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1. Introduction

A Higgs boson with mass about 125 GeV has been discovered by ATLAS and CMS at LHC [[]]
and its spin and couplings to other particles have been studied. For future detailed studies of its
properties, a new accelerator facility, a linear e* e~ collider, which offers much cleaner experimen-
tal collisions, is attracting growing attention [2]]. Along with eTe™ collider, other options such as
e~ e, e~y and Yy colliders have been also discussed [BL 4 B]. In this talk, I report our recent study
of the Standard Model (SM) Higgs boson (H) production in e~y collider. We examine the reaction
e” +7 — e + H at one-loop level. Analytical expressions are obtained for the amplitude and the

cross section for the Higgs production in ey collision is analyzed.

2. Higgs production in e-y collision in SM

]{72

Figure 1: Higgs prodution in e-y collision: ey — eH.

We examine the reaction shown in Fig [T}
e (ki) +v(ka) — e (ky) +H(pn) - (2.1)

The relevant Feynman diagrams for this process start at the one-loop level. We calculate the rel-
evant one-loop diagrams in unitary gauge using dimensional regularization which respects elec-
tromagnetic gauge invariance. The one-loop diagrams which contribute to the reaction (2.J)) are
classified into four groups: y*y fusion diagrams, Z*y fusion diagrams, “W-v," diagrams (Fig[D)
and “Z-¢" diagrams (Fig3).

Since k, is the momentum of a real photon, we have k3 = 0 and kg ep (k2) =0, where £g (k) is
the photon polarization vector. Assuming that the electrons are massless so that k% = k’l2 =0, we
introduce the following Mandelstam variables:

s=(ki+hk)*, t=(—K)*, u=(i—pp)l=m—s—t. (2.2)

3. Two-photon and Z-photon fusion diagrams

The Higgs production through fusion processes y*y — H and Z*y — H is just opposite to
the decay processes H — y*y and H — Z*y, which were discussed in Ref. [[@]] (see, for example,
Ref.[[Z] for on-shell decays H — Yy and H — Z7y). Charged fermions and W boson contribute to the
one-loop Y*y and Z*y fusion diagrams. Since the couplings of Higgs to fermions are proportional
to the fermion mass, we only consider the top-quark for the charged fermion loop diagrams. The
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calculation of the one-loop Y*y fusion diagrams is similar to the one for H — 7yy. Their contribution
to the gauge invariant scattering amplitude for ey — eH is written as follows:

Ay = (1663;:72) [ﬁ(kll)Yu“(kl)};(guﬁ ZZQ i )95 (k2)

AN R Yoo 2
X {WNCQZ Siry (t,my,my) — mwS ) (t,mW,mh)} , (3.1)
where e and g are the electromagnetic coupling and the weak gauge coupling, respectively, and
=3and Q; = 2 SE{Y) and SZY W) are contributions from top loops and W loops, respectively, and

expressed in terms of the Passarino-Veltman two- and three-point scalar integrals By’s and Cy [[]],

2t
SYY (tvmtzam%) =2+ [BO(mh’mz‘27mt) BO(t nmy 7mt2):|
(1) m2—
+{dm? —m; +1}Co(m3, 0,t;m> ,m> m?) , (3.2)
2t 2t
ST (6.my ) = 64 it i

W

4
mW 2my,

t (12mj, +2m3, (my —t) —m3t) [Bo( ) )—

my;m ms B tm m>
2m€,’v(m%—t) ho My 5 Py 0( W W)

t(m?—2t
+{( o i 12my, — 6mj, + 6t}c0(m§,o,t;mév,mgv,m%v) : (3.3)
My
Similar expressions appear in the decay processes H — Yy and H — Zy [@ 7], but here in Eqs.(3.2)-
@A), t is space-like.
The one-loop Z*y fusion diagrams are obtained from y*y fusion diagrams by replacement of
the photon propagator with that of the Z boson. Their contribution is expressed as

3 T
= i (1 1 HB_Zqu
Azy = <167t2> [”(klm (fZeHS)”(kl)] —m3 (g mi_)g[i (k2)
2
"™ 7y 2oy MW zy 2
X{ SmWcosZGWNCQth’S(T)(t’mf’mh)+ 4 S(W)(t,mw,mh)}, (3.4)

where fz, and fz are the strength of vector part of the Z coupling to electron and top quark,
respectively, and are given by

8
fze = —1+4sin* 0y,  fz=1-— 3 sin By . (3.5)
The axial vector part of the Z coupling to top quark gives a null effect and we obtain

78 () = STL ca ) STty ) = ST (i) . (36)

4. "W-v," and "Z-¢'" diagrams

The Feynman diagrams involving W boson and electron neutrino, which are shown in FigD]
also contribute to the Higgs production in ey collision. They yield the “Wv," amplitude which is
written in the following form,

3
Wv.) _ ([ €8 mwy 1_. ., (Wve) _ B
AeyaeH - <16TE2) 4 |:M(k1) F(E’YHQH)B (1 ’Y5)M(k1) g(kZ) ) (41)
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Figure 2: “W-v," diagrams

where the factor (1 —7s) is due to the e-v-W vertex. Thus, when the initial electron beams are

right-handedly polarized, these “W-v," diagrams do not contribute. The factor F (Wve)

(ey—eH)p is written

in a gauge invariant form as

2k, f (Wve) (ki ) 2k, ko (Wve)(K;.)
Wve)  _ 152 B 2 2 B 2 2
(ey—em)B — ( s B) (ey—eH) (S’t>mh’mw)+< YB) (erety (51 i),
4.2)
(Wve) (ki) I (Wve) (ki) 5 . .
where S (ey—eH) (s,t,m;,my,) and S (ey—eH) (s,t,mj,,my, ) are expressed in terms of the following

two-, three- and four-point scalar integrals By’s, Co’s and Dy’s,
Bo(s;0,m3%,) ,  Bo(u;0,m%), By (t;m%,,m%v) , Bo (m%,m%v,m%,) ,
Co (0,0, 53m3,myy,0) ,  Co(0,0,u;myy,myy,0) ,  Co(0,0,5m3,0,my,)
Co (O s mh,mW,O mW) , Co (O,M,m%;m%v,O,m%V) , Co (O,t,mﬁ;m%v,m%{,,m%[,) ,
Dy (0,0,0,mj;s,t;m5,,my,,0,my,) . Do (0,0,0,mpst,usmyy,,0,myy,myy, ) . 4.3)

With help of the results of Refs.[0] [0, these scalar integrals are expressed in analytical
form [[12]].

Figure 3: “Z-¢" diagrams

The last one-loop contribution to the Higgs production in e and ¥ collision come from the
Feynman diagrams shown in Fig[3l These “Z-¢" diagrams give the following amplitude,

3
(Zey _ [ €8 Iz ' ( B
Ayy—en = (1671:2)( 16c0s? GW) [ (k1) F (ey_wH (fZe+Y5) u(ky) & (k)" (4.4)
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where the factor (fz, +7s)? arises from the Z boson coupling to electrons. The factor F((jﬂe H)B is

written in a gauge invariant form as
2k (Ze) (k) 2k, k2 (Ze)(K;)
(Ze) _ g2 B 2 2 B B 2 2
Fi Lo = (70 =00 )Sepey (o 1omhom) - (=1 95 ) oty (585 45)

7\ (k (Ze)(ky )
where SEeq{)_()ellg)) (8,2, m%,, m%) and S<ey_>6,1,5) (

three- and four-point scalar integrals By’s, Cy’s and Dy’s [12]],

s,t, m%, m%) are expressed in terms of the following two-,

Bo(s;O,m%) , Bo(u;O,m%) , By (mi;m%,m%) ,
Co (0707S;m%7070) , Go (0707u;m%7070) , o (07s7mi;m%a0>m%) ;o (Oauvmi;m%aoam%) )
Do (0,0,0,mj;5,:m%,0,0,m3) . (4.6)

Collinear singularities arise in the tree-point integrals Cy (0,0,s;m%,0,0), Co (0,0,u;m%,0,0), and
four-point integral Dy (O, 0,0,mi;s, u;m%,0,0,m%). But these three scalar integrals appear in com-
(Ze)(kig)

bination and, in the end, their collinear divergences cancel out. Thus § (eY—eH)

(Ze) (k) : . , . o
(ey—>el§) (s,t,mi,m%) are both finite. The analytical expressions of the scalar integrals given in

Eq.(@.6) will be reported elsewhere [I2]].

(s,t,m2,m%) and

5. Numerical Analysis

Using the results obtained in Sec.3-4, we analyze numerically the Higgs production cross
section in unpolarized e and 7y collision. Taking the average over initial electron and photon polar-
izations, we obtain for the differential cross section,

dodl 1 1
Hoon zx{ y ,A|2}7 5.1)
dt l6ms 4 polarization
where A=Ay +Az +AS«}{VXZ)H +AgﬁeH :

In order to see the relative contributions from y*y fusion, Z*y fusion, “W-v," and “Z-¢" dia-

grams, we evaluate the differential cross section given in Eq.(.I) replacing A with Ayy, Azy, AE;VXK)H
and Agﬂ 1> Tespectively, and obtain
dS(yy fusion) 1 @gN\2y I\ S+ [2mF 5y o o 1Y 2 :
di = 16752 (16Tl:z> <_l>(m,2—t)2 WNCQI S(T)(t,mt,mh)—mWS(W)(t,mW,mis 2)
n
dc ~ 1 3.2 _ 2. .2
(Zy fusion) _ 2( eg 2) (fzze—{—l) 12 . SZ+L£ .
dt 16w s? \ 167 (t—m3)? (mj; —1)
2 2
m Yy 2 2y MW Gy 2 2
X —mNCQ[thS(T)(I,mI,mh)+TS(W)(t,mw,mh) 5 (53)
do)"), 1 7 eg® \2my (Wve) (ki) PN UAAICN SPNE:
= te (o) 5 O S an! Gt (S (5t 54
do % 3.2 2
(ey—er) 1 (eg )( mz > 4 e Ly
dt 16ms2 \ 1672 16cos3 Oy (ze +6fz.+ 1)(=1)
(Ze)(kyg) 2 (Ze)(k ) 2
x{‘S(eY_}elg)(s,t,mﬁ,m%)‘ +‘S(w%,5) (s,t,m%,m%)‘ SENER)
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Figure 4: Differential cross sections dG(W fusion)/d? (blue solid line), d6(zy fysion)/dt (red dashed line),

dc :;V:eH /dt (green dotted line) and d0<( y—eH) /dt (orange dashed dotted line) as functions of ¢ for the

cases (a) /s = 200GeV and (b) /s = 400GeV. In the plot (b), dG eYHeH / dt is too small and is out of the
plot range.

, g™ Jc?

We plot dcmdtf“s‘""), dc(zydtf““""), 6(";:“”) and %‘7;“”) as functions of ¢ in Fig @l for the cases (a)
/s =200GeV and (b) /s = 400GeV. We choose the mass parameters and the coupling constants
as follows: my, = 125 GeV, m;, = 173 GeV, mz = 91 GeV, my = 80 GeV, cosOy = my /myz,

g = e/sinBy, and 2 is chosen to be the value at the scale of my, i.e., €2 = 4w /128. We see from

FigHl (a) and (b) that a dominant contribution comes from the y*y fusion diagrams for smaller z,
more specifically, < (100GeV)? . This is due to the factor (—1/¢) in the expression (5.2 for
dG yy fusion)/dt, which arises as (—1) x (1/¢*) with 1/r* coming from the photon propagator. At
large ¢, say around t = (200GeV)?, the differential cross sections for y* y fusion, Z*y fusion and
“W-v," diagrams become the same order, and, at r > (200GeV)?, dc(( / drt prevails over the

other two. On the other hand, FigH](a) shows that dG((eZ;ieH) /dt is negleglbly small compared with
the other three differential cross sections. In FigHl (b), it is too small to appear within the range of
the plot.

Integrating the differential cross sections given in Eqs.(3.1) - (3.3) over 7, we obtain the Higgs

all

production cross section G in e-7y collision and each contribution from y*y fusion, Z*y fusion,

ey—eH
“W-v," and “Z-¢" diagrams. The results are plotted in Fig[3d as functions of /s. We see that, up
to /s < 400GeV, the dominant contribution to Gea;L . comes from y*y fusion diagrams. Actu-

ally, below /s = 300GeV, the contributions from Z*y fusion, “W-v," and “Z-e" diagrams can be
negligible. On the other hand, the contributions from y*y fusion, Z*y fusion and “W-v," diagrams
become the same order above /s = 500GeV.

The high-intensity Y beam can be produced by laser light backward scattering off the high
energy electron beam, e~ Y aser — € Y, Where the backward-scattered photon receives a major frac-
tion of the incoming electron energy [[I3]]. Its energy distribution depends on the polarization of the
initial electron beam (P,) and laser photon (P;). Assuming, for simplicity, the head-on collision of
the laser photon with energy 2.33 eV and the electron beam with 250 GeV, we calculate the energy
distribution of the scattered photon with different polarization configurations of the initial beams.
The results are shown in Fig.[B(a). A large portion of the electron energy can be transfered to the
scattered photon and the most peaked spectrum is obtained when PP, = —1.

Then we examine the feasibility of finding the SM Higgs boson in e +Y — e + b + b channel.
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Figure 5: Higgs production cross sections Gj‘]{lﬂeH (black solid line), G(yy fusion) (blue long dashed line),
W) (2)

O(zy fusion) (red dashed line), &

of /5.
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Figure 6: (a) The polarization dependent energy spectra of the scattered photon as functions of y = E%,
where ® is the energy of the scattered photon and Ey = 250 GeV. The red dotted, green dashed and blue
solid curves represent spectra when the initial electron beam and laser photon are unpolarized (PP, = 0),
have same helicities (P, P, = 1) and different helicities (PP, = —1), respectively; (b) The plot of dG (e +y —
e+b+b)/ dm, 3 for the case when the electron beam energy is 250 GeV and the photon beam has the energy
spectrum expressed by the blue solid curve in the left graph.

Using the photon energy spectrum given in Figl6la) for the case P,P, = —1 (blue solid curve) and
the results in Sec.3-4, we use GRACE and numerically calculate do (e +7Y — e+ b+ b) /dm,; for
the case with electron beam energy 250 GeV. The main background to the Higgs boson signal
comes from the reaction e +Y — e +Z* — e+ b+ b. The kinematical cut of the scattered electron
and b quark are chosen as 10° < 0,- < 170° and 40° <0, < 170°, respectively. The result is shown
in Figl6lb) from which we see that the signals for the Higgs boson are well expected to be found.
More details of the analysis will be reported elsewhere [12]].

6. Summary

We have investigated the SM Higgs boson production in e~ 7y collision. The electroweak one-
loop contributions to the scattering amplitude for ey — eH were calculated and they are expressed
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in analytical form. Then the cross section for Higgs production ¢!

ey—eH
alyzed. It is found that (i) the contribution to GE;L g from Y*y fusion diagrams is dominant for
/s < 400GeV; (ii) the contributions from y*y fusion, Z*y fusion and “W-v," diagrams become the

same order above /s = 500GeVi; (iii) the contributions from “Z-¢" diagrams is extremely small

in e~y collision was an-

and can be negligible. Finally, the feasibility to find the Higgs boson in ey collision was studied in
e+7Y — e+b+b channel.

I thank the organizers of RADCOR 2013 for the pleasant atmosphere during the symposium.
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