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Introduction
• A Higgs particle was found at the LHC 

Is it the SM Higgs, a SUSY Higgs, a Higgs of different 
model ? 

• Future linear collider: 
 e+e- collider: √ｓ=250GeV～ 

 It may be constructed in Japan. 

• Before e+ beams are ready, other options are 
possible  

 e-e-/e-γ/γγ option:                                                  
using one beam to produce high energy photon

ILC
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Energy transfer of Compton scattering

Physics @eγ collider
• DIS of the real photon 

• Real photon structure functions,… 

• Single top production 
• Direct measure CKM,… 

• Doubly charged particles 
• Higgs triplet model etc,… 

• Higgs production 
• Transition form factor,… 

• etc…
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Photon structure functions with heavy particle mass effects

e+e䠉collision

& QCD interactions
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and 

perturbatively calculable !
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Physics @eγ collider

Structure funcs. are calculated 
NLO QCD for each helicity state 
Laenen-Riemersma-Smith-VanVeerven(94)
NW-Kiyo-Sasaki(13)
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Figure 5.5: Total cross section for the process e+γ→ tb̄ν̄e in the effectiveW -approximation.

as far as the QCD corrections are concerned the reaction e+γ→ tb̄ν̄e is very well suited for
precise measurements of the CKM matrix element Vtb.
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Higgs transition factor
• We evaluate the transition form factor of 
Higgs and its Q2 dependence just like a 
transition form factor of π0 

!

!

!

•  These give us the good information Higgs is 
elementary particle(SM) or not

Transition From Factor in Higgs Production thru 2-photon processes         

• Di-photon decay mode observed  for a  Higgs of 
mass 125-126 GeV at LHC  (i.e. HÆ2J��

• Here we investigate Higgs production in 2-photon 
processes of e+e- collisions (i.e. 2J ÆH) 

• We evaluate transition form factor of Higgs and 
its Q2 dependence just like  

  a transition form factor of pion S�   

 
 

How Higgs couples to 2 photons?  

1. Introduction and Motivation 

RADCOR2013/9/26/               
Tsuneo Uematsu 

3 

analogy

 Transition Form Factor in      
Higgs production through        

Two-photon Processes 

Tsuneo Uematsu  (Kyoto Univ. ) 

Talk at RADCOR2013 
 Durham, September 26, 2013 

Norihisa Watanabe, Ken Sasaki,        
Yoshimasa  Kurihara 

in collaboration with 

Lapage-Brodsky(1980)
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Tree diagrams for Higgs production in 
e+e-  collision 

Transition From Factor in Higgs Production thru 2-photon processes         

ZH production 
(Higgs-strahlung)  

Tree diagrams for Higgs production in e+e- collision                        

RADCOR2013/9/26/               
Tsuneo Uematsu 

6 

Z-fusion (t-channel)  

The Z-fusion is the tree-level contribution 
for the e+e-Æe+e-H production process 

W-fusion (t-channel)  

We consider eJ�collision to avoid Z-fusion contribution  

We perform single tagging of scattered electron  Single tagging of scattered electrons
The Z-fusion is the tree-level for ee→eeH

We consider eγ collision to avoid Z-fusion

5
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Higgs production in 2γ process

Transition From Factor in Higgs Production thru 2-photon processes         

One photon is virtual while 
the other photon is real  

DIS of electron off real photon  

RADCOR2013/9/26/               
Tsuneo Uematsu 

7 

where from gauge inv.  

2. Higgs Production in 2J processes 
One photon is virtual while 
 other photon is real 
DIS of real photon

Scattering amplitude

Transition From Factor in Higgs Production thru 2-photon processes         

Top-quark-loop contribution                         

RADCOR2013/9/26/               
Tsuneo Uematsu 

8 

same function in the  
decay rate expression 

Transition From Factor in Higgs Production thru 2-photon processes         

W-boson-loop contribution                         

RADCOR2013/9/26/               
Tsuneo Uematsu 

9 

Charged fermion
W boson

6
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• We define the transition form factor as 

Transition form factor of Higgs

Charged fermion W boson

4. Numerical analysis

4.1. Transition form factor

In the limit Q2 → 0 (or ρ → 0 ), F1/2(ρt, τt) and F1(ρW , τW )
reduce, respectively, to

F1/2(ρt → 0, τt) = −2τt[1 + (1 − τt) f (τt)], (12)
F1(ρW → 0, τW ) = 2 + 3τW + 3τW (2 − τW ) f (τW ) , (13)

which coincide with the results for the top-quark and W-boson
loop contributions to H → 2γ decay amplitude[3, 4, 5, 6, 7, 8,
9].

On the other hand, for large Q2, F1/2(ρt, τt) and F1(ρW , τW )
show quite different behaviours:

F1/2(ρt → ∞, τt) = −
1

2ρt
g(ρt) = −

2m2
t

Q2 log2 Q2

m2
t

(14)

F1(ρW → ∞, τW ) = 2g(ρW ) = 2 log2 Q2

m2
W

(15)

where we note that g(ρ) → log2(4ρ) as ρ → ∞. Thus
F1/2(ρt, τt) is decreasing to zero while F1(ρW , τW ) is increasing
as Q2 becomes large.
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Figure 5: Transition form factors as a function Q2

m2
h

. Red, blue and orange curves

correspond to top-quark, W-boson and total contributions, respectively. We
choose mass parameters as mH = 126 GeV, mt = 173 GeV and mW = 80 GeV.

We plot, in Fig.5, Nce2
t F1/2(ρt, τt), F1(ρW , τW ) and Ftotal as a

function of Q2

m2
H

. We take mass parameters as mH = 126 GeV,
mt = 173 GeV and mW = 80 GeV so that we have τt = 7.54
and τW = 1.61. We see that W-loop contribution F1(ρW , τW ) is
positive, much larger in magnitude than top-quark loop contri-
bution F1/2(ρt, τt) and grows with Q2. In contrast, F1/2(ρt, τt)
is negative and does not vary much with Q2 and stays almost
constant. Thus, Ftotal, the sum of top-quark and W-boson loop
contributions, grows with Q2. Actually it grows as log2 Q2

m2
W

for

large Q2.

4.2. Differential cross section

The differential cross section coming from γ∗γ fusion in
eγ → eH shown in Fig.2 is given by

dσ(γ∗γ fusion)

dQ2 =
α3

em

64π
g2

4π
1

Q2

[
1 +

u2

s2

]
1

m2
W
|Ftotal(Q2)|2 (16)

where s = (l + k2)2, u = (k2 − l′)2 and αem = e2/(4π).
Now a question may be posed about feasibility of extracting

the transition form factor from the differential cross section. A
possible competing process for eγ → eH with single electron
tagging is Zγ fusion process which is obtained in Fig.2 by re-
placing the virtual photon γ∗ with the Z-boson.
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Figure 6: The differential cross section for the Higgs production as a function
of Q2. Blue and red curves correspond to the contributions from γ∗γ fusion and
Zγ fusion, respectively.

We have plotted the differential cross section dσ/dQ2 which
originates from γ∗γ (Zγ) fusion in blue (red) line as a func-
tion of Q2 for

√
s = 200GeV in Fig.6. Because of the mass

squared term in the Z-boson propagator, as well as the Q2 term
in the numerator, the γ∗γ fusion gives rise to the dominant con-
tribution for the forward region, where Q2/m2

H is smaller than
1. Therefore, the transition form factor of the Higgs boson via
real and virtual two-photon fusion can be measured once a eγ
colliding machine is constructed. In addition, regarding the to-
tal cross section, the γ∗γ fusion contribution is dominant over
that of Zγ fusion for

√
s ≤ 400 GeV, which will be discussed in

the ref.[11].

5. Summary and Discussion

In this paper we have studied the transition form factor of
the SM Higgs boson which arises from top-quark loop and W-
boson loop. Its Q2 dependence is summarized in Fig.5. The
main contribution comes from W-boson loop and Ftotal(Q2,m2

H)
grows with Q2. This is a prediction based on the SM about the
behaviour of the transition form factor of the Higgs boson. Any
deviation from the Q2 dependence of the transition form fac-
tor in the SM would indicate a possible signature of the new

3

NW-Kurihara-Sasaki-Uematsu(13) 

This behaviour 
is important to  
check SM Higgs

7

takahasi
線
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eγ collider

Backward Compton high energy γ beam can be produced

8
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9

polarization rather than with positron beams. The energy distribution of photon which produced by Compton
scattering is depend on the polarization of initial electron beam and laser photon. In fig 9, we plot the energy
distribution of scattered photon and can see 80% energy of electron can be transfer to photon energy. If initial
electron and laser photon have different helicity, the efficiency of energy is better than another combination. Now, we
assume the energy of photon laser is 2.33eV. Combining energy distribution of scattered photon and partonic cross
section which written in previous section, we can obtain the cross section formula of e−-γ collider as follows:

σe−γLaser =
∫

dω

ω
N(ω)σpart.(ω) (4.1)

where σe−γLaser is total cross section of e−-γ collision and σpart.(ω) is partonic cross section and N(ω) is energy
spectrum of backward Compton scattering.
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FIG. 9: The curves represent the ratio of energy transfer from electron for real photon. We plot the initial electron and photon
are unpolarized(dotted line) and have same helicities(dahed line) and different helicities(solid line). The energy of scattered
photon and electron energy are denoted by ω and E0, respectively.

In numerical analysis, higgs decays for bb̄ pair. In this decay process, the large background contribution come from
tails of Z boson production or central production??. If the invariant masses of bb̄ measured, the signal of higgs can be
found. The Figs.(10.a) and (10.b), we plot signal and background of the invariant mass of bb̄ at

√
s = 250GeV and√

s = 500GeV. The kinematical cut of electron and b quark are chosen as 10◦ ≤ θe− ≤ 170◦ and 40◦ ≤ θb ≤ 170◦,
respectively. In the back ground process, b quarks tend to radiate for forwardly, so that we drop the forwardly
scattering by kinematical cut. The energy cut of each particle are set to 3GeV. The total cross section in these
situation is 0.?fb,0.98fb, respectively.

If we assume that integration luminosity is L = 250fb−1. The S/
√

B ratio is about ???? and 16.9 for the case√
s = 250GeV and

√
s = 500GeV, respectively. A few hundred events are expected.
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FIG. 10: Solid lines are represented signal of eγ
Laser → e−H → e−bb̄. Dotted lines are obtained
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different helicity 
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Energy transfer of Compton scattering
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cross section

eγ collider
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Higgs production in eγ collider
• Higgs can be produced in γγ/eγ collider 

• Higgs physics in γγ collider are studied 

• Here we investigate Higgs production in eγ 
collider 
• We can measure the variable dependence

 10

Ginzburg-Krawczyk(2013)

k1
k′

1

H

k2

γ

e e kinematics

10
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Higgs production in eγ collider
• Higgs are produced by loop diagrams  

• Calculation is done in unitary gauge 

• Amplitudes are expressed in analytical form 

• Feynman diagrams at one-loop level 

• photon-photon/photon-Z fusion diagrams 

• Other diagrams

11
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Higgs production in eγ collider
• Fusion diagrams: γγ fusion 

!

!

!

• γZ fusion: photon propagator⇒Z propagator 

• Form factor can be defined in fusion diagrams

2

particles appear and ghosts and Goldstone bosons are absent. The gauge boson propagators in unitary gauge and the
relevant Feynman rules for the three- and four-point vertices which we use for this work are summarized in Appendix
A. The one-loop diagrams which contribute to the reaction (2.1) are classified into four groups: γ-γ fusion diagrams
(Fig.1, 2), Z-γ fusion diagrams (Fig.3, 4), “W -boson related” diagrams (Fig.5) and “Z-boson related” diagrams
(Fig.6).

Since k2 is the momentum of a real photon, we have k2
2 = 0 and kβ

2 ϵβ(k2) = 0, where ϵβ(k2) is the photon
polarization vector. We set q = k1 − k′

1. Assuming that the electrons are massless so that k2
1 = k′

1
2 = 0, we introduce

the following Mandelstam variables:

s = (k1 + k2)2 = 2k1 · k2 , t = (k1 − k′
1)

2 = q2 = −2k1 · k′
1, (2.2)

u = (k1 − ph)2 = −2k′
1 · k2 = m2

h − s − t . (2.3)

A. Virtual photon–real photon fusion diagrams
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FIG. 1: Virtual γ-γ fusion diagrams: top quark loop contributions
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FIG. 2: Virtual γ-γ fusion diagrams: W boson loop contributions

Charged fermions and W boson contribute to the one-loop γ-γ fusion diagrams. Note that one of the two γ’s is
virtual. 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 γ-γ fusion diagrams we calculate are shown in Fig.1, 2. Calculation is
straigtforward and we make full use of FeynCalc. We obtain the contribution from the one-loop γ-γ fusion diagrams
to the gauge invariant scattering amplitude as follows:

Aγγ =
( e3g

16π2

)[
u(k′

1)γµu(k1)
]1
t

(
gµβ − 2kµ

2 qβ

m2
h − t

)
ϵβ(k2)

×
{2m2

t

mW
NcQ

2
t Sγγ

(T )(t,m
2
t ,m

2
h) − mW Sγγ

(W )(t,m
2
W ,m2

h)
}

(2.4)

where e and g are the electromagnetic coupling and the weak gauge coupling, respectively, and Nc = 3 and Qt = 2
3 .

Sγγ
(T ) and Sγγ

(W ) are contributions from top loops and W loops, respectively, and are expressed in terms of scalar
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where e and g are the electromagnetic coupling and the weak gauge coupling, respectively, and Nc = 3 and Qt = 2
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Sγγ
(T ) and Sγγ

(W ) are contributions from top loops and W loops, respectively, and are expressed in terms of scalar

W boson loopTop-quark loop
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Higgs production in eγ collider
• Other diagrams

4

given by

fZe = −1 + 4 sin2 θW , fZt = 1 − 8
3

sin2 θW . (2.8)

The axial vector part of the Z coupling to top quark (see Eq.(A6)) gives a null effect. And we find

SZγ
(T )(t, m

2
t ,m

2
h) = Sγγ

(T )(t,m
2
t ,m

2
h) , SZγ

(W )(t,m
2
W ,m2

h) = Sγγ
(W )(t, m

2
W ,m2

h) (2.9)

C. “W -boson related” one-loop diagrams
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FIG. 5: “W -boson related” diagrams

The Feynman diagrams involving W boson and electron neutrino, which are shown in Fig.5, also contribute to
the Higgs production in e and real γ collision. They yield the “W -boson related” amplitude which is written in the
following form,

AW
eγ→eH =

( eg3

16π2

)mW

4

[
u(k′

1) FW
(eγ→eH)β (1 − γ5)u(k1)

]
ϵ(k2)β (2.10)

where the factor (1 − γ5) is due to the e-ν-W vertex. Thus, when the initial electron beams are right-handedly
polarized, these “W -boson related” diagrams do not contribute. The factor FW

(eγ→eH)β is written in a gauge invariant
form as

FW
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(2k1β k/2

s
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where S
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W ) and S
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1β
)

(eγ→eH) (s, t, m
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W ) are expressed in terms of scalar integrals B0’s, C0’s and
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given by

fZe = −1 + 4 sin2 θW , fZt = 1 − 8
3

sin2 θW . (2.8)

The axial vector part of the Z coupling to top quark (see Eq.(A6)) gives a null effect. And we find
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C. “W -boson related” one-loop diagrams
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D. “Z-boson related” one-loop diagrams

The last one-loop contributions to the Higgs production in e and real γ collision come from the Feynman diagrams
shown in Fig.6. These “Z-boson related” diagrams give the following amplitude,

AZ
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16π2

)(
− mZ
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)
×

[
u(k′

1) FZ
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]
ϵ(k2)β (2.14)

where the factor (fZe +γ5)2 arises from the Z boson coupling to electrons. The factor FZ
(eγ→eH)β is written in a gauge

invariant form as
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and
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The explicit expressions of the scalar integrals B0’s, C0’s and D0’s which appear in Eqs.(2.16) and (2.17) are
given in Appendix B. The integrals C0

(
0, s, m2

h; m2
Z , 0,m2

Z

)
and C0

(
0, u,m2

h;m2
Z , 0, m2
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are finite. On the

other hand, collinear singularities appear in C0
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)

and in the four-point inte-
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h; s, u; m2
Z , 0, 0,m2

Z

)
. These collinear divergences are handled by dimensional regularization. See

Eqs.(B28), (B29) and (B37). These scalar integrals with collinear divergences appear in combination as in the
parentheses of the last terms of Eqs.(2.16) and (2.17) and, as a result, their collinear divergences cancel out. Thus

S
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(eγ→eH)(s, t, m
2
h,m2

Z) and S
(Z)(k′

1β
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Z) are both finite.

Zero
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Numerical analysis
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FIG. 7:
dσ(γγ fusion)

dt (blue solid line),
dσ(Zγ fusion)

dt (red dashed line),
dσ

(W )
(eγ→eH)

dt (green dotted line) and
dσ

(Z)
(eγ→eH)

dt (orange dashed

dotted line) for the cases (a) s = (200)2GeV2 and (b) s = (400)2GeV2. In the plot (b),
dσ

(Z)
(eγ→eH)

dt is too small and is out of the
plot range.

Integrating the differential cross sections over t, we define

σall
eγ→eH =

∫
dt

dσall
eγ→eH

dt
, σ(γγ fusion) =

∫
dt

dσ(γγ fusion)

dt
, σ(Zγ fusion) =

∫
dt

dσ(Zγ fusion)

dt
,

σ(W )
(eγ→eH) =

∫
dt

dσ(W )
(eγ→eH)

dt
, σ(Z)

(eγ→eH) =
∫

dt
dσ(Z)

(eγ→eH)

dt
. (3.9)

We plot these Higgs production cross sections in Fig.8. We see that, up to
√

s ≤ 400GeV, the dominant contribution
to the Higgs production cross section σall

eγ→eH comes from the γγ fusion diagrams. Actually, below
√

s = 300GeV,
the contributions from Zγ fusion, “W -boson related” and “Z-boson related” diagrams are safely neglected.
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FIG. 8: Higgs production cross sections.

IV. HIGGS PRODUCTION IN e-γ COLLISION

An e+e− collider can be used as a γ-γ or e−-γ collision. The high-intensity γ beam can be produced by backward
Compton scatterings of the electron beam and laser beam e−γLaser → e−γ.

We consider the e−e− collision machine because the construction of good positron source is difficult. Indeed ,the
electrons to be 80% longitudinally polarized. We suggest to only use electron beams, since we can obtain higher
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IV. HIGGS PRODUCTION IN e-γ COLLISION

An e+e− collider can be used as a γ-γ or e−-γ collision. The high-intensity γ beam can be produced by backward
Compton scatterings of the electron beam and laser beam e−γLaser → e−γ.

We consider the e−e− collision machine because the construction of good positron source is difficult. Indeed ,the
electrons to be 80% longitudinally polarized. We suggest to only use electron beams, since we can obtain higher
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Numerical analysis
• Initial photon has a energy band 

9

polarization rather than with positron beams. The energy distribution of photon which produced by Compton
scattering is depend on the polarization of initial electron beam and laser photon. In fig 9, we plot the energy
distribution of scattered photon and can see 80% energy of electron can be transfer to photon energy. If initial
electron and laser photon have different helicity, the efficiency of energy is better than another combination. Now, we
assume the energy of photon laser is 2.33eV. Combining energy distribution of scattered photon and partonic cross
section which written in previous section, we can obtain the cross section formula of e−-γ collider as follows:

σe−γLaser =
∫

dω

ω
N(ω)σpart.(ω) (4.1)

where σe−γLaser is total cross section of e−-γ collision and σpart.(ω) is partonic cross section and N(ω) is energy
spectrum of backward Compton scattering.
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FIG. 9: The curves represent the ratio of energy transfer from electron for real photon. We plot the initial electron and photon
are unpolarized(dotted line) and have same helicities(dahed line) and different helicities(solid line). The energy of scattered
photon and electron energy are denoted by ω and E0, respectively.

In numerical analysis, higgs decays for bb̄ pair. In this decay process, the large background contribution come from
tails of Z boson production or central production??. If the invariant masses of bb̄ measured, the signal of higgs can be
found. The Figs.(10.a) and (10.b), we plot signal and background of the invariant mass of bb̄ at

√
s = 250GeV and√

s = 500GeV. The kinematical cut of electron and b quark are chosen as 10◦ ≤ θe− ≤ 170◦ and 40◦ ≤ θb ≤ 170◦,
respectively. In the back ground process, b quarks tend to radiate for forwardly, so that we drop the forwardly
scattering by kinematical cut. The energy cut of each particle are set to 3GeV. The total cross section in these
situation is 0.?fb,0.98fb, respectively.

If we assume that integration luminosity is L = 250fb−1. The S/
√

B ratio is about ???? and 16.9 for the case√
s = 250GeV and

√
s = 500GeV, respectively. A few hundred events are expected.
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FIG. 10: Solid lines are represented signal of eγ
Laser → e−H → e−bb̄. Dotted lines are obtained

Convolution like PDF

• Feasibility to find Higgs in 
b-decay channel

• Background exists at tree level
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Numerical analysis
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• Higgs can be measured by mbb if using 
appropriate kinematical cut 

example

In preparation
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Summary
‣ We studied the transition form factor of                
Higgs particle 

‣ Higgs production in eγ collision was investigated in 
SM 

- Fusion diagrams ⇒ form factor 
- Other diagrams: W-related⇒polarized beam     

                                 Z-related ⇒negligible 
‣ Numerical analysis was performed 

• The feasibility to find Higgs in eγ collision in b 
decay channel
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Thanks for your attentions 

We hope γγ/eγ collider are realized
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