pe2PLaserrx(1 —2r)(2—y):| s (41)

where E,, and Ej ., are the energies of the initial electron
and laser photon, respectively, o is the total cross section
of Compton scattering and y = - with  being the energy

of the scattered photon. The variable r is defined as

F En=125 GeV, Epyer=2.33¢V ]
L (Ey=250 GeV, Epyu=1.17¢V) ]

— —

(=2}

w

4F ]

FIG. 9 (color online). The energy spectra of the scattered
photons as a function of y= E"—’z for the cases of
(Eraer =233 eV, E,, =125GeV) and (Epge = 1.17 €V,
E,, =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 (P, P . = —1) and the same polariza-
tions (P Pyaer = +1), respectively. The dashed and dotted
curves show the helicity-flip (P, = —Pp,) and helicity-
non-flip (P, = Prusr) components of the scattered photon,
respectively, and the solid curves represent the sum of the two.

PHYSICAL REVIEW D 90, 033015 (2014)
4E E
_ y 7 with x = e2 2Laser ’
X (1 =y ) my
where m, is the electron mass. The maximum value of y is
given by

r (4.2)

X

o (4.3)

Ymax =

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 e*e™ 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 = 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 (P, Pjar = —1) and the same
polarizations (P, Py .r = +1), 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 P, 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 (P, = —Py,,) and helicity-non-flip
(P, = Pyyser) 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 = Ymax, 18 obtained when P, P} ,or = —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 P, is the opposite of Py . Therefore, we
are particularly interested in the spectrum for the case
P, Py = —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~y collider with high

polarization. Dividing the energy spectrum of the scattered
1 do,
o dy

N(y.Ee2, Epaser» Peos Praser» P,) depending on its helicity
P,, the Higgs boson production cross section for e”y —
e H in an e~ e~ collider, whose beam energies are E,; and
E,, and polarizations are P,; and P,,, is expressed as’

photon, given in Eq. (4.1), into two pieces

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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Geycollision(sew ELasen Pel ’ PeZ’ PLaser) = Z / dyN(.y’ EeZv ELaserv PeZv PLasew P}/)G(ey—wH)(s’ Pel ’ Py)v (44)
Py

where 6(oycm) (s, P1, P,) is given in Eq. (3.15) with P,
replaced by P,;, and s,, is the CM energy squared of the
two initial electron beams and is related to s as s = ys,,.
The integration range of y is given by yin < v < Yax With
Ymin = 0.25(0.0625) for the case E,,(= E,;) = 125 GeV
(250 GeV).

A feasible channel to observe the SM Higgs boson
with mass 125 GeV is bb decay, since it has a large
branching ratio. We analyze the cross section of the
Higgs boson production through the bb decay channel,
e+y—e+H—e+b+b The energy spectrum
of the photon beam is given by N(y,E,, Ef e
Py, Plysers P,) Wwith Py,yPpy. = —1. We consider the
two cases (1) FEpger =2.33eV, E,, =125 GeV and
(1) Epger = 1.17 eV, E,, =250 GeV. Both cases give
the same spectrum. Note that we take the case P, P} yor =
—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

|

cht(Pel = =1, Pryser = 1) > cht(Pel =

> cht(Pel =

for /5., =250 GeV. The Monte Carlo results on oy
given in Table I confirm our expectation.

On the other hand, the Monte Carlo results for the case
VSee =500 GeV  show 6oy (Py) = =1, Pyser = —1) >
Ocu(Pe1 = =1, Praser = 1) and oy (P =1, Pryser =1) >
Ocut(Pe1 =1,Praer =—1). The changes in the order of
the sizes of the cross sections are explained as follows.
For /5,,=500GeV, we obtain y;;=0.0625, yn,c = 0.82,

TABLE 1. Higgs boson production cross section and signifi-
cance in an e~y collision in an e~e~ collider for the cases
() Epaser =2.33 €V, E, =125 GeV, /s, =250 GeV and
() Epger = 1.17 eV, E, =250 GeV, /s, =500 GeV, and
for each combination of polarizations P,; and Py, Peo 1S
chosen to be —Py 4¢;-

\/E GeV Pel PLaser Ocut b S/\/E
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

[
scattered electron and b(b) quarks are chosen such
that the allowed regions are 10° <@, <170° and
10° < 0,3 < 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 o, for the cases ./s,, =
250 GeV and /5., = 500 GeV and for each combination

of polarizations P,; and Py, In the case ./s,, =
250 GeV (and thus E,, =125 GeV), we obtain
Ymin = 025, ypa = 0.82,  and VSmax = /YmaxSee =

226 GeV. Hence the cross section o(.,_ep) (S, Pe1, P,y)
with s < s, 18 convolved with the photon energy spec-
trum in Eq. (4.4). The behaviors of o(,,_.p) (s, P., P,) for
various polarizations P, and P, with \/s below 226 GeV
which are shown in Fig. 8 and the fact that the helicity-
flipped (P, = — Py 45) component (the dashed blue curve)
has a peak at y = y,,,,, and dominates the spectrum region
0.5 <y < ymax (see Fig. 9) lead to the expectation

_lvPLaser = _1)
1, Praser = _1) > Ucut(Pe] =1, Pryser = 1)’

|

and /sy = 452 GeV. Figure 9 tells us that the helicity-
conserving component (the dotted blue curve) dominates
in the small y region, i.e., Y., <y <0.5. And we see
from Fig. 8 that both o(,_.p(s, P, =—1,P, =—1)
and 6(,y—cp)(s, P, = 1, P, = 1) increase as /s decreases
from /sy, These two factors give a concise account
of the results on o, for /s, =500 GeV given in
Table 1.

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=DPrR—DL (4.5)

where pp is the fraction with positive helicity and p; =
1 — pg is the fraction with negative helicity. Now we
reconsider the Higgs boson production cross section for
e"y — ¢ H in an e e~ collider when the two electron
beams have polarizations p,; and p,,. Then Eq. (4.4) is
replaced by*

*Note that P, and P, take the fixed values £1, while p,; and
D are variables with the range —1 < p,i, p., < 1.
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Gey collision (See ’ ELasen Pe1sPe2s PLaser) =
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I+p
/dy{TezN(y’EeZ’ELaser’PeZ = +1’PLaser’P7)

P,
1-p
+T(32N(y7Ee2’ELaser’Pe2 = _I’PLaser’Py)}
1+pe l_pe
X { 2 la(ey—mH)(S’Pel = +1’P}’) +TIO-(EV—WH)(S’P€1 = _1’P7>}‘ (46)

For example, setting p, = p., =-0.8 [19] and
Pl aser = +1, we obtain o, = 1.28 fb and 0.92 fb, respec-
tively, for the cases /s, =250 GeV and /s, =
500 GeV. Particularly, here we have chosen a negative
polarization for p,;. This is in order to increase the
contribution from the “Wwv,” one-loop diagrams.

We also analyze the significance S/v/B of the Higgs
boson production in e~y collisions. The bb decay channel
of the Higgs boson in e~y 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 n1,; of b and b quarks, the background will
be small in the region m,; > 120 GeV compared with the
signals of the Higgs boson production. We use GRACE to
write down all the tree Feynman diagrams for ¢ +y —
e+ b+ b and to evaluate their contributions to the back-
ground cross section. We assume that the integrated
luminosity is 250 fb~!. The significance is calculated by
taking samples in the region 120 GeV < m,; < 130 GeV
at the parton level. The results are given in Table I. Large
values of the significance are obtained for the cases of
(Pe1 Praser) = (1,=1) and (=1,1) with /5., = 250 GeV
and (P,y, Praser) = (=1, F1) with /5., = 500 GeV.

An additional background to the reaction e +y — e +
H—-e+b+b is the resolved photon process
e +y(g) = e + b + b, where the gluon content in a photon
interacts with y (and also Z) to produce a bb 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 e + y(g) = e + b + b and the direct pho-
ton process ¢ +y — e + b + b in an e~e~ collider for the

e ¢ e
.
’Y/Z§
b > b
v/Z
v b NN\ b

FIG. 10. Examples of background processes for e +y —
e+b+b.

[

case when initial electron beams and laser photons are
unpolarized. We use the gluon distribution function
f6yy(z, Q%) 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 e +y(g) — e + b + b is expressed as

.yln‘dx
A dyNunpol(yv E627 Elaser)

% / Lz g2, 0)oleg = ebb)(yse) (A7)

1 do . . .
where Nynpor (Vs Ee2s Epaser) = ac dr lunpor Which is obtained

from Eq. (4.1) by setting PP, = 0. Again we use
GRACE to write down all the tree Feynman diagrams for
e+g—e+b+b and to evaluate the cross section
o(eg — ebb). We choose Q> as —(k, —k})?> = —t for
f6yy(z,0%) and also for the running strong coupling
constant a,(Q?). Since the gluon content in a photon
accumulates in a small-z region, the invariant mass m,j
distribution of the resolved photon background cross
section is expected to become smaller as m,; 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 m,; = 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 do,/dm,j; between the
resolved photon and direct photon processes at m,; =
125 GeV  in  the case /s, =500GeV. When
V/See =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 bb at
the invariant mass around m,; = 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, c¢ pairs have larger
production cross sections than bb pairs. If the ¢¢ pairs are
misidentified as bb, they turn out to be a further back-
ground for the reaction e +y — e + H — e + b + b. This
is a reducible background and can be controllable if we
have a detector with good efficiency for b identification and
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FIG. 11 (color online). Monte Carlo results for the differential cross section do./d(t/m?) for the process ey — eH — e(bb) in e"y
collision in an e~ e~ collider for the cases (a) /5., = 250 GeV and (b) ,/s,, = 500 GeV. The blue thick, red thin, black thick dashed
and green thin dashed lines represent the results for the cases where (P,, Py ) are (=1, 1), (=1, —=1), (1, =1) and (1,1), respectively,

and P,y = =Py ager-

c rejection. We compute the rate fore +y — e+ ¢+ ¢ in
an e~ e~ collider for the case of the unpolarized electron and
photon beams. We find that do(ey — ecc)/dm.; is
larger than dog(ey — ebb)/dm,; at m. = m,; =
125 GeV by a factor of 3.2 (3.1) when ./s, =
250 GeV (/5. = 500 GeV). The effect of electric charge
difference, Q. =% and Q, =—31, 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
ey — ecc 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~y collision experiments.

Finally we show the results of our Monte Carlo analysis
on the differential cross section do.,/d(t/m3) for the
process ey — eH — e(bb) in e”y collision in an ee”
collider. In Fig. 11 we plot do,/d(t/m?) as a function of
—t/mj for the cases (a) /s, =250GeV and
(®) /See =500 GeV, and for each combination of
polarizations P,; and Pp,,.. 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 /s, =250 GeV, the helicity-flipped
(P, = —Ppaser) component dominates the photon spectrum
and with the results on do(,,_..p)/ d(t/m?) (black solid
lines) for /s =200 GeV in Fig. 5. Also these four
differential cross sections are in conformity with the
numerical values of o.,(fb) for /5., =250 GeV in
Table 1. In the case /5., = 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 do,,_.;)/d(t/mj) (black solid lines) for
\/s = 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 (P, = —1,Prae = 1) and red thin

(Py; = =1, Prygr = —1) lines near —t/m3 =3 gives an
account of the change in the order of the size for o, in
Table I. We see a sharp drop of do./d(t/m?) for the case
P, =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 P,; = 1, no contribution comes from “Wuv,”
diagrams and the interference between y*y and Z*y fusion
diagrams works destructively.

In Ref. [9], we have pointed out the transition form factor
of the Higgs boson via y*y fusion and its feasibility of
observation in e~y collision experiments. In Table I we see
rather large significances for both /s, = 250 GeV and
V/See =500 GeV in the case of P,; = —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 y*y fusion diagrams is
dominant up to —t/mi; =1 for the case of P, = —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/ m% =1

V. SUMMARY

We have investigated the SM Higgs boson production
in e~y collisions. The electroweak one-loop contributions
to the scattering amplitude for e"y — 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  do(ey—n) (s, P, P,)/dt and the cross section
O (ey—en) (8, Pe, P,) 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 y*y and Z*y fusion diagrams and between y*y
fusion and “Wwv,” diagrams, which work destructively or
constructively depending on the polarizations of the initial
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beams, are important factors affecting the behaviors of both
the differential cross section and cross section. (iii) For
P, = —1, the contribution to do(,,_,.;)/dt from y*y fusion
diagrams is dominant for —¢/ m% < 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 —¢/ m% = 1, when the left-handed electron
beam is used. (iv) The “Wwv,” diagrams do not contribute to
the reaction e”y — e~ H for P, = +1. But they take part in
the reaction for P, = —1, together with the y*y fusion and
Z*y 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 bb decay channel, e +y —
e+ H—e+b+b,inan e~y collision in an 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 v/S/B for the Higgs boson
production for both /s, =250 GeV and /5, =
500 GeV. We therefore conclude that the Higgs boson
will be clearly observed in e~y collision experiments.

As a final comment, we point out that in an e~y collider,
the photon structure functions can be measured by the

|
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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 Kk, —i k .k,
K? —m3, Juw m¥, )’ k* —m? Juw m% )’

(A1)

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

e-e-yvertex : i(—e)y,, (A2)
t-t-yvertex : i(Q,e)y,, (A3)
e-v- Wvertex : iiyﬂ(l —7s), (A4)

2V2
e-e-Zvertex : i—2 Vulfze +7s) with  fz, = —1 4+ 4sin’0y, (AS)

4cos Oy 1 ¢
Zvertex : i —2 ith £y — 1 Ssin0 A6
r-t- Vertex.zmyﬂ[fz,—%] with  fz, = —3SI0w, (A6)
Higgs - t - tvertex : — i I , (A7)
2mW

Higgs - W - Wvertex : igmyg,,. (A8)

. . gmy
H - Z - Zvertex . , A9
iggs vertex : i ™ G (A9)
Ay(ky) - Wi(ky) - Wi (ks)vertex @ —ie[(ky — k2),9, + (ko — k3) 90, + (k3 = k1),9,,], (A10)
Z, (ki) - Wi (ky) - Wy (ks)vertex : —igcos Oy[(ky — k2),9, + (ko = k3),9,1 + (k3 = k1), g3l (A11)
AM : Av ' W{t : WEVCITCX L iez [29/411911/7’ ~ Gua9up — gﬂﬂgb(l]’ (A12)
A -Z, W5 - Wjvertex : — iegcos Ow(2990p = Yua9up = GupYual (A13)

where, in Egs. (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

2mp)* " d"k
Bo(p2;M?,m§)E( ~) / 2 (B1)

in? [k —mi][(k + p)* —m3]’
(277:/4)4_" A"k
Co(p}. P} plm3 m3, m3) =~ , -
o(P1. P2, p3imi, m3, m3) i (k> = m3][(k + p))* —m3][(k + p, + py)* — m3] (B2)
(271'/1)4_" d'k
Do(p}. p3. p3. pi:sia. Sozimi.md.m3. m3) =~ |
01 PP P2 23 e ) =5 Gt =[G+ + = k= p =]

(B3)

where n = 4 — 2¢ and p is the mass scale of dimensional regularization. Note that p; + p, + p3; = 0 for the three-point
function Cy and p; + p, + p3 + ps = 0 for the four-point function D,. We evaluate these integrals for the case of the
parameters s, ¢, u, m3, m¥, and m% which satisfy the following kinematical constraints:

s> m2, —(s—m3) <t<0, —(s=m3)<u<0,
ms < 4mj,, ms < 4m3. (B4)

Therefore, analytic continuation is necessary for the variable s from s < 0 to s > m3.

The integrals are expressed in terms of the following ratios:

1 m
ITE_zv hTE_g’ (BS)
mi nmi
2
N t u m
— — — — h
Sw =—5, tW =—5, I/th—2 s hW =—5 (B6)
w myy nmyy myy
2
u m
— ""h
Sz = 2 Iz = 2 Uz = 2 hZ=_2 (B7)
Z VA VA VA

1. Two-point integrals

The ultraviolet divergences appear in the scalar two-points integrals B, and they are expressed by the % terms in
dimensional regularization. But when we take difference between two B,,’s, the result becomes finite. Specifically we obtain

Bo(m2;m2, m2) — By(t;m?, m2) = —zJ;sm—l(\/h;T) + \/:1 (\/\/::Z+ M;) (BS)

1
By (s;0,m3,) — By(0;m3,, m¥,) =2 + <— - 1) {log(sy — 1) —ix}, (B9)
Sw
1
Bo(u;0,m3,) — By(0; m3,, m¥,) =2 + (—— 1) log(1 — uy). (B10)
Uy

Bo(t:m2y.m3y) — Bo(Osmly.m?y) =2 — 4 [1— 1 (\/_V:ZVV+\/\/;?_TW) (BI1)
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| 4
Bo(m3; myy, m3,) — Bo(0; m3,, myy) =2 —2, [— — Isin~ (\/h—w),
hy 4

1
By(s;0,m%) — By(0;0,m%) = 1 + (g - 1) {log(sz — 1) — in},

By(u;0,m%) — By(0;0,m%) = 1 + <—— 1) log(1 —uy),

[4 Ih
Bo(m%,,m%, m%) - BO(O’ 0, m%) =1-2 h_ - 1Siﬂ_1< ZZ>
Z

2. Three-point integrals

We introduce the following parameters:

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

Sl (D) el

1 1 1 2
Co(0,0, s;m¥,, m%,,0) = — {L12< ) E(log(sw) iﬂ)2+%},

Co(m2,0,t;m?, m?, m?) =

1
Co(0,0, u; m¥y,, m3,, 0) = — ;Liz(uw),

-1 1 1 2 2
Cy(0,0,1;m3,,0,m3,) = Lis (ty) + Liy + Li, ~Lip( =22 ) - Lip( -3
A A 2 2

+ 4log (—v/=tw;) log(1 — ﬂsz)}v
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-1 1 1
C 07 ’ 2; z 705 2 _ 5 L L
0(0- . iy 0. i) S = m%l { 2 ((SW - hW>xW+ + 1> M ((SW = hy)xy_+ 1)
—Li —Li
*\(sw - hy )xw, +1 2\ (sw = hw)xw_+1

Ly — )4 L ((s;V — 1)(sw = hw)> L, <s hw = sw >

SW_thW+hW %V_hWSW+hW

Swl’lw+hw)
+ log(sy — hy + 1) 1o
g(sw — hw +1) g( (5w — Iy )2
h h
+10g(sW—1)10g< w >+mlog< ~ Switw + W>} (B23)
SW_SWhW+hW SW

-1 1 1
C 0’ , 2; 2 ’0’ 2 Ll + Ll
0(0, w, i iy, 0, mmy) = w—m’ { ’ (1 + (uw = hw)xw, ) NI+ (= vy

UW hy +1 . uy — hy +1 .
—Li - L —h 1
E (uw — hw) Xw+> (1 + (ty — hy ) xw_ - Lia (1w w 1)
—h 1 2
—L12< S ) +Li2<”§V(”W wt )) —”—}, (B24)
Co(0, 2, m3; m3,, m3,, m¥,) = Co(m3, 0, 1; my,, m3,, my,)

emlr (e nm) el s e

1 1
C O, ) 2; 2,0, 2 _ Li L
0(0, 5. mj;;m7, 0, m3) s—mﬁ{ 12((Sz—hz)xz++]>+ 12<(Sz—hz)xz_+1>
—Li2< sz —hz+1 )—Li2< sz —hz +1 )
(sz —hz)xz, +1 (sz =hz)xz +1

— Liy(hz — 57) + Ly (“g =Dz = hZ)) CLi, (J&)

sZ_hZSZ+hZ —hzsz+hz

s, —s,hy, +h s
+log(s; — hy +1)log <W> + log(sz — 1) log <S2S;+h>
z = Nz 7 —Szhz +hz

hy +h
+irlog <SZZ+Z> } (B26)
Sz

-1 1 1
C 07 5 2; 250’ 2 =——Li Li
0(0. 14, mj: m. 0. m3) u—mj { 2 (1 + (uz — hz)xz+) e <1 + (uz — hz)xz)
—L1< Mz—hz+1 >—L1< Mz—hz+] )
PN+ (uy - hz)xz. P\1+ (uz — hy)x,

. Uz 2(uy —hy;+1) P
L —h 1 L, | —————— L | >——F——*>——") ——>. B27
Lipluz =z +1) ~Liy <M% —hzuz; + hz) - < —hzuz; + hz) 6 (B27)

The following two three-point integrals have collinear divergences which are regularized by dimensional regularization.
Both integrals are in the form of Cy(0,0, p?;m?,0,0), which corresponds to “Triangle 3, I%(0, p3, p3;0,0,m?) with
=0, of Ref. [23]. Its expression is given in Eq. (4.8) of Ref. [23]. For Cy(0, 0,s;m%,0, 0), we need an analytic

continuation of the variable s from s < 0 to s > m3.
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~ 3 llog(s; = 1)~ 2

1
{—[log(sz— 1) — ix]
€
. Sz—l 1 2 Sz 71'2 . Sz
-L - =1 ——inl B2
12< 5, ) 5 log (Sz—1>+3 imlog S -1) [ (B28)

drp®\e1 (1 . —u 1
CO(O’ 0, M,m%, 0, 0) = —< m% ) u{elog(l - Mz) ‘|‘L12 <1 — 5Z> —Elogz(l - Mz)} (B29)

3. Four-point integrals

The four-point integrals Dy(0,0,0,m3; 1, u;m¥,, 0, m3,, m¥,) and Dy(0,0,0,m3;s,t; my, my,0,m3,) appear in
Egs. (2.15) and (2.16). Due to the relation

Dy(0,0,0, m?; t, u; m¥,, 0, md,, m3,) = Do(m?,0,0,0;u, t;m3,, m%,, 0, m¥,),

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

Dy(0,0,0,m?; t, u; m¥y, 0, md,, m3,) = Do(m?,0,0,0; u, t;my,, m¥, 0, m¥)
1 1
iy /By (i = 1)7 = 2ty Quy — uyhy + hy) + 13y

. $1 . $q . Y3 . ) . rx;
x qLip( =—— ) —Lip{ =—— ) +Lip{ ——— ) = Li, ( ——— ) + Li,
rX Xy X Xy uy — 1
. [ Uw — 1 . X1 . [ Uy — 1 . 1 . 1
+ L12 - L12 - L12 - 2L12 —-—— |+ 2L12 -
Xy uy — 1 X X1 X

Xy + 8¢ Xy + 85
I I - 1 I -
+ log(s,) 0g< rx, H]) + log(sy) 0g< o +s2>

2 1 2 _ -1
+ log(r) log<xl(x2 ki )2<MW a ))
X (%) + 1) (uy —x, = 1)
(—uw +x; + 1) (rxy —uy + 1) ) logz(r)}
+log(1 — lo + , B30
g(1 = uy) g(r(—uw +x, + 1) (rx; —uy + 1) 2 ( )
where
1 4
r—l——tW<1+ 1-—), o =W W (B31)
2 tW Xw— X‘}[/Jr
1 / 4 / 4
1 / 4 /
X2:—< 1———1>{hw+(1_uw)tw 1——
- \/tﬁ,(l — uw)? = 2ty (2u5y — uwhy + hy) + h%v} (B33)
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1 1
Dy(0,0,0, m2: s, t;m3,, m%,,0, m%,) = —
ol " by 0. my) mly /8 (sw — 1)2 = 2ty (253, — swhy + hy) + 12,

1 1 1
x{—L12<SW )—Li2< 12 >+2L12(——>—2L12(——)—Liz< —‘>+L ( s‘)
ryy sw—1 Y ry, Vi Y2
~1 .
—L12<——>+L2(——)+L ( >+L12( Y2 >
Vi V1 sw—1

yi(rys + 1) (ry; = sy + 1) (51 +y2)(s2+ 1)
log(r) log (y%vyl N e—— 1)) “"g“l”"g((sl )6 +y2>>

’"(—Sw+Y1+1)(Vy2—Sw+1)) 1,
+log(sy — 1) 1o — —log=(r
Blsw=1) g((—sw+Y2+1)(r)’1 —sy+1) 2% ")

- 1 - 1
+iﬂlog<( sw+y2 + Dy —sw + ))} (B34)
(=sw+ Y1+ D(ry2 —sw+1)
where r, 51 and s, are given in Eq. (B31) and
1/ 4 / 4
/B (sw = 1) = 210 (253 — sy + ) + h%v}, (B35)
1/ 4 / 4

The four-point integral D (0, 0, 0, m%; S, u; m% 0,0, m%) which appears in Egs. (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

Dy(0.,0.0.mj:s.u:m7.,0,0,m7) = Do(0.0,mj. 0:5,u:0,0, m7. m3)
: AL .
- 2 { ( 2 > e~ r X . [—[log(sz = 1) — in] = log(1 — uz)]

su—mz(s+u) m;

. Sz—l . Uy . 1
2L - 2L, ——=— | = 2Li) [ ———
- 12( Sz ) 12( 1- ”z) 2 <(1 —-s57)(1 - ”z))

1-— 1-
+ Li, 7)(2 FLip(——2 ) 4 L1+ ¥z, (1= uz) +Lip( 1+ ¥z, (1~ uz)
7 (1=s7) xz, (1 =s2) Xz Xz

+

Sz + Uz —uzsy

+ log? (Sz 1) +2log((sz — 1)(1 — uy)) log<m> +2log(sy — 1) log(1 — uy)

Xz
+1log*(1 —uy) +log [ 1 + ——=—)< log —log(sy,
(1—SZ
Xz Xz 272
1 1+——— <1 1 —
i og( +xz+(1 —Sz)>{ og( xZ+) o&ls } 3
+i [210 < Sz )—l—lo ( >+1o < z )H (B37)
in _ .
¢ Szt Uz —uzsy ¢ ¢ xz,(1=s52)
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APPENDIX C: INTERFERENCE TERMS

. . . . 2
We write down the contributions from the interference terms of > gy etectron spinlA(Pes Pp)[,

Z[A;V(Pe’Py)AZy(Pe’Py) +Ayy(Pe’Py)A}y(Peva)]

spin

(PN 2 s2 4+ u? 2u
_ <16ﬂ2> <W>FWFZ},{UZ€—I—P)( o PSP, +1)<1—s+u>},

Z[A;y(Pe’Py)AWue (Pe"Py) +A77(P67Py)A$Vye (Pe’P}/)]

spin

e2g*\2 —my 1
=|—=) —FF,(1-P
(16772) 2 /l ) S+ u

x {— sRe[SEV”) (s, t,m2, m%,)] + uRe[S( )(s t,m3, my)

+ P,(s Re[S( 5 (s tomy miy )] —|—uRe[S( (8.1, mi, m3,)])},

Z[A;}'(Pevp}')AZe(PevP}') +Ayy<PevP}')A§e(Peva>]

spin

e2g?\ 2 my 1
- - F
1672 8cos*Oy ) s +u 77
X {20 + 2P f e+ D5 ReSTE (5,1, m2)] = uRelS75 (5.1, 2, 3]}
PAP S+ 21 70+ P (s REISTE (5,1, m2)] + wRelSTS (5,1, m2)] ),

Z[A}y(Pe’Py)AWvg(Peva) +AZy(Peva)A;Vu(,(Pe’P}')]

spin

3\ 2
[ eg My —t B B 1
- <16ﬂ:2> 2 (t—m%)“ Pe)(fZe )FZ},S—I—

x {—s Re[SE}V”)” (s,t,m2, m%)] +u Re[SVZf"’(s, t,m2, m3,)]

+ P {sRe[S"; (s, 1, m}, m}y)] +uRe[s§V”;(s t,m2,m3)}}

> (A3, (Pe. P)Az(P.. P,) + Az (P,. P)Ay, (P, P,)]

spin

eq® \? my 1 2t
= 2 - 3 7 ) Fz
167 16cos Oy, ) \t — m3 s+u

x{(f2e +3f2Pe +3fz.+ P, ){sRe[Sze>(s t.mj. mz)] - uRe[S( >(s t.mj,. mz)]}
+ Py(f3ePe +3f7 +3fzePe + ){SRC[S(Ze)(S t.my, m3)] +”RC[S( )(S t.my m7)]}},

Z[A;Vue(Pe’Py)AZe(Peva) +AWDE(P6’Py)AEe(Pe’Py)]

spin

3\ 2
= (166971_2) % <_ﬁ>(l - Pe)(fZe - 1)2(—2t)

x {Re{[S g (s. 1y mi)|[STE (5. 1. m)]* + (S5 (5. 1 m)|[STS (5. 1. m3)]*

+ P Re{— [ U (s, b, mi, mi ) [SE (s, 6, mi, m3)]*

S st mh,mwms%a(s . m3)] ).

033015-20

(C2)

(C4)

(C5)



HIGGS BOSON PRODUCTION IN ¢ AND REAL y ...
With the fact that S"* and §%

e
/
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*) ) vanish as u — 0, it is easy to see that the contributions from the interference terms reduce to
1 1

zero as u — 0 when P, P, = —1.
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