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Higgs and cosmology

- dark matter  ⟺  inert Higgs, Higgs portal etc.

- cosmic baryon asymmetry  ⟺  EW baryogenesis 

❐ What is the implications of Higgs physics for cosmology?

❐ Higgs boson was discovered.

We discuss EW baryogenesis in light of recent LHC data.
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- inflation ⟺  Higgs inflation
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(1) Baryon number (B) violation

(2) C and CP violation

(3) Out of equilibrium

- After inflation

- Before Big-Bang Nucleosynthesis (T≃O(1) MeV).

BAU must arise

❒ Our Universe is baryon-asymmetric.

Baryon Asymmetry of the Universe (BAU)

❒ Sakharov criteria (’67)

⌘CMB =
nB

n�
= (6.047± 0.074)⇥ 10�10,

⌘BBN =
nB

n�
= (5.7� 6.7)⇥ 10�10 (95% CL).

[PDG2014]
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❒ Electroweak baryogenesis (EWBG) ↔ Higgs physics.

1st scenario that we can verify or falsify with experimental data.



Electroweak baryogenesis

B violation: anomalous process!

C violation: chiral gauge interaction!

CP violation: CKM matrix and other complex phases in the 
beyond the SM!

Out of equilibrium: 1st-order EW phase transition (EWPT) with 
expanding bubble walls

[Kuzmin, Rubakov, Shaposhnikov, PLB155,36 (‘85) ]
Sakharov’s criteria

" BAU can arise by the growing bubbles.

!"#$%&'()*+%

+,--%."/0'()*+%

[Carrington, Kapusta, PRD47, (’93) 5304]
average bubble radius O(10�6) m

0 $
X

i=1,2,3

(3qiL + liL) (LH fermions)
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what we need is 

Esph is proportional to the Higgs VEV

B-changing rate in the broken phase is

EWPT has to be “strong” 1st order!!

large Higgs VEV after the EWPT

0

0 50 100 150 200 250 300
�  (GeV)

Veff

T=Tc

T>Tc

T<Tc

�(b)
B (T ) � (prefactor)e�Esph/T

vC

Energy

sphaleron

instanton

Ncs0-1 1

Esph

�(b)
B (TC) < H(TC)

vC
TC

& 1

Esph / v(T )



�(b)
B < H

what we need is 

Esph is proportional to the Higgs VEV

B-changing rate in the broken phase is

EWPT has to be “strong” 1st order!!

large Higgs VEV after the EWPT

0

0 50 100 150 200 250 300
�  (GeV)

Veff

T=Tc

T>Tc

T<Tc

�(b)
B (T ) � (prefactor)e�Esph/T

vC

Energy

sphaleron

instanton

Ncs0-1 1

Esph

�(b)
B (TC) < H(TC)

Esph

�B = 3�NCS

vC
TC

& 1

Esph / v(T )



How do we get 1st-order EWPT?
1st(2nd) order PT = discontinuities in 1st(2nd) derivatives of free energy

1st order PT2nd order PT



How do we get 1st-order EWPT?
1st(2nd) order PT = discontinuities in 1st(2nd) derivatives of free energy

Negative contributions 

in Veff.

1st-order PT
⇓

1st order PT2nd order PT



How do we get 1st-order EWPT?
1st(2nd) order PT = discontinuities in 1st(2nd) derivatives of free energy

Negative contributions 
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- Not enough data to exclude other models (2HDM, NMSSM etc).

vC
TC

& 1

Anyway, collider test of EWBG will be done based on the sphaleron

decoupling condition,



What’s next?
- No benchmark scenario.

- Colored particles (squarks) may not play a role in 
realizing strong 1st-order PT. (due to severe LHC bounds)

- EWPT may be simply described by extended Higgs sector.

We will consider a simple case,  SM+SU(2) singlet Higgs.

SM + SU(2) n-tuplet Higgs, n=1,2,3,…

[N.B.] CP violation comes from (chargino, neutralino)-sector which would not  
be relevant in studying EWPT. (bosons are more important than fermions)



in collaboration with Kaori Fuyuto (Nagoya U)

Ref. Phys.Rev.D90, 015015 (2014), [arXiv:1406.0433]

Electroweak phase transition in the 
real singlet-extended SM (rSM)



In this talk, we evaluate this condition 

more precisely, and study its impact on 

Higgs phenomenology.

Toward Higgs precision (Higgcision)

In the literature,
vC
TC

> 1 is usually used.

Figure 4: Estimates of the accuracy that can be achieved in Higgs coupling measurements
using a model-independent fit to LHC and ILC measurements, from [43]. The estimates are
shown as a fraction of the predicted Standard Model value for the Higgs coupling constants.
The indicated horizontal lines represent 5% deviations. For the invisible Higgs decay, the
quantity plotted is the square root of the branching fraction. The programs shown include
(left to right for each entry) LHC at 14 TeV and 300 fb�1, ILC at 250 GeV and 250 fb�1,
ILC at 500 GeV and 500 fb�1, ILC at 1000 GeV and 1000 fb�1.

17

[arXiv:1208.5152, M. Peskin]- Higgs sector will be clarified

with better accuracy at the coming 
LHC and ILC.

- Theoretical uncertainties in the 
EWBG calculation also have to be 
minimized.

But, r.h.s depends on Higgs mass
SM case
⇣sph = 1.16 (mh = 125 GeV)
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Real singlet-extended SM (rSM)

V0 =� µ2
HH†H + �H(H†H)2

+ µHSH
†HS +

�HS

2
H†HS2

+ µ3
SS +

m2
S

2
S2 +

µ0
S

3
S3 +

�S

4
S4,

Particle content: SM + S: (1,1,0)
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where φH and φS are the constant background fields of
the doublet and singlet Higgsses, respectively. The Higgs
potential has to satisfy the following conditions to be
bounded from below:

λH > 0; λS > 0; 4λHλS > λ2HS; ð10Þ

where the last condition is needed if λHS < 0. If we impose
a Z2 symmetry, the Higgs potential (4) is reduced to
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In Fig. 1, we show representative examples of
V0ðφH;φSÞ and VZ2

0 ðφH;φSÞ. In the left (right) figure,
we set mH1

¼ 125.5 GeV, mH2
¼ 150ð500Þ GeV, vS ¼

100ð200Þ GeV, α ¼ 0°ð38°Þ, μ0S ¼ −30ð0Þ GeV, and
μHS ¼ −80ð0Þ GeV. Both Higgs potentials are symmetric
about the φH axis. On top of this, VZ2

0 ðφH;φSÞ is also
symmetric about the φS axis because of the Z2 symmetry.
As discussed in Ref. [19], the vacuum structures at zero
temperature may provide some information about the
patterns of the phase transitions. In the left Higgs potential,
there is a local minimum on the φS axis. As we discuss
later, the phase transition can occur twice, i.e., the transition
from the origin to the local minimum along the φS axis,
followed by the transition from there to our vacuum as the
temperature decreases. In the right figure, on the other
hand, the phase transition may proceed once, i.e., the
transition directly from the origin to our vacuum. We
discuss various patterns of the phase transitions in the next
section.

At the tree level, the interactions of H1 and H2 with Z
and W bosons are

LHVV ¼ 1

v
ðcos αH1 − sinαH2Þð2m2

WW
þ
μ W−μ þm2

ZZμZμÞ;

ð12Þ

and the interactions with quarks f are

LYukawa ¼ −
X
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mf

v
ðcos αH1 − sin αH2Þf̄f: ð13Þ

We define the Higgs couplings to gauge bosons and
fermions normalized to the corresponding SM ones as

κV ¼
gH1VV

gSMhVV
¼ cos α; κF ¼

gH1ff

gSMhff
¼ cos α: ð14Þ

Since κV and κF have the same values as in the rSM, we
collectively denote them as κ in the following.

III. ELECTROWEAK PHASE TRANSITION

In addition to the tree-level potential (4), we include the
one-loop Coleman-Weinberg potential at zero temperature
[20,21], which is given by

V1ðφH;φSÞ ¼
X
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ni
m̄4
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ln
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where μ is a renormalization scale, which will be set
at v. m̄i is the background field-dependent mass, and the
numerical constant ci is 3=2 ð5=6Þ for scalars and fermions
(gauge bosons). ni are the degrees of freedom of the particle

FIG. 1 (color online). The shape of the tree-level potential V0ðφH;φSÞ and VZ2

0 ðφH;φSÞ as functions of φH and φS in left and right
figures, respectively. In the left (right) figure, we take mH1

¼ 125.5 GeV, mH2
¼ 150ð500Þ GeV, vS ¼ 100ð200Þ GeV, α ¼ 0°ð38°Þ,

μ0S ¼ −30ð0Þ GeV, and μHS ¼ −80ð0Þ GeV.
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Fig. 9 Results of 2D likelihood scans for the κV and κf parameters. The
cross indicates the best-fit values. The solid, dashed, and dotted contours
show the 68 %, 95 %, and 99.7 % CL confidence regions, respectively.

The diamond shows the SM point (κV, κf ) = (1, 1). The left plot shows
the likelihood scan in two quadrants, (+,+) and (+,−). The right plot
shows the likelihood scan constrained to the (+,+) quadrant

7.2 Test of the couplings to massive vector bosons
and fermions

In the SM, the nature of the coupling of the Higgs boson
to fermions, through a Yukawa interaction, is different from
the nature of the Higgs boson coupling to the massive vector
bosons, a result of electroweak symmetry breaking. Some
BSM models predict couplings to fermions and massive vec-
tor bosons different from those in the SM.

We compare the observations in data with the expectation
for the SM Higgs boson by fitting two parameters, κV and
κf , where κV = κW = κZ is a common scaling factor for
massive vector bosons, and κf = κb = κt = κτ is a com-
mon scaling factor for fermions. We assume that ΓBSM = 0.
At leading order, all partial widths scale either as κ2

V or κ2
f ,

except for Γγγ . As discussed in Sect. 7.1, the partial width
Γγγ is induced via loops with virtual W bosons or top quarks
and scales as a function of both κV and κf . For that reason,
the H → γ γ channel is the only channel being combined
that is sensitive to the relative sign of κV and κf .

Figure 9 shows the 2D likelihood scan over the (κV, κf)

parameter space. While Fig. 9 (left) allows for different signs
of κV and κf , Fig. 9 (right) constrains the scan to the (+,+)

quadrant that contains the SM expectation (1, 1). The (−,−)

and (−,+) quadrants are not shown since they are degenerate
with respect to the ones studied, with the implication that
with the available analyses we can only probe whether κV
and κf have the same sign or different signs. Studies of the
production of a Higgs boson associated with a single top
quark can, in principle, lift that degeneracy.

In Fig. 9 the 68 %, 95 %, and 99.7 % CL confidence
regions for κV and κf are shown with solid, dashed, and
dotted curves, respectively. The data are compatible with
the expectation for the standard model Higgs boson: the
point (κV, κf) = (1, 1) is within the 68 % CL confidence
region defined by the data. Because of the way these com-
patibility tests are constructed, any significant deviations
from (1, 1) would not have a straightforward interpretation
within the SM and would imply BSM physics; the scale and
sign of the best-fit values in the case of significant devia-
tions would guide us in identifying the most plausible BSM
scenarios.

Figure 10 shows the results of this combined analysis in
the different decay mode groups. The role and interplay of
different channels is important. For example, Fig. 9 (left)
shows a region in the (+,−) quadrant, where κV and κf have
opposite signs, which is excluded at the 95 % CL but not at the
99.7 % CL; it can be seen in Fig. 10 (left) how the combined
exclusion in the (+,−) quadrant is foremost due to the ability
of the H → γ γ decay to discern the relative sign between κV
and κf . This is due to the destructive interference between the
amplitudes of the W loops and top quark loops in the H →
γ γ decay: κ2

γ ∼ 1.59 κ2
V −0.66 κVκf +0.07 κ2

f ; if κV and κf
have opposite signs, the interference becomes constructive,
leading to a larger H → γ γ branching fraction. The shapes
of the confidence regions for other decay channels are also
interesting: the analyses of decays to massive vector bosons
constrain κV better than κf , whereas the analyses of decays
to fermions constrain κf better than κV. In the model used
for this analysis, the total width scales as κ2

H ∼ 0.75 κ2
f +

123

LHC constraints

- Direct/Indirect searches put some constraints on the 2nd 
Higgs mass and coupling.

Constraints from 125 GeV Higgs
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tions would guide us in identifying the most plausible BSM
scenarios.

Figure 10 shows the results of this combined analysis in
the different decay mode groups. The role and interplay of
different channels is important. For example, Fig. 9 (left)
shows a region in the (+,−) quadrant, where κV and κf have
opposite signs, which is excluded at the 95 % CL but not at the
99.7 % CL; it can be seen in Fig. 10 (left) how the combined
exclusion in the (+,−) quadrant is foremost due to the ability
of the H → γ γ decay to discern the relative sign between κV
and κf . This is due to the destructive interference between the
amplitudes of the W loops and top quark loops in the H →
γ γ decay: κ2

γ ∼ 1.59 κ2
V −0.66 κVκf +0.07 κ2

f ; if κV and κf
have opposite signs, the interference becomes constructive,
leading to a larger H → γ γ branching fraction. The shapes
of the confidence regions for other decay channels are also
interesting: the analyses of decays to massive vector bosons
constrain κV better than κf , whereas the analyses of decays
to fermions constrain κf better than κV. In the model used
for this analysis, the total width scales as κ2

H ∼ 0.75 κ2
f +

123

LHC constraints

- Direct/Indirect searches put some constraints on the 2nd 
Higgs mass and coupling.

prediction of rSM

Constraints from 125 GeV Higgs

6.2 EW singlet Higgs boson search 21
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Figure 8: Upper limits at the 95% CL on the EW singlet extension. Upper limits are displayed
as a function of the heavy Higgs boson mass and the model parameter C02 for different values
of Bnew. The upper dash-dotted line indicates where, for Bnew = 0.5, the variable width of the
heavy Higgs boson reaches the width of a SM-like Higgs boson. The lower dash-dotted line
displays the indirect limit at 95% CL on C02 from the measurement of h(125).
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Effective potential

Ve↵('H ,'S , T ) = V0('H ,'S) + V1('H ,'S) + V1('H ,'S , T ) + Vdaisy('H ,'S , T ).

To discuss EWPT, we use the effective potential.

where

with



Patterns of EWPT
❒ Diverse patterns of the phase 
transitions.
 [K.Funakubo, S. Tao, F. Toyoda., PTP114,369 (2005)]
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❒ Before EW symmetry breaking, singlet develops a VEV.

Type B

❒ Difference between type A and type B:

barrier exists in type B,       no barrier in type A
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❒ larger α gives strong 1st-order PT. (vC/TC > 1 for |α| > 13 deg.)
❒ α is mixing angle between H and S. 

mH2 = 170 GeV, vS = 90 GeV, µ0
S = �30 GeV, µHS = �80 GeV.
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EW vacuum is metastable



Esph = 4�vE/g2 (g2: SU(2) gauge coupling),

After the EWPT, the sphaleron process has to be decoupled.

�(b)
B (T ) � (prefactor)e�Esph/T < H(T ) � 1.66

�
g�T

2/mP

g� massless dof, 106.75 (SM) mP Planck mass ≃ 1.22x1019 GeV

- Sphaleron energy gives the dominant effect.

- We evaluate E(Tc),ζ(Tc).

v(T )
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g2
4⇡E(T )
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Sphaleron decoupling condition
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mH2 = 170 GeV, vS = 90 GeV, µ0
S = �30 GeV, µHS = �80 GeV.
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hhh coupling
- We may see a remnant of 1st-order EWPT by measuring 
Higgs self-coupling.

vC/TC ⤴ -> Δhhh ⤴
e.g., 2HDM [Kanemura, Okada, E.S., PLB606,(2005)361]

!

!

!
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ζ(TC) determines the minimum deviation of Δhhh.
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hhh coupling
❒ hhh coupling in the SM.

The dominant one-loop correction comes from top loop

❒ hhh coupling in the rSM.

Larger α gives the larger deviation from the SM value.

(To have strong 1st order PT,                 have to be large.)(�HS , µHS)

�SM
H1H1H1

=
3m2

H1

v

2

41 +
9m2

H1

32⇡2v2
+

X

i=W,Z,t,b

ni
m4

i

12⇡2m2
H1

v2

3

5



 160  180  200  220  240

 [GeV]

 0.7

 0.75

 0.8

 0.85

 0.9

 0.95

 1

20%

30%

50%

100%

vC/TC > ⇣(TC)

EW vacuum is not global

• ��H1H1H1 ' 16% for  ' 0.97 and 160 GeV . mH2 . 169 GeV,

• ��H1H1H1 ' 27% for  ' 0.95, and 163 GeV . mH2 . 176 GeV.

��H1H1H1 contours in (mH2 ,) plane



 160  180  200  220  240

 [GeV]

 0.7

 0.75

 0.8

 0.85

 0.9

 0.95

 1

20%

30%

50%

100%

vC/TC > ⇣(TC)

EW vacuum is not global

• ��H1H1H1 ' 16% for  ' 0.97 and 160 GeV . mH2 . 169 GeV,

• ��H1H1H1 ' 27% for  ' 0.95, and 163 GeV . mH2 . 176 GeV.

��H1H1H1 contours in (mH2 ,) plane



 160  180  200  220  240

 [GeV]

 0.7

 0.75

 0.8

 0.85

 0.9

 0.95

 1

20%

30%

50%

100%

vC/TC > ⇣(TC)

EW vacuum is not global

• ��H1H1H1 ' 16% for  ' 0.97 and 160 GeV . mH2 . 169 GeV,

• ��H1H1H1 ' 27% for  ' 0.95, and 163 GeV . mH2 . 176 GeV.

vC
TC

> 1If

��H1H1H1 contours in (mH2 ,) plane



 160  180  200  220  240

 [GeV]

 0.7

 0.75

 0.8

 0.85

 0.9

 0.95

 1

20%

30%

50%

100%

vC/TC > ⇣(TC)

EW vacuum is not global

• ��H1H1H1 ' 16% for  ' 0.97 and 160 GeV . mH2 . 169 GeV,

• ��H1H1H1 ' 27% for  ' 0.95, and 163 GeV . mH2 . 176 GeV.

172

vC
TC

> 1If

��H1H1H1 contours in (mH2 ,) plane



 160  180  200  220  240

 [GeV]

 0.7

 0.75

 0.8

 0.85

 0.9

 0.95

 1

20%

30%

50%

100%

vC/TC > ⇣(TC)

EW vacuum is not global

• ��H1H1H1 ' 16% for  ' 0.97 and 160 GeV . mH2 . 169 GeV,

• ��H1H1H1 ' 27% for  ' 0.95, and 163 GeV . mH2 . 176 GeV.

172
182

vC
TC

> 1If

��H1H1H1 contours in (mH2 ,) plane



Figure 4: Estimates of the accuracy that can be achieved in Higgs coupling measurements
using a model-independent fit to LHC and ILC measurements, from [43]. The estimates are
shown as a fraction of the predicted Standard Model value for the Higgs coupling constants.
The indicated horizontal lines represent 5% deviations. For the invisible Higgs decay, the
quantity plotted is the square root of the branching fraction. The programs shown include
(left to right for each entry) LHC at 14 TeV and 300 fb�1, ILC at 250 GeV and 250 fb�1,
ILC at 500 GeV and 500 fb�1, ILC at 1000 GeV and 1000 fb�1.

17

[arXiv:1208.5152, M. Peskin]

Higgs coupling measurements@LHC/ILC

LHC/ILC can probe EWBG-favored region.



2 Higgs Self-Coupling Phenomenology

Higgs boson pair production from gluon fusion can be described at leading order (LO) by the Feyn-
man diagrams shown in Figure 1. Only the diagram on the left hand side includes a contribution from
the triple Higgs coupling, whereas in the case of the diagram on the right hand side the self-coupling
constant does not play a role. Both diagrams contain fermionic loops and are dominated by the con-
tribution from the top quark. There is a relative minus sign between the two contributions, resulting
in destructive interference that effectively reduces the total Higgs pair production cross section in the
Standard Model.

Figure 1: Feynman diagrams describing Higgs pair production from gluon fusion at LO.
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Figure 2: The dependence of the inclusive Higgs pair production cross section at
√s = 14 TeV on

λHHH , on the left with a linear y-scale and with a log y-scale on the right. The LO and NLO values are
obtained with the HPAIR program [9], and for NNLO the results from Ref. [4, 5] are used.

This effect can be seen in Figure 2 (left), where di-Higgs cross sections for different values of the
self-coupling λHHH are shown, at LO, next-to-leading order (NLO), and next-to-next-to-leading order
(NNLO). A value of λHHH = 0 corresponds to the case where there is no self-coupling of the Higgs
boson, and thus the amplitude of the left diagram in Figure 1 vanishes. For this case the cross section is
enhanced by approximately a factor of two compared to the Standard Model [10, 11]. The cross section
decreases with increasing values of the self-coupling up to a value of 2.44 times the Standard Model
value (λS M

HHH) where the cross section is at its minimum. Figure 2 (right) shows that the cross-section
is never zero. For larger values of λHHH the cross-section increases again. Due to the (approximately)
parabolic shape of the cross-section, measuring only the total cross section for the pair production
process does not allow the value of the self coupling constant to be inferred but the degeneracy could
be removed by further measurements of its dependence on kinematical variables.

Figure 2 also shows that the differences between cross-section predictions at different order in
pQCD are large. The NNLO values are used in the remainder of this note.
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hhh coupling at LHC
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Figure 7: The distributions of mbb (a) and mγγ (b) for 3000 fb−1 after applying all the selection criteria
except the mbb (a) and mγγ (b) mass cuts. The individual shapes of the contributions are obtained
using the events surviving the event selection before the mass criteria and angular cuts are applied,
but normalized to the number of expected events after the full event selection. The ttX contribution
includes tt̄(≥ 1 lepton) and tt̄γ, while ‘Others’ includes cc̄γγ, bb̄γ j, bb̄ j j and j jγγ.
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Summary

❒ As a simple example, we have discussed the EW phase 
transition and sphaleron decoupling condition in SM+S.

❒ vC/TC > (1.1-1.2) in the typical cases.

❒ We also studied the deviation of the hhh coupling from 
the SM value based on the improved sphaleron decoupling 
condition.

❒ The deviation is greater than that based on the 
conventional criterion vC/TC>1.  -> Δhhh ⤴ 

❒ In the light of LHC data, MSSM EWBG was excluded.

Other models are still viable.
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S1 S2 S3 S4

H-S mixing parameters λHS λHS , µHS λHS , µHS µHS

PT type D B B B
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µ′
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λHS −2.35 1.08 0.80 0.00

κ 0.79 0.94 1.0 0.94

∆λH1H1H1 [%] −23.7 31.8 0.58 41.1

log10(Λ/GeV) 3.90 9.68 13.78 3.90

vC/TC
172.83
148.87 = 1.16 206.75

111.76 = 1.85 234.78
79.31 = 2.96 193.40

120.53 =1.60

vSC [GeV] 145.72 98.31 100.06 182.26

vsym
SC [GeV] 0.00 222.33 436.99 135.40

E(TC) 1.92 1.89 1.91 1.84

ζsph(TC) 1.14 1.18 1.18 1.20

TABLE II. The benchmark points for the strong first-order EWPT. (λH ,λS ,λHS) are outputs in

S1-S3, and (λH ,λS , µHS) are outputs in S4. µS = 0 is taken throughout our analysis. For a detail,

see a text. S1 is already disfavored by the LHC data and EW precision tests.

Finally, we comment on some remaining issues. In order to reduce the theoretical un-

certainties in the sphaleron decoupling condition, we should include the sub-leading con-

tributions omitted here. For example, the translational and rotational zero-mode factors

around the sphaleron can have some effects, leading to the enhanced ζsph. In addition, TC

has to be replaced with TN in the sphaleron decoupling condition. Since some regions in the

parameter space show the significantly large vC/TC , the corresponding supercooling can be

sizable, which delays the onset of the EWPT. If the EWPT mostly proceeds via the bubble
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parameter space show the significantly large vC/TC , the corresponding supercooling can be

sizable, which delays the onset of the EWPT. If the EWPT mostly proceeds via the bubble
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Figure 3. Exclusion plot of EWBG parameter space for m
h

= 125GeV, obtained by combining
the signal strength bounds from the various ATLAS and CMS Higgs searches (not Tevatron) as
outlined in section 5.1. The smallest exclusion at m

A

⇡ 300GeV, m
t̃R

= 115GeV is 97.2%, which
increases to 98.5% if we enforce the decoupling limit (m

A

> 1TeV).

mh in GeV 123 124 125 126 127 128

minimal exclusion (%) for all mA: 90.8 95.5 97.2 93.5 94.1 92.4

minimal exclusion (%) for mA > 1TeV: 99.6 98.5 99.0 99.3 99.97 99.999

• It is instructive to consider the exclusion obtained by combining only the two ��

constraints, each at their respective best-fit Higgs masses. mA < 500GeV is signif-

icantly disfavored, since the reduced ��h e↵ective coupling exacerbates the tension

between the ��[VBF] signal strength prediction (already lower than SM) and the

larger-than-SM observation by CMS. Over the entire EWBG parameter space, the

exclusion from only �� data is 89.5%.

EWBG is more excluded for smaller stop masses because lighter stops lead to greater

enhancement of the Higgs production cross-section. This increases the ��, ZZ⇤ and WW ⇤

signal strengths, causing tension with the observations. For large mA, the signal strength

predicted by EWBG is somewhat larger that the observed value for the channels ZZ⇤ and

WW ⇤, which leads to relatively strong exclusion. As we reduce mA, the Higgs couplings to

��, ZZ and WW decrease. The reduced signal strength leads to weaker exclusion from ZZ

and WW , but as explained above the increasing tension in the ��[VBF] channel strongly

disfavors very small mA. This leads to the ‘sweet spot’ of mA around 200–300GeV.
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Figure 5. Contour plot for the ratio of Br(h → γγ) over the SM value, µγγ (black dashed lines),
with a line corresponding to the strength of EWPT vC/TC = 1 (red solid line), on the plane of
the mass of the lightest Z2-odd charged particle m

Φ
′±
1

and the mass of the lightest Z2-odd neutral
particle mΦ′ 0

1
. The parameters are fixed according to eqs. (5.1) and (5.2).

tributing to the Higgs-to-diphoton decay, the increase in the coupling between the SM-like

Higgs boson and the charged scalar is cancelled by the increase in the charged scalar mass,

and thus the deviation of the Higgs-to-diphoton decay is not sensitive to λ.

Finally in figure 6, we combine the contour plot for the deviation of the triple Higgs

boson coupling from the SM value, ∆λhhh/λhhh|SM, with a line indicating the strength of

EWPT, vC/TC = 1. We discover that, when the strongly first order EWPT with vC/TC ! 1

occurs with our benchmark spectrum, the triple Higgs boson coupling increases by more

than about 20 % for 150GeV > mΦ′ 0
1

> 50GeV. The strength of EWPT and the deviation

of the triple Higgs boson coupling are correlated because the same loop corrections involving

light Z2-odd scalars contribute to both of them.

To summarize, we confirm that sufficiently strong first order EWPT for successful

EWBG can be realized with our benchmark mass spectrum. In order to have vC/TC ! 1,

we need λ > 1.6 provided the lightest Z2-odd neutral scalar is heavier than 50GeV. This

corresponds to the confinement scale ΛH lower than about 15TeV. In the parameter

regions where the strongly first order EWPT occurs, the Higgs-to-diphoton branching

ratio, Br(h → γγ), and the triple Higgs boson coupling, λhhh, significantly deviate from

the SM values. These are principally due to loop corrections involving light Z2-odd scalars,

which are also responsible for the strongly first order electroweak phase transition. With

the benchmark mass spectrum, Br(h → γγ) decreases by about 20% and λhhh increases by

more than about 20%, both of which may be observed at the future International Linear

Collider [78–80] and its γγ option [88] and the Compact Linear Collider [89].
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Figure 6. Contour plot for the deviation of the triple Higgs boson coupling from the SM value,
∆λhhh/λhhh|SM (black dashed lines), with a line corresponding to the strength of EWPT vC/TC = 1
(red solid line), on the plane of the mass of the lightest Z2-odd charged particle m

Φ
′±
1

and the mass
of the lightest Z2-odd neutral particle mΦ′ 0

1
. The parameters are fixed according to eqs. (5.1)

and (5.2).

6 Conclusions

We have discussed the correlation among the strength of EWPT, the Higgs-to-diphoton

branching ratio and the triple Higgs boson coupling in the extended Higgs sector with large

coupling constants and the 126GeV Higgs boson, which emerges as a low-energy effective

theory of the SUSY SU(2)H gauge theory with confinement. In our benchmark mass spec-

trum, the condition of quick sphaleron decoupling for EWBG, vC/TC ! 1, determines the

scale of the Landau pole to be below about 15TeV, which corresponds to the confinement

scale of the SU(2)H gauge theory. We have found that the Higgs-to-diphoton branching

ratio deviates negatively from the SM prediction by about 20% and the triple Higgs boson

coupling deviates positively by more than about 20%. Such deviations can be observed at

future collider experiments.

Acknowledgments

This work was supported in part by Grant-in-Aid for Scientific Research, Nos. 22244031

(S.K.), 23104006 (S.K.), 23104011 (T.S.) and 24340046 (S.K. and T.S.). The work of T.Y.

was supported in part by a grant of the Japan Society for the Promotion of Science, No.

23-3599.

– 13 –

strong 1st-order EWPT
strong 1st-order EWPT

hhh

[S. Kanemura, E.S., T. Shindou, T. Yamada, JHEP05 (2013) 066]

4 Higgs doublets+singlets-extended MSSM

If the EWPT is strong 1st order, 
- μγγ is reduced by more than 20%,
- hhh coupling is enhanced by more than 20%.

❒ Strong 1st-order EWPT is driven by the charged Higgs bosons.

hγγ



J
H
E
P
0
5
(
2
0
1
3
)
0
6
6

 260

 280

 300

 320

 340

 360

 380

 400

 60  80  100  120  140
mΦ′0

1
[GeV]

m
Φ

′± 1

[G
eV

]

0.83
0.82

0.81

0.80

0.79

µγγ = 0.78

vc/Tc =
1.0

Figure 5. Contour plot for the ratio of Br(h → γγ) over the SM value, µγγ (black dashed lines),
with a line corresponding to the strength of EWPT vC/TC = 1 (red solid line), on the plane of
the mass of the lightest Z2-odd charged particle m

Φ
′±
1

and the mass of the lightest Z2-odd neutral
particle mΦ′ 0

1
. The parameters are fixed according to eqs. (5.1) and (5.2).

tributing to the Higgs-to-diphoton decay, the increase in the coupling between the SM-like

Higgs boson and the charged scalar is cancelled by the increase in the charged scalar mass,

and thus the deviation of the Higgs-to-diphoton decay is not sensitive to λ.

Finally in figure 6, we combine the contour plot for the deviation of the triple Higgs

boson coupling from the SM value, ∆λhhh/λhhh|SM, with a line indicating the strength of

EWPT, vC/TC = 1. We discover that, when the strongly first order EWPT with vC/TC ! 1

occurs with our benchmark spectrum, the triple Higgs boson coupling increases by more

than about 20 % for 150GeV > mΦ′ 0
1

> 50GeV. The strength of EWPT and the deviation

of the triple Higgs boson coupling are correlated because the same loop corrections involving

light Z2-odd scalars contribute to both of them.

To summarize, we confirm that sufficiently strong first order EWPT for successful

EWBG can be realized with our benchmark mass spectrum. In order to have vC/TC ! 1,

we need λ > 1.6 provided the lightest Z2-odd neutral scalar is heavier than 50GeV. This

corresponds to the confinement scale ΛH lower than about 15TeV. In the parameter

regions where the strongly first order EWPT occurs, the Higgs-to-diphoton branching

ratio, Br(h → γγ), and the triple Higgs boson coupling, λhhh, significantly deviate from

the SM values. These are principally due to loop corrections involving light Z2-odd scalars,

which are also responsible for the strongly first order electroweak phase transition. With

the benchmark mass spectrum, Br(h → γγ) decreases by about 20% and λhhh increases by

more than about 20%, both of which may be observed at the future International Linear

Collider [78–80] and its γγ option [88] and the Compact Linear Collider [89].

– 12 –

J
H
E
P
0
5
(
2
0
1
3
)
0
6
6

 260

 280

 300

 320

 340

 360

 380

 400

 60  80  100  120  140
mΦ′0

1
[GeV]

m
Φ

′± 1

[G
eV

]

∆λhhh
λhhh|SM

= +10%

+20%

+30%

+40%

+50%

vc/Tc =
1.0

Figure 6. Contour plot for the deviation of the triple Higgs boson coupling from the SM value,
∆λhhh/λhhh|SM (black dashed lines), with a line corresponding to the strength of EWPT vC/TC = 1
(red solid line), on the plane of the mass of the lightest Z2-odd charged particle m

Φ
′±
1

and the mass
of the lightest Z2-odd neutral particle mΦ′ 0

1
. The parameters are fixed according to eqs. (5.1)

and (5.2).

6 Conclusions

We have discussed the correlation among the strength of EWPT, the Higgs-to-diphoton

branching ratio and the triple Higgs boson coupling in the extended Higgs sector with large

coupling constants and the 126GeV Higgs boson, which emerges as a low-energy effective

theory of the SUSY SU(2)H gauge theory with confinement. In our benchmark mass spec-

trum, the condition of quick sphaleron decoupling for EWBG, vC/TC ! 1, determines the

scale of the Landau pole to be below about 15TeV, which corresponds to the confinement

scale of the SU(2)H gauge theory. We have found that the Higgs-to-diphoton branching

ratio deviates negatively from the SM prediction by about 20% and the triple Higgs boson

coupling deviates positively by more than about 20%. Such deviations can be observed at

future collider experiments.

Acknowledgments

This work was supported in part by Grant-in-Aid for Scientific Research, Nos. 22244031

(S.K.), 23104006 (S.K.), 23104011 (T.S.) and 24340046 (S.K. and T.S.). The work of T.Y.

was supported in part by a grant of the Japan Society for the Promotion of Science, No.

23-3599.

– 13 –

strong 1st-order EWPT
strong 1st-order EWPT

hhh

[S. Kanemura, E.S., T. Shindou, T. Yamada, JHEP05 (2013) 066]

4 Higgs doublets+singlets-extended MSSM

If the EWPT is strong 1st order, 
- μγγ is reduced by more than 20%,
- hhh coupling is enhanced by more than 20%.

❒ Strong 1st-order EWPT is driven by the charged Higgs bosons.

Figure 2: |de|, σpSI and µγγ in the case of Y = 0 and n = 1 (triplet). We set Mphys = 400 GeV.

and the latest neutron EDM bound is |dn| < 2.9× 10−26ecm [12]. Thus, the neutron EDM bound
is not as stringent as the electron one now.

Next is the Higgs boson decay to two gammas. The signal strength of the Higgs boson decay
to two gammas is determined by the low-energy theorem [13–15], and the contribution from the
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❒ However, successful scenario still remain, e.g. bino-driven scenario.



Z’-ino-driven EWBG in the UMSSM

" BAU can be explained if the Higgsino and Z’-ino are nearly degenerate.

[E.S., PRD88, 055014 (2013)]

" Predictions: gH1VV=(0.8-0.9) and light leptophobic Z’ (<215 GeV)

" Strong 1st-order EWPT is driven by the doublet-singlet mixing effects.
" CP-violation relevant to the BAU comes from Higgsino-Z’-ino int.

gH1VV ! 1. SinceH1 andH2 are the mixture of the doublet

and singlet Higgs bosons, gH1VV can deviate from unity. In

the chosen parameter space, the main component of H1 is
the doublet Higgs boson, while that of H2 is the singlet
Higgs boson. As mentioned above, the smaller mZ0 , the
more doublet-singlet Higgs mixing gets enhanced, leading
to the stronger first-order EWPT.

In our analysis, mH1
is fixed as 126 GeV by tuning j!j.

Note, however, that the adjusted j!j can vary as vS changes.
If the doublet-singlet Higgs mixing is large, mH1

tends to

decrease, which can be seen from the approximate mass
formula Eq. (18). In order to set mH1

¼ 126 GeV, such a

deficit in mH1
should be compensated by the increment of

j!j, which explains the behavior of j!j as a function of mZ0

presented in the lower right panel of Fig. 2. For mZ0 ¼
170 GeV, j!j ’ 0:97 is needed, and a lighter Z0 boson
would require j!j> 1.3 Note that this statement is based
on the assumption of QHd

¼ QHu
¼ "1=2. The discussion

of the different choices of QHd;u
will be given below.

Summarizing our findings in Fig. 2, to realize the strong
first-order EWPT in the UMSSM, the non-MSSM-like
limit is needed, which leads to the light Z0 boson.4 It is

found that mZ0 < 220 GeV if "sph ¼ 1. The more precise
upper bound of mZ0 requires the knowledge of "sph which
will be evaluated below. Since the experimental lower
bounds on mZ0 in various Z0 models are typically multi-
TeV, the EWBGmay not be successful except the so-called
leptophobic Z0 scenario in which the Z0 boson does not or
much weakly couple to the leptons, and thus the collider
bounds on mZ0 may be significantly relaxed. We will dis-
cuss the possible experimental bounds on the leptophobic
Z0 boson in Sec. VIA.
In the left panel of Fig. 3, E is plotted as a function ofmZ0 .

We can see that E varies from 1.96 to 1.90 in the range
mZ0 2 ½170; 240$ GeV. This behavior may be explained by
the fact that the sphaleron energy is sensitive to the magni-
tude of j!j as is observed in the SM sphaleron case; namely,
the larger the j!j yields, the larger the sphaleron energy.
The right panel of Fig. 3 shows "sph (blue dashed line) as

a function of mZ0 , where the only leading correction is
retained in Eq. (44). It is found that "sph 2 ð1:14; 1:18Þ.
Here, we also overlay vC=TC (red straight line) and find
that vC=TC > "sph is satisfied for mZ0 < 215 GeV.
As noted in Sec. IV, the sphaleron decoupling condition
evaluated with Eð0Þ should be improved by other effects. If
we adopt the MSSM result "sph ¼ 1:4 [23], we would have
mZ0 < 206 GeV.
So far, we present the results only in the case of

mH' ¼ 550 GeV. Here, we study the dependence of mH'

on the strength of the first-order EWPT. In the left panel of
Fig. 4, the contours of vC=TC are plotted in the mH'-mZ0

plane. Since jA!j dictates the magnitude of the singlet-
doublet Higgs mixing effect, the larger mH' can give the
stronger first-order EWPT. However, we should note that
there is a maximal value of mH' with a fixed mZ0 (or vS)
from the vacuum metastability as discussed in Sec. II B.

FIG. 3 (color online). (Left panel) E as a function ofmZ0 . (Right panel) The comparison of vC=TC with "sph. The input parameters are
the same as in Fig. 2.

3In the NMSSM and nMSSM, j!j< ð0:7–0:8Þ should be
satisfied to avoid a Landau pole below a grand unification scale
(( 1016 GeV) [10,21]. If we impose the same bound, the region
where the strong first-order EWPT is possible would be mostly
ruled out. However, the upper bound of j!j may change depend-
ing on a particle content of a full theory that we do not specify. In
this analysis, we do not impose a specific perturbativity bound on
j!j and vary it up to 1.

4If the Z0 boson gets its mass from the additional singlet Higgs
bosons such as the one in the sMSSM, the relationship between
the strength of vC=TC and mZ0 is not necessarily correlated (see,
e.g., [13,14]).
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only varying parameters. The dependence of QHd
and QHu

on the results will be discussed below. We fix the other
parameters as

m~q ¼ m~tR ¼ m~bR
¼ 1500 GeV;

At ¼ Ab ¼ m~q þ j!effj= tan";
(91)

jM1j ¼ jM2j=2 ¼ 100 GeV; jM0
1j ¼ j!effj; (92)

#M1
¼ #M2

¼ #$ ¼ 0; #M0
1
¼ %=2: (93)

In the upper left panel of Fig. 2, the Higgs VEVs at TC are
displayed as a function of mZ0 , and mH# ¼ 550 GeV is
taken. It is found that as mZ0 decreases vC=TC increases.
This is because the effect of the doublet-singlet Higgs mixing
gets enhanced as vS decreases. In this specific example,
vC=TC can reach about 3 at mZ0 ¼ 170 GeV. The reduction

of TC may be the prominent feature of the first-order EWPT
driven by the doublet-singlet Higgs mixing. In such a case,
the value of the singlet Higgs VEV significantly changes
during the EWPT, leading to large jvSC $ vsym

SC j. Conversely,
in the large vS limit, the effect of the singlet Higgs field is
suppressed and hence vC=TC is weakened.
In the upper right panel of Fig. 2, we show the four

neutral Higgs boson masses. We find that mH2
’ 300 GeV

and the other two heavy neutral Higgs boson masses are
mostly controlled by the scale of R$vS, which is fixed by
the charged Higgs boson mass mH# ¼ 550 GeV.
In the lower left panel of Fig. 2, gH1VV and gH2VV are

shown, where gHiVV is defined by

gHiVV ¼ O1i cos"þO2i sin"; (94)

with O being the orthogonal matrix that diagonalizes the
neutral Higgs boson mass matrix. In the SM-like limit,

FIG. 2 (color online). We take mH# ¼ 550 GeV. The Higgs VEVs at TC (upper left panel), the neutral Higgs boson masses
(upper right panel), the lightest and second lightest Higgs boson couplings with the gauge bosons (lower left panel), and j$j
(lower right panel) are shown as functions of mZ0 .

EIBUN SENAHA PHYSICAL REVIEW D 88, 055014 (2013)

055014-10



Z’-ino-driven EWBG in the UMSSM

" BAU can be explained if the Higgsino and Z’-ino are nearly degenerate.

[E.S., PRD88, 055014 (2013)]

" Predictions: gH1VV=(0.8-0.9) and light leptophobic Z’ (<215 GeV)

" Strong 1st-order EWPT is driven by the doublet-singlet mixing effects.
" CP-violation relevant to the BAU comes from Higgsino-Z’-ino int.
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❒ Strong 1st-order EWPT is driven by the doublet-singlet mixing effects.
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Experimental constraints on light leptophobic Z’ 

❒ Z’ boson (<200 GeV) is constrained by the UA2 experiment. RAPID COMMUNICATION

18 UA2 Collaboration / Searchfor new intermediate vector bosons

0.8 ~ UA2
0

0.6

0.4

0.2

0 ‘ I,,,,I,,,H I,,
140 160 180 200 220 240 260 280 300

M~/(GeV)
Fig. 5. Excluded region to 90% for Z’ —. ~q, (excluded region is hatched). The branching ratio is
given as a fraction of standard model branching ratio. The solid line shows a branching ratio of 1

for Z’ —~c~qwhilst the dashed line shows a branching ratio of 0.7.

TABLE 4
Mass response, R, a and efficiency of the fitting procedure for excited quarks.

R a 6fi1 6a11
(GeV) (GeV) (Mjj/Mx) (%) (%) (%)

150 5.9 0.90 ±0.03 11.2 ±2.1 82.9 ±21.9 21.9 + 5.2
200 8.0 0.907 ±0.008 9.2 + 1.0 81.8 ±36.5 23.7 + 10.7
250 10.0 0.924 ±0.005 9.0 + 1.4 71.2 ±25.6 23.7 ±8.7
300 11.9 0.913 + 0.004 8.2 ±0.3 72.2 + 27.0 23.9 ±9.1

vector bosons (see tables 2 and 4). This is caused by the differences between
the line shape of the excited quark (see fig. 6) and the line shape of Z’ two-
jet decays. The number of events in the low-mass tail is greatly reduced since
the excited quarks can only decay into their ground state counterparts. Only jets
caused by the productionof gluons, up quarks and down quarks are produced by
the decays of u* and d* quarks whilst vector bosons also decay to heavy quarks
which in turn decay into leptons and neutrinos leading to a low-mass tail.

UA2 bounds on mZ’
UA2 Collaborations,NPB400: (1993) 3

order of gqqZ0 & 0:2–0:5 for Z0 masses in the range of 130
to 300 GeV.

In Fig. 1, we show the constraints from UA2 and LEP II
on the couplings of a relatively light Z0 to first generation
quarks and electrons, assuming couplings to a single he-
licity. To obtain the UA2 limits, we have computed the
cross section for the process p !p ! Z0 ! 2 jets at a center-
of-mass energy of 630 GeV using MADGRAPH/MADEVENT

[37], and have compared the result to the limits on dijet
production shown in Fig. 2 of Ref. [36]. We see from Fig. 1
that a 130–300 GeV Z0 with roughly equal couplings to
quarks and leptons is constrained by LEP II to have very
small overall gauge coupling and thus will be unlikely to
provide any observable signals at the Tevatron, and possi-
bly even the LHC. Phenomenologically much more inter-
esting is the scenario in which a relatively light Z0 has very
small couplings to electrons and muons (& 0:04), but
sizable (! 0:1–0:3) couplings to quarks. We will focus
on this case throughout the remainder of this paper.

There are also a number of indirect and low energy
constraints that restrict the mass and couplings of Z0 bo-
sons. In particular, mixing between the Z0 and the standard
model Z, which is expected in a wide range of Uð1Þ0
models, can shift the Z mass from its predicted standard
model value, contributing to the T parameter [38]
(although the S, T, U parametrization must be used care-
fully within the context of Z0 models, as the electroweak
corrections are not generally oblique). High precision de-
terminations of the Zmass and other electroweak measure-
ments thus strongly constrain the degree of mixing that is

allowed between the Z and a light Z0 [39,40]. However, the
degree of Z–Z0 mixing expected is highly model depen-
dent, and there is no a priori reason to expect a large
mixing angle. To avoid conflict with electroweak precision
data, we will assume negligible Z–Z0 mixing throughout
this paper.
If the couplings between the Z0 and standard model

quarks are not family universal, tree-level flavor-changing
neutral current processes will be generated [41].
Measurements of neutral K, D, and B meson mixing
restrict couplings among the first two generations and the
b quark to be quite small [41–43]. However, flavor-
changing processes involving the top quark are relatively
unconstrained by experiment, so that couplings such as
!utZ0 may be substantial. We will consider this possibility
and its implications further in Sec. V, within the context of
the t!t forward-backward asymmetry measured at the
Tevatron.

III. W$ þ DIJET EVENTS AT THE TEVATRON

The CDF Collaboration has recently presented the re-
sults of an analysis studying events with a lepton, missing
transverse energy, and a pair of hadronic jets [15]. In the
standard model such events arise predominantly from QCD
processes in which an additional W$ decaying to lþ! or
l& !! is radiated. A smaller contribution is due to the pro-
duction of a W$ plus an additional weak gauge boson
(another W' or a Z) decaying hadronically. When the
number of W$ ! l! plus two jet events is plotted as a
function of the invariant mass of the two jets, mjj, a broad
peak is found at the masses of the W$ and the Z. The
existence of a Z0 with significant couplings to standard
model quarks could lead to the appearance of an additional
peak at the mass of the new boson, through processes such
as those shown in Fig. 2.

FIG. 1. Constraints on the Z0 couplings to light quarks and
leptons as a function of the Z0 mass. Bounds on Z0 couplings to
light quarks were extracted from the results of the UA2
Collaboration [36], whereas the LEP II bounds on couplings to
electrons were derived from Refs. [29,30]. We have assumed
couplings to a single fermion helicity. The constraints on the
couplings of a Z0 to leptons are significantly more stringent than
those on couplings to quarks.

FIG. 2. A representative Feynman diagram contributing to
events containing a lepton, missing transverse energy, and two
jets. When plotted as a function of the invariant dijet mass, this
process will produce a peak at the mass of the Z0.

LIGHT Z0 BOSONS AT THE TEVATRON PHYSICAL REVIEW D 83, 115013 (2011)

115013-3

M. Buckley et al,PRD83:115013 (2011)

❒ Electroweak precision tests (see e.g. Umeda,Cho,Hagiwara, PRD58 (1998) 115008) 
-> In our case, no constraint since Z-Z’ mixing is assumed to be small.
❒ All dijet-mass searches at Tevatron/LHC are limited to Mjj>200 GeV.

gffZ� f̄L,R�µfL,RZ �
µ



Sphaleron
σφαλεροs (sphaleros) “ready to fall”

[F.R.Klinkhamer and N.S.Manton, PRD30, 2212 (1984)]
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We consider the static classical solution.
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where U(�,�) such that S2 � SU(2) � S3. U(� = 0, �) = 1.

Sphaleron in the SU(2) gauge-Higgs system



Noncontractible loop

NCS = 0 

Energy

NCS = 1

vacuumsphaleron

vacuum

U(µ, �, �) = U(µ, � + �, �) = U(µ, �, � + 2�), for �µ,
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(µ, �, �) � S3, U(µ, �, �) is noncontractible since �3(SU(2)) � Z.

1 parameter familiy U(µ, �, �) (µ � [0, �]) with finite E.
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Ansatz
Let us consider the configuration space spanned by the following:
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cf. µ = 0, � � vacuum configuration

µ = �/2 � saddle point configuration (spahaleron)



Energy functional

Equations of motion for the sphaleron

with the boundary conditions
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Higgs couplings measurements@ILC

Chapter 9
Summary

A summary of all model independent coupling precisions is given in Table 9.1.

Table 9.1. Summary of expected accuracies �gi/gi for model independent determinations of the Higgs boson
couplings. The theory errors are �Fi/Fi = 0.1%. For the invisible branching ratio, the numbers quoted are 95%
confidence upper limits.

ILC(250) ILC(500) ILC(1000) ILC(LumUp)Ô
s (GeV) 250 250+500 250+500+1000 250+500+1000

L (fb≠1) 250 250+500 250+500+1000 1150+1600+2500
““ 18 % 8.4 % 4.0 % 2.4 %
gg 6.4 % 2.3 % 1.6 % 0.9 %
W W 4.8 % 1.1 % 1.1 % 0.6 %
ZZ 1.3 % 1.0 % 1.0 % 0.5 %
t¯t – 14 % 3.1 % 1.9 %
b¯b 5.3 % 1.6 % 1.3 % 0.7 %
·+·≠ 5.7 % 2.3 % 1.6 % 0.9 %
cc̄ 6.8 % 2.8 % 1.8 % 1.0 %
µ+µ≠ 91% 91% 16 % 10 %
�T (h) 12 % 4.9 % 4.5 % 2.3 %
hhh – 83 % 21 % 13 %
BR(invis.) < 0.9 % < 0.9 % < 0.9 % < 0.4 %

For the purpose of comparing ILC coupling precisions with those of other facilities we present
the coupling errors in Table 9.2.

Table 9.2. Summary of expected accuracies �gi/gi of Higgs boson couplings using, for each coupling, the fitting
technique that most closely matches that used by LHC experiments. For gg , g“ , gW , gZ , gb, gt, g· , �T (h) the seven
parameter HXSWG benchmark parameterization described in Section 10.3.7 of Ref. [206] is used. For the couplings
gµ, ghhh and the limit on invisible branching ratio independent analyses are used. The charm coupling gc comes
from our 10 parameter model independent fit. All theory errors are 0.1%. For the invisible branching ratio, the
numbers quoted are 95% confidence upper limits.

ILC(250) ILC(500) ILC(1000) ILC(LumUp)Ô
s (GeV) 250 250+500 250+500+1000 250+500+1000

L (fb≠1) 250 250+500 250+500+1000 1150+1600+2500
““ 17 % 8.3 % 3.8 % 2.3 %
gg 6.1 % 2.0 % 1.1 % 0.7 %
W W 4.7 % 0.4 % 0.3 % 0.2 %
ZZ 0.7 % 0.5 % 0.5 % 0.3 %
t¯t 6.4 % 2.5 % 1.3 % 0.9 %
b¯b 4.7 % 1.0 % 0.6 % 0.4 %
·+·≠ 5.2 % 1.9 % 1.3 % 0.7 %
�T (h) 9.0 % 1.7 % 1.1 % 0.8 %
µ+µ≠ 91 % 91 % 16 % 10 %
hhh – 83 % 21 % 13 %
BR(invis.) < 0.9 % < 0.9 % < 0.9 % < 0.4 %
cc̄ 6.8 % 2.8 % 1.8 % 1.0 %

In the energy and luminosity scenarios discussed in this paper it was assumed that the luminosity
upgrades at 250 and 500 GeV center of mass energy occurred after the energy upgrade at 1000 GeV.
It is of interest to consider a scenario where the 250 GeV and 500 GeV luminosity upgrade running
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Figure 2.7: Examples of double Higgs production processes. The upper and down left figures are

included the trilinear Higgs coupling constant λhhh.

Now, we define the effective coupling as

V = (λ3 + δλ3)h3, (2.1.34)

where λ3(≡ λv) is the trilinear Higgs boson coupling and δλ3 is the deviation from the SM prediction.

Fig. 2.8 shows the sensitivity of the trilinear Higgs boson coupling measurement as a function of the

Higgs boson mass. Here we take
√

s = 500, 1000, and 1500 GeV, respectively, and assume that the

efficiency of the particle tagging is 100% with an integrated luminosity of 1 ab−1. We use the invariant

mass cut as Mhh < 600 GeV for hZZ mode, and also use the 100% polarized electron beam for the

hhνν̄ mode to reduce the background. The dashed and dotted lines stand for the results of the hhZ

and hhνν̄ modes, respectively, and solid lines represent the combined both modes. For mh <∼ 160

GeV, we can measure the trilinear Higgs coupling with less than 20% accuracy. For
√

s to be 1 TeV

or higher, the hhνν̄ mode is dominant, in which the sensitivity of the Higgs coupling measurements

can be further improved, δλ3/λ3 ≤ 10%.
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Now, we define the effective coupling as

V = (λ3 + δλ3)h3, (2.1.34)

where λ3(≡ λv) is the trilinear Higgs boson coupling and δλ3 is the deviation from the SM prediction.

Fig. 2.8 shows the sensitivity of the trilinear Higgs boson coupling measurement as a function of the

Higgs boson mass. Here we take
√

s = 500, 1000, and 1500 GeV, respectively, and assume that the

efficiency of the particle tagging is 100% with an integrated luminosity of 1 ab−1. We use the invariant

mass cut as Mhh < 600 GeV for hZZ mode, and also use the 100% polarized electron beam for the

hhνν̄ mode to reduce the background. The dashed and dotted lines stand for the results of the hhZ

and hhνν̄ modes, respectively, and solid lines represent the combined both modes. For mh <∼ 160

GeV, we can measure the trilinear Higgs coupling with less than 20% accuracy. For
√

s to be 1 TeV

or higher, the hhνν̄ mode is dominant, in which the sensitivity of the Higgs coupling measurements

can be further improved, δλ3/λ3 ≤ 10%.

Measurement of λhhh

λhhh can be measured by double Higgs productions.

At linear collider:

Higgsstrahlung

WW-fusion



Production cross sections
e

e+

Z

Z
h h

h
hhh

*

*

¸
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For √s>1TeV, WW-fusion is also important. 
For √s≃1TeV, production cross section is O(0.1)fb

FIG. 3: The double Higgs boson production at the e+e− collider. The double-Higgs-strahlung

process e+e− → hhZ and the vector boson fusion process e+e− → hhνeν̄e.

FIG. 4: The cross sections of e+e− → hhZ process at the ILC as a function of collision energy
√
s

for mh = 120 GeV (left) and mh = 160 GeV (right).

process may decrease the cross section. On the other hand, if we have large enough energy,
one can control the collision energy to obtain the maximal production rate. In FIG. 4, the

cross sections of the double-Higgs-strahlung are evaluated as a function of e+e− center of
mass energy

√
s. The left (right) panel shows the case with the Higgs boson mass to be

mh = 120(160) GeV. The curves are presented in the same manner as in FIG. 2. Under the
variation of the hhh coupling constant, the cross section of the double-Higgs-strahlung has

the opposite correlation to that of gg → hh. Therefore, the positive contributions to the
hhh coupling constant has an advantage to obtain better sensitivities.

At a high energy lepton collider, the hard photons can be obtained from the Compton
back scattering method [38]. By using hard photons, Higgs boson pairs can be produced in

γγ → hh process. Feynman diagrams for this process are shown in FIG. 5, and the helicity

7

induced processes such as gg → hh and γγ → hh, cross sections can depend on new physics

particles in additional one-loop diagrams. In the THDM and scalar leptoquark models,
cross sections for e+e− → hhZ and γγ → hh can be enhanced due to the nondecoupling

effect on the hhh coupling constant through the extra scalar loops. In the chiral fourth
generation model, cross sections of double Higgs boson production processes can become

significantly large, because new particles mediate in the leading order loop diagram as well
as the nondecoupling effect on the hhh coupling constant. In models with vectorlike quarks,

the effect on the cross sections are small because of the decoupling nature of the theory.
By measuring these double Higgs boson production processes at different future collider

experiments, we would be able to test properties of new physics particles in the loop, which
helps identify the new physics model.

In Sec. II, effects of the hhh coupling constant in Higgs boson pair production processes
gg → hh at LHC, e+e− → hhZ and e+e− → hhνν̄ at ILC and CLIC, and γγ → hh at their

photon collider options are discussed. Model dependent analyses for these processes are
given in Sec. III for the THDM, the scalar leptoquark models, the chiral fourth generation

model, and the vectorlike quarks. In Sec. IV, summary and discussions are given.

II. THE HIGGS BOSON PAIR PRODUCTION PROCESSES AT COLLIDERS

In this section, we discuss Higgs boson pair production processes gg → hh [16–18],

e+e− → hhZ [22], e+e− → hhνν̄ [23] and γγ → hh [29] in various new physics models.
These processes contain the hhh coupling constant so that they can be used to determine

the hhh coupling constant at future collider experiments. The effective ggh and γγh vertices
would be precisely measured in the single Higgs boson production processes as gg → h at

hadron colliders [32] and γγ → h resonance production at the PLC [33], which will be used
to extract the hhh coupling constant from the one-loop induced processes such as gg → hh

and γγ → hh. In this section, before going to the discussion on the calculation for the cross
sections in each model, we first consider the results in the SM with a constant shift of the

hhh coupling constant by a factor of (1 + ∆κ);

λhhh = λSM
hhh(1 + ∆κ), (1)

where λSM
hhh = −3m2

h/v at the tree level 2 with v (≃ 246 GeV) being the VEV and mh

being the mass of the Higgs boson h. This constant shift can be realized when there is

2 At the one-loop order, the effective hhh vertex function have been evaluated as [7]

ΓSM
hhh(ŝ,m

2
h,m

2
h) ≃ −

3m2
h

v

{
1−

Ncm4
t

3π2v2m2
h

[
1 +O

(
m2

h

m2
t

,
ŝ

m2
t

)]}
, (2)

where Nc(=3) is the color factor. The full expression of the vertex function ΓSM
hhh

(p21, p
2
2, p

2
3) is also given

in Appendix A for completeness. In numerical analysis, we include the SM one-loop correction to the hhh

coupling constant.
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FIG. 6: The full cross section of e−e− (γ(+)γ(+)) → hh process as a function of
√
see for mh = 120

GeV (left) and mh = 160 GeV (right).

FIG. 7: The cross sections of e+e− → hhνν̄ process at the ILC as a function of collision energy
√
s

for mh = 120 GeV (left) and mh = 160 GeV (right).

laser photon. The curves are given in the same manner as in FIG. 2. The situation is very

different from gg → hh at the LHC. Energies of initial gluons are widely varied at a hadron
collider, while back-scattered photons at the PLC have narrow band spectra. Therefore, we

can tune the effective energy of photons at the PLC to some extent. The relative strength
of the W boson and the top-quark loop diagrams strongly depends on the collision energy

and the Higgs boson mass. Only for mh = 120 GeV, the large hhh coupling constant case
(∆κ = +1.0) shows a peak at the near threshold regime. It is found that the negative

deviation of the hhh coupling constant makes cross section large for mh = 120 GeV (left),
while it has an opposite effect on the cross section for mh = 160 GeV (right).

If we go to further high energy e+e− colliders, the second stage of the ILC or the CLIC,
the Higgs boson pair production via the W boson fusion mechanism becomes important [23].

The cross section increases for higher energy because of the t-channel enhancement of
W+W− → hh subprocess. In FIG. 7, we evaluate the production rate for e+e− → hhνν̄

by CalcHEP [39]. For both mh = 120 GeV (left) and mh = 160 GeV (right) cases, the
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