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Abstract

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 e~ ++ — e~ + b + b channel is examined.
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1 Introduction

After a Higgs boson with mass 125 GeV was discovered by ATLAS and CMS at LHC [1], there has been
growing interest in building a new accelerator facility [2], a linear eTe™ collider, which offers much
cleaner experimental collisions. Along with eTe™ collider, other options such as e"e™, e~ and v~y
colliders have also been discussed [3,4]. 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 -y~ options are based on e~ e~ collisions, where one or two of the electron beams are converted to
the photon beams. In [5] we analyzed the Standard Model (SM) Higgs boson production in a e~ and real
~ collision experiment,

e (k1) +(k2) — e~ (k) + H(pn) - (1)

In this talk we summarize the results of [5].

2 Higgs boson production in e+ collisions

The relevant Feynman diagrams for the process (1) start at the one-loop level in the electroweak inter-
action. We calculate the relevant one-loop diagrams in unitary gauge using dimensional regularization
which respects electromagnetic gauge invariance. The one-loop diagrams which contribute to the re-
action (1) are classified into four groups: v*~ fusion diagrams (Fig. 1), Z*~ fusion diagrams, “Wwv."
diagrams (Fig. 2) and “Ze" diagrams (Fig. 3).

Since ks is the momentum of a real photon, we have k3 = 0 and k:g €g(k2) = 0, where eg(k2)
is the photon polarization vector. We set ¢ = k1 — kj. Assuming that electrons are massless so that
k3 = ki2 = 0, we introduce the following Mandelstam variables: s = (k1 + ko)?, t = (k1 — k})? =
¢*, u= (k1 — pp)? = m3 — s — t, where p? = m3 with my, being the SM Higgs boson mass.

Charged fermions and W boson contribute to the one-loop ~* fusion diagrams. Since the cou-
plings 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 ~*~ fusion diagrams we calculate are shown in Fig. 1.
We obtain the contribution from the one-loop v*~ fusion diagrams to the gauge-invariant scattering am-
plitude as follows:
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with 9
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oy = miv;N Q7 SW (t,mi, mi) — mWS(VVA{/) (t, miy, my) ®)

where e, g, m; and myy are the electromagnetic and weak gauge couplings, the top-quark and 1¥'-boson
masses, respectively, and N. = 3 and Q; = 2. 5(7:;’) and S&},) are contributions from top loops and
W loops, respectively, and are expressed in terms of the Passarino-Veltman two-point integrals By’s and
three-point integrals Cy’s [6]. For their explicit expressions, see Eqs.(2.6) and (2.7) of Ref. [5]. Although
the two-point integrals By’s have ultraviolet divergences, these divergences are cancelled out when they

are added and, therefore, S(W) and S?VWV) give finite results.

Fig. 1: ~*~ fusion diagrams: top-quark and ¥ -boson loop contributions.

The one-loop Z*~ fusion diagrams for the Higgs boson production are obtained from the one-loop
~*~ fusion diagrams given in Fig. 1 by replacing the photon propagator with that of the Z boson with
mass myz. Charged fermions and W boson contribute to the one-loop Z*+ fusion diagrams. Again we
only consider the top quark for the charged fermion loop diagrams. We calculate the contribution from
the Z*~ fusion diagrams and obtain,
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where fz. and fz; are the strength of the vector part of the Z-boson coupling to the electron and top

quark, respectively, and are given by fz, = —1 + 4sin® 6y and fzy = 1 — %sin2 Ow with Oy being

the Weinberg angle The axial-vector part of the Z-boson coupling to the top quark has a null effect and
Zy

we find S, )(t mi,mi) = S(W) (t,m?,m?) and S(W)(t mi,,mi) = S(W)(t, mi,,mi).
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“Wwv,." diagrams.

The Feynman diagrams involving the W boson and electron neutrino, which are shown in Fig. 2,
also contribute to the Higgs boson production in e~y collisions. They yield the “Wwv," amplitude which
is written in the following form,

Ay, = (leGgﬂ ) 1 { u(Ky) Fiwe)s (1—75)U(/€1)]6(k2)5, (6)

where the factor (1 — 75) is due to the e-v-W vertex. Thus, when the electron beams are right-handedly
polarized, these “Ww." diagrams do not contribute. The factor F{yy,,)g is written in a gauge-invariant
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form as

21{/13 }éQ
u

2kq  k 5
Fwuvos = ( o2 —Vg)SK)E(S,t, ma, miy) + (

Wve 2 2
A —"_PYB)S(HI) (87t7 mh7mW) ) (7)

SWVe
(k1)
integrals Dg’s. See Egs.(2.15) and (2.16) of Ref. [5]. Again the ultraviolet divergences of By’s cancel

out and, in the end, Sg/]zl”)e and Sg/vk,”)e are finite. Finally we note that Sg/vk,”)e vanishes at v = 0, which is
1 1

SWue

where and (k) are expressed in terms of the scalar integrals By’s, Cp’s and the scalar four-point
1

anticipated from the expression of the second term in Eq. (7).

The last one-loop contributions to the Higgs boson production in e~ collisions come from the
Feynman diagrams shown in Fig. 3. These “Ze" diagrams give the following amplitude,

o= (20) () ¢[00 o s

where the factor (fz. +75)? arises from the Z-boson coupling to electrons. The factor F(z¢)p 1s written
in a gauge-invariant form as

u

Flze)p = ( - ’Vﬁ) SGoy(s,t,my, m%) + ( - 'm) Sty (sstmi,mZ) . 9)
where S (ch;) and S (Zk?) are expressed in terms of the scalar integrals By’s, Cy’s and Dy’s. See Eqgs.(2.19)
1
and (2.20) of Ref. [5]. Collinear singularities appear in some of Cy’s and Dy’s. These collinear diver-
gences are handled by dimensional regularization. Actually scalar integrals with collinear divergences
appear in combination. When they are added their divergences cancel out. Thus S (ch;) and S, (Z]j) are both
1
finite. Note also that S (Zk?) vanishes at u = 0.
1

ky kl: »

Fig. 3: “Ze" diagrams.

3 Numerical analysis

One of the advantages of linear colliders is that we can acquire highly polarized colliding beams. Let
us consider the Higgs boson production reaction (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. When an initial electron is polarized with polarization P., we modify u(k;) as u(k1) —
HP% u(k1). And when a photon with momentum k2 is moving in the +z direction in the center-
of-mass (CM) frame, the circular polarization (P, = =1) of the photon is taken to be €(k2, £1)5 =
%(0, F1,—4,0). Then the Higgs boson production cross section is given by

1
et (P P) = 1 | tdt{ 3 |A<P6,P7>2}. (10)

final electron spin

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

A(Pe, Py) = Ayy(Pe, Py) + Azy(Pe, Py) + Awy (Pe, Py) + Aze(Pe, Py) . (11)
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Since the forward and backward directions in an e~y collider are blind spots for the detection of scattered
particles, we introduce kinematical cuts for the scattered electron in e~y collisions. Denoting 6 as the
angle between the initial and scattered electrons in the CM frame, we choose the allowed region of  as
10° < 6 < 170°, which leads to the integration range of ¢ in Eq. (10) as (—s + m% —teut) <t < teut
with teu = —4 (s — m?)(1 — cos 10°). Note that Ay, = 0 when P, = +1.

For numerical analysis we choose the mass parameters and the coupling constants as follows:
my, = 125 GeV, m; = 173 GeV, mz = 91 GeV, my = 80 GeV, cos = 1%, €% = dmawem = 155
and g = sineew' The electromagnetic constant e? is chosen to be the value at the scale of mz. We plot
O (ey—eH) (8, Pe, Py) in Fig. 4 as a function of /s (/s > 130 GeV) for each case of polarizations of
the electron and photon beams. For the case P. P, = —1, the cross section 0., ) is very small at
Vs = 130 GeV, since the integration range of ¢ is small and the differential cross section vanishes as
t — tmin. The cross section o(cy—sep) (s, Pe = —1, P, = +1) rises gradually up to about 2 fb, while
T (ey—se H)(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 PP, = +1, the cross section o (., _,.r) is about 2 fb at /s = 130 GeV.
The cross section 0(¢y_er) (s, Pe = —1, Py = —1) rises above 3 fb around v/s = 200 GeV and then
gradually decreases as /s increases. This is due to the destructive interference both between Ay, and
A, and between Ay, and Az, in the range of large —¢. Again the destructive interference between
A~ and Az, is responsible for the decrease of 0 (cy—sepr) (5, Pe = +1, P, = +1) as /s increases.
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Fig. 4: Higgs boson production cross section (cy—er) (s, Pe, Py). The kinematical cut is chosen such that the
allowed angle 6 of the scattered electron in the center-of-mass frame is 10° < 6 < 170°.

A high-intensity photon beam can be produced by laser light backward scattering off a high-energy
electron beam, e~ y1a5er — € 7, Where the backward-scattered photon receives a major fraction of the
incoming electron energy [7]. Its energy distribution depends on the polarizations of the initial electron
(P.s = %) and laser photon (Ppaser = £). 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 po-
larized laser beam, we obtain an e~y collider with high polarization. The Higgs boson production cross
section for ey — e~ H in an e” e~ collider, whose beam energies are .1 and E.5 and polarizations
are P and P.o, is expressed as,

Ue'y collision(seea ELasery P617 P€27 PLaser)

= Z / dy N(y, Eeo, Evaser; Pe2, PLaser, P’y)o-(e'y—mH) (S, P, P’y)v (12)
Py
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where (e H)(s, P.1, P,) is given in Eq. (10) with P, replaced by P.;, and s.. is the CM energy
squared of the two initial electron beams and related to s as s = ys... The photon energy is yFE.2 and
its spectrum is given by N (y, Ee2, EvLaser, Pe2, Praser, Py) [8,9] with Peg Ppacer = —1. We take the case
P.o Praser = —1 so that the spectrum has a peak at the highest energy.

We analyze the cross section of the Higgs boson production in an e e~ collider through bb decay
channel, e + v — e + H — e + b + b, since it has a large branching ratio. We consider the case:
Epaser = 1.17eV (the YAG laser with wavelength 1064nm) and E,.2 =250GeV (/5. = 500GeV). The
integration range of y in Eq. (12) is given by ymin < ¥ < Ymax With ymin = 0.0625 and y,. = 0.82.
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 b(b) quarks are chosen such that the allowed regions are 10° < §,- < 170° and
10° < Gb@) < 170°, respectively, and the energy cuts of these particles are set to be 3GeV. The Monte
Carlo statistical error is about 0.1% when sampling number is taken to be 200,000. The result is shown

in Table 1 for each combination of polarizations P.; and P aser.

We also analyze the significance S/ /B of the Higgs boson production. The bb decay channel of
the Higgs boson in e~y collisions has a substantial background. Especially a huge background appears
at the Z-boson pole. However, it is expected that when we measure the invariant mass 1,5 of b and b
quarks, the background is small in the region my; >120GeV compared with the signals of the Higgs bo-
son production. We use GRACE [9] to write down all the tree Feynman diagrams for e+vy — e+b+band
to evaluate their contributions to the background cross section. We assume that the integrated luminosity
is 250fb~!. The significance is calculated by taking samples in the region 120GeV < my; < 130GeV at
the parton level. The results are given in Table 1. Large values of significance are obtained for the cases
of (Pe1, Praser) = (—1,F1) with \/s¢c = 500GeV.

‘\/@GGV ‘ Pey ‘ Ppaser H Tcut fb ‘ S/\/E‘

1 -1 0.11 2.93
500 1 1 0.19 1.31
-1 -1 1.22 10.6
-1 1 1.01 6.8

Table 1: Higgs boson production cross section and significance in e~y collision in an e~ e~ collider for the case
Elaser = 1.17eV, E.o =250GeV, /5. =500GeV, and for each combination of polarizations P,.; and Pp ager- Peo
is chosen to be — P 4601+

4 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.AAA We analyzed the cross section of the Higgs boson production through the bb decay
channel, e +v — e+ H — e + b+ b, in an e~ 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 /S /B for the Higgs boson
production for both /s.. = 250GeV and /s.. = 500GeV. We therefore conclude that the Higgs boson
will be clearly observed in e~ collision experiments.
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