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1. Introduction

Recently there has been much interest in the diphoton decay of the Higgs boson discovered at
LHC experiments [1], since its coupling to the photon is connected with the question whether it is
really the one within the Standard Model (SM) or the one beyond SM, such as a supersymmetric
extension of SM (MSSM) and its generalization or in composite models. It would be intriguing to
investigate the properties of the Higgs particle through the production process in the two-photon
fusion: 2y — H, which might be realized at ILC [2] and is just the opposite reaction of the diphoton
decay mode of the Higgs particle: H — 2. The Higgs decay goes through the top-quark loops and
the W-boson loops as discussed in Refs. [3, 4, 5, 6, 7, 8, 9] and the references therein.

Here we particularly interested in the two-photon process of the electron-positron collision in
Fig.1(a) where one of the scattered electron (or positron) is detected (single tagging) [10]. From
this process we can measure the so-called “transition form factor”of the Higgs particle as a function
of the virtual-photon mass squared. Note that the y*y — ¥ transition form factor was theoretically
investigated in QCD [11]. The recent experimental data were given in Refs. [12, 13].

As is well-known the leading processes for the Higgs production in e e~ collision at the tree
level are the s-channel Higgs-strahlung (ete™ — Z* — ZH) , W+ W~ fusion (eTe™ — V,V,H)
and Z Z fusion (ete~ — e eTH). The first two processes are excluded by performing the single
tagging of the scattered electron (or positron), only leaving ZZ fusion process.

So let us consider for the moment the two-photon fusion process in ey collision illustrated in
Fig.1(b) to avoid the ZZ fusion contribution.

e (e
tagging

(a) (b)

Figure 1: Two-photon fusion process in (a) e e~ collision and (b) e ¥ collision for the Higgs production.

We first examine the tensor structure of the transition amplitude for the fusion of the virtual
and real photons into the Higgs particle satisfying the gauge invariance. We then evaluate the
contributions from the top-quark loops as well as from the W-boson loops to the Higgs production
in the two-photon process [14].

2. Transition form factor

Let us consider the scattering of electron off real photon for the Higgs production as depicted
in Fig.1(b):

e(l) + y(ka) — €' (I') + H (ki + k2) 2.1
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where the scattering amplitude is given by

(H|T|ey) = ﬁ(l’)(—iey“)u(l)k%;J:iSAuvs"(kz) 2.2)

The transition amplitude for y*y — H extracted from the ey collision shown in Fig.2 reads

¥ (kp)
Ki=Q’

k3=0
(ko)

Figure 2: The transition amplitude for Higgs production via virtual and real photon fusion.

M= (H(q)|T|Y" (k1) v(k2)) = €" (k1)€" (k2) Apv(ki,ka) (2.3)

where e (ky) (€¥(kz)) is the polarization vector for the incident virtual (real) photon and we have
introduced the tensor Ay, which can be decomposed as

Ay (kiyka) = (guv (ki - ko) — kaykyy) Sy (m?, Q% m3)
2

k
+ (kw/m - ﬁkzukw) Sa(m?, Q% m3) (2.4)

where k7 = —0? <0, k3 = 0 and (k; + k2)?> = m3,. We denote collectively the mass of the interme-
diate particle in the loop by m. Since k)&, (kz) = 0, the transition amplitude reads

M= [g,_w(kl . kz) — kz,_lklv] Sl (mz, Qz,mlzq)S“ (kl)SV(kz). (25)

For real and virtual two-photon fusion, we define the transition form factor F;(m?, Q% ,m2,) by

2]
F(m?, Q%) = Si(m?, 0% m3y)/ (%%> (2.6)

where i = 1/2,1 for a fermion-loop F} /, and for the W-boson loop F1, respectively. e and g are the
electromagnetic and weak gauge couplings, respectively, and myy is the W boson mass.
The total transition form factor is given by

Eotal(Qzam%]) = ZNce?‘FI/Z(mianam%]) +5 (mavazam%]) (27)
f

where N, is the number of the colors (1 for leptons and 3 for quarks) and e is the electric charge
of the fermion f in the unit of proton charge.
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Here we note that the transition form factor F; shows a scaling behavior:
F(m*, Q% myy) = Fi(p.7) , (2.8)

where m is the mass of the particle in the loop, i.e. m =my (f =u,d,s,c,b,t) or m = my and

2 4m?> 2 4m?
_ _ S _ 0 _ w
= A [l T e ) = A [l T = T A . 2.9
Pr 4m% f m%, pw 4m‘2,V v m%l 29

2.1 Fermion-loop contribution

Figure 3: Fermion triangle-loop diagrams contributing to v*y — H

We calculate the contribution to the transition form factor of Higgs arising from charged
fermion triangle-loop diagrams shown in Fig.3 and obtain

Fiplo 0 =~ o {14 (1= 155 ) (70+ o)

o oV TV - VRl IVER)) | 2.10)

fle) = [sin‘1 \@

2
1 1+V1—7
- 1og+7—in for T<1, (2.12)
4 1—v1-71

_.|_

where
2

, for T>1, @2.11)

2
7”’“*\5] ' (2.13)

¢(p) = [log N

Eq.(2.10) shows that the fermion loop contribution Fj ; is proportional to 7, i.e., the fermion
mass squared mfc Thus the contributions to the transition form factor from leptons and light-flavour
(u, d, s, c and b) quarks are negligibly small compared to the one from top quark. Therefore, from
now on, we consider only the top quark loop contribution for F 5.

In the Q% — 0 limit (or p — 0 limit) it reduces to the functions F; /2(7) appearing in the H — 2y
decay-rate expression [3, 4,5, 6,7, 8, 9]:

Fip(p —0,7) = Fi (1) = =27[1 4+ (1 = 1) f(7)]. (2.14)
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2.2 W-boson loop contribution

Next we calculate the W-boson loop diagrams in unitary gauge shown in Fig.4 and obtain

Fl(par)

o T
l4+pt | 14+pT 4

+(4p+2(1+p7)+37)

x( 2% 1) -

1+p7

(4p +8p>T+6(1 +p7) —37) (f(r) + lg(p))

\/T\/—>} 2.15)

where the expressions of f(7) and g(p) are given in Eqs.(2.11) and (2.13), respectively.

l+pr

Figure 4: W-boson loop diagrams contributing to y*y — H

In the Q> — 0 limit (or p — O limit) it reduces to the functions Fi(7) which appears in the
H — 27y decay-rate expression [3, 4,5, 6,7, 8, 9]:

Fi(p—=0,7)=F(7)=24+37+37(2—1)f(7) (2.16)

It is noted that f(7) and g(p) appear in the expressions of Fy(p,7) in Eq.(2.10) and Fi(p, 7)
in Eq.(2.15) as the following combinations,

f(r)+ ﬁg(p) and  2pvVT—1\/f(1) = /p(p+1)Ve(p) , (2.17)

which come from two- and three-point scalar integrals [15], as will be discussed in a separate paper
[16].

3. Numerical analysis

Based on the results obtained in the previous section we now numerically investigate the be-
havior of the transition form factor. Any deviation from its Q> dependence in the Standard Model
(SM) might indicate a possible signature of the new physics beyond the SM, such as MSSM [17]
or composite models [18, 19].

In the large Q2 limit, the two form factors, F; /2 Fi show quite different behaviors:

_ 1 2m? . 5 Q%
Fija(p —> o0, T fixed) = —ﬁg(P) ~o o8 =
Q2
Fi(p — o0, 7 fixed) = 2g(p) = 2log® = (3.1)
My
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Figure S: Transition form factor as a function of p, (a) Fy/, the top-quark loop contribution, for 7 =7.54
and (b) F} the W-boson loop contribution 7 = 1.61.

where we note that g(p) — log®(4p) as p — co. Thus F, /2 is decreasing to zero while F is ever
increasing as shown in Fig.5 (a) and (b). Taking the mass parameters to the values my = 126 GeV,
m, = 173 GeV and my = 80 GeV, here we have plotted Fy/»(p,7) (Fi(p, 7)) with fixed 7 =7.54
(T = 1.61), as a function of p = Q?/(4m?) (p = Q*/(4m3,)).

In Fig.6 we have shown the Q® dependence of the total transition form factor including the
W-boson and top-quark loop contributions. Note that the contributions from light-flavor (u, d, s, ¢
and b) quarks are negligible.
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Figure 6: Transition form factor as a function Q. Red, blue and orange curves correspond to top-quark,
W-boson and total contributions, respectively. We choose mass parameters as my = 126 GeV, m, = 173 GeV
and my = 80 GeV.

The differential cross section for the Higgs production via y*y fusion in ey — eH shown in
Fig.1(b) is given by

do‘(?’*?’fUSion) agm g_2 1 u
d0?  64mdm Q2

1 2\ (2
1+s—2] %Ime(Q )7 (3.2)

where s = (l +k2)2, U= (kz — ll)2 and Oy = 32/(476)-
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Figure 7: The differential cross section for the Higgs production as a function of Q. Red, blue and orange
curves correspond to top-quark, W-boson and total contributions, respectively.

We have plotted the differential cross section do/ dQ? as a function of Q? for Vs =200GeV
in Fig.7. Here we note that the W-boson contribution (orange curve) dominates over the top-quark
contribution (red curve) for the whole Q? region.

The possible competing process for e + ¥ — ¢’ + H with single electron tagging is Z7 fusion
process which is obtained in Fig.1(b) by replacing the virtual photon y* with the Z-boson. Because
of the mass squared term in the Z-boson propagator, as well as the Q% which appears as an overall
factor, we find that the y*y fusion gives rise to the dominant contribution for the forward region,
where Q? is smaller than (100)>GeV?2. In addition, regarding the total cross section, y*¥ fusion is
dominant over Zy fusion process for y/s < 400 GeV, which will be discussed in the Ref. [16].

4. Conclusion

In this paper we have studied the transition form factor of SM Higgs particle which is com-
ing from the top-quark loops as well as from the W-boson loops. The Q? dependence of each
contribution is described in Figs. 5 and 6. It has turned out that the W-boson loop contribution
dominates over the top-quark loop contribution. And we also found that the contribution from the
leptons, light-flavor (u,d,c,s,b) quarks and from the possible charged scalars are negligible [14].
The differential cross section due to these transition form factors are also studied.

The transition form factor of the Higgs boson may also be measured in the electron-positron
collision with single tagging, where ZZ fusion process might contribute. However, if the kinemat-
ical region is restricted to the forward directions, ZZ fusion is expected to be insignificant com-
pared to y*y fusion [14, 16]. Then using the equivalent-photon method, the so-called Weizsicker-
Williams method in e e~ collision [20], the corresponding Higgs production cross section can be
written in terms of the transition form factor given in Eq. (2.6).

Finally, it would be interesting to see if the transition form factor is a useful ingredient for
studying the Higgs physics at the photon collider discussed in Refs. [21, 22, 23]. As for a further
subject we should include the higher-order effects due to QCD and Electro-Weak interactions.
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