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2HDM Higgs sector
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The models we studied
1 NO explicit CP violation: all �i and m2

12 are assumed to be real.

2 NO spontaneous CP breaking: take ⇠ = 0.

3 "soft" Z2 symmetry (�1 ! �1, �2 ! ��2) breaking: m2
12 6= 0; �6 = �7 = 0.

our inputs: mh,mH ,mA,mH+ , tan�, sin↵,m2
12

Electroweak symmetry breaking
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2 CP-even neutral scalars: h = �⇢1 sin↵ + ⇢2 cos↵
H = ⇢1 cos↵ + ⇢2 sin↵

1 CP-odd neutral pseudoscalar: A = �⌘1 sin � + ⌘2 cos �

2 charged scalars: H±
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2HDM Yukawa sector

L = y1
ij  ̄i j�1 + y2

ij  ̄i j�2

We consider the Type I and Type II models, in which tree level FCNC are completely
absent due to some symmetry. 1

Model ui
R d i

R e i
R Realization

Type I �2 �2 �2 �1 ! ��1
Type II �2 �1 �1 �1 ! ��1, d i

R ! �d i
R

L2HDM
Yukawa = �

X

f =u,d ,`

mf

v

⇣
Ch

f f fh + CH
f f fH � iCA

f f �5fA
⌘

�
(p

2Vud

v
u
⇣
muCA

u PL + md CA
d PR

⌘
dH+ +

p
2m`CA

`

v
⌫L`RH1 + h.c.

)

Ch
V Ch

u Ch
d ,` CH

V CH
u CH

d ,` CA
V CA

u CA
d ,`

Type I sin(� � ↵) cos ↵
sin �

cos ↵
sin � cos(� � ↵) sin ↵

sin �
sin ↵
sin � 0 cot � � cot �

Type II sin(� � ↵) cos ↵
sin � � sin ↵

cos � cos(� � ↵) sin ↵
sin �

cos ↵
cos � 0 cot � tan �

(Ch
V )

2 + (CH
V )2 + (CA

V )2 = 1
1Paschos-Glashow-Weinberg theorem: if all fermions with the same quantum numbers couple to the

same Higgs multiplet, then FCNC will be absent.
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Procedural details

Scan ranges

↵ 2 [�⇡/2,+⇡/2] , tan� 2 [0.5, 60] a , m2
12 2 [�(2 TeV)2, (2 TeV)2]

mA 2 [5 GeV, 2 TeV] , mH± 2 [m⇤, 2 TeV] b

1 h ⇠ 125 scenario: mh 2 [123, 128] GeV , mH 2 ]128 GeV, 2 TeV] (see Jack’s talk)
2 H ⇠ 125 scenario: mH 2 [123, 128] GeV , mh 2 [12 GeV, 123 GeV]

aThe upper and lower bounds on tan � are chosen to ensure that the bottom and top
Yukawa couplings, respectively, lie within the perturbative region. Unlike the Z2 symmetric
2HDM which constrains tan � . 7, high tan � values are allowed when the Z2 symmetry is
softly broken.

bm⇤ is the lowest value of mH± allowed by LEP direct production limits and B physics
constraints.

What we consider ...
preLHC: Stability, Unitarity, Perturbativity, STU, B-physics, (g � 2)µ, LEP

H/A limits:
I H ! ZZ (⇤) ! 4`
I gg ! H ! ⌧⌧ and gg ! bbH with H ! ⌧⌧

postLHC8: additionally, ��, ZZ , WW , bb, ⌧⌧ signals for 125 GeV Higgs
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Procedural details

Points are retained only when “preLHC” constraints including  are all satisfied.

preLHC: 
• stability 
• unitarity 
• perturbativity 
• EWK 
• B-physics 
• (g-2)μ 

• LEP
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Procedural details

Our focus
1 h ⇠ 125 scenario: mh 2 [123, 128] GeV , mH 2 [128 GeV, 2 TeV] (Gunion’s talk)
2 H ⇠ 125 scenario: mH 2 [123, 128] GeV , mh 2 [12 GeV, 123 GeV]

↵ 2 [�⇡/2,+⇡/2] , tan� 2 [0.5, 60]

mA 2 [5 GeV, 2 TeV] , mH± 2 [m⇤, 2 TeV]

What we consider ...
preLHC: Stability, Unitarity, Perturbativity, STU, B-physics, (g � 2)µ, LEP

H/A limits:
I H ! ZZ (⇤) ! 4`
I gg ! H ! ⌧⌧ and gg ! bbH with H ! ⌧⌧

postLHC8: additionally, ��, ZZ , WW , bb, ⌧⌧ signals for 125 GeV Higgs
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Procedural details

Points are retained only when “preLHC” constraints including  are all satisfied.

preLHC: 
• stability 
• unitarity 
• perturbativity 
• EWK 
• B-physics 
• (g-2)μ 

• LEP
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Procedural details

Scan ranges

↵ 2 [�⇡/2,+⇡/2] , tan� 2 [0.5, 60] a , m2
12 2 [�(2 TeV)2, (2 TeV)2]

mA 2 [5 GeV, 900 GeV] , mH± 2 [m⇤, 900 GeV] b

1 h ⇠ 125 scenario: mh 2 [123, 128] GeV , mH 2 ]128 GeV, 2 TeV] (see Jack’s talk)
2 H ⇠ 125 scenario: mH 2 [123, 128] GeV , mh 2 [12 GeV, 123 GeV]

aThe upper and lower bounds on tan � are chosen to ensure that the bottom and top
Yukawa couplings, respectively, lie within the perturbative region. Unlike the Z2 symmetric
2HDM which constrains tan � . 7, high tan � values are allowed when the Z2 symmetry is
softly broken.

bm⇤ is the lowest value of mH± allowed by LEP direct production limits and B physics
constraints.

What we consider ...
preLHC: Stability, Unitarity, Perturbativity, STU, B-physics, (g � 2)µ, LEP

A limits:
I A ! ZZ (⇤) ! 4`
I gg ! A ! ⌧⌧ and gg ! bbA with A ! ⌧⌧

postLHC8: additionally, ��, ZZ , WW , bb, ⌧⌧ signals for 125 GeV Higgs

mA>200 GeV
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Procedural details

Our focus
1 h ⇠ 125 scenario: mh 2 [123, 128] GeV , mH 2 [128 GeV, 2 TeV] (Gunion’s talk)
2 H ⇠ 125 scenario: mH 2 [123, 128] GeV , mh 2 [12 GeV, 123 GeV]

↵ 2 [�⇡/2,+⇡/2] , tan� 2 [0.5, 60]

mA 2 [5 GeV, 900 GeV] , mH± 2 [m⇤, 900 GeV]

What we consider ...
preLHC: Stability, Unitarity, Perturbativity, STU, B-physics, (g � 2)µ, LEP

A limits:
I A ! ZZ (⇤) ! 4`
I gg ! A ! ⌧⌧ and gg ! bbA with A ! ⌧⌧

postLHC8: additionally, ��, ZZ , WW , bb, ⌧⌧ signals for 125 GeV Higgs



Current status

May%5C7,%2014%

μVBF+VH%vs%μggF+hH%

•  μVBF+VH%=%μVBF%=%μVH%(coupling%with%vector%boson)%

•  μggF+hH%=%μggF%=%μhH%(coupling%with%fermions)%

Pheno2014%C%G.%Halladjian% 10%

Ref%[11]%
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Η~125-Parameter
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Procedural details

Scan ranges

↵ 2 [�⇡/2,+⇡/2] , tan� 2 [0.5, 60] a , m2
12 2 [�(2 TeV)2, (2 TeV)2]

mA 2 [5 GeV, 900 GeV] , mH± 2 [m⇤, 900 GeV] b

1 h ⇠ 125 scenario: mh 2 [123, 128] GeV , mH 2 ]128 GeV, 2 TeV] (see Jack’s talk)
2 H ⇠ 125 scenario: mH 2 [123, 128] GeV , mh 2 [12 GeV, 123 GeV]

aThe upper and lower bounds on tan � are chosen to ensure that the bottom and top
Yukawa couplings, respectively, lie within the perturbative region. Unlike the Z2 symmetric
2HDM which constrains tan � . 7, high tan � values are allowed when the Z2 symmetry is
softly broken.

bm⇤ is the lowest value of mH± allowed by LEP direct production limits and B physics
constraints.

What we consider ...
preLHC: Stability, Unitarity, Perturbativity, STU, B-physics, (g � 2)µ, LEP

A limits:
I A ! ZZ (⇤) ! 4`
I gg ! A ! ⌧⌧ and gg ! bbA with A ! ⌧⌧

postLHC8: additionally, ��, ZZ , WW , bb, ⌧⌧ signals for 125 GeV Higgs
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H ⇠ 125-Parameter

Most important cos(� � ↵) vs. tan�

Generally, for the lightest Higgs boson h be SM like, Ch
V ⇠ sin(� � ↵) ⇠ 1.

However, there are two branches present in Type II model. In addition to the trivial
one, the upper strip extends to Ch

V ⇠ 0.7 and also terminates at large tan� due to
too large ⌧⌧ rate.

Type I Type II
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H ⇠ 125-Parameter

Most important cos(� � ↵) vs. tan�

Generally, for the lightest Higgs boson h be SM like, Ch
V ⇠ sin(� � ↵) ⇠ 1.

However, there are two branches present in Type II model. In addition to the trivial
one, the upper strip extends to Ch

V ⇠ 0.7 and also terminates at large tan� due to
too large ⌧⌧ rate.

Type I Type II
, , , ,

H ⇠ 125-Parameter

Most important cos(� � ↵) vs. tan�

Generally, for the heavy Higgs boson H be SM like, CH
V = cos(� � ↵) ⇠ 1.

However, there are two branches present in Type II model. In addition to the trivial
one, the upper strip has CH

D ⇠ �1, called “wrong-sign Yukawa coupling”
(arXiv:1403.4736), extending the CH

V to ⇠ 0.7.

tan� <⇠ 1 is eliminated by the mH± bound.



An intriguing possibility? 
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An intriguing possibility? 



Feed down (FD)
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Feed down

For heavier CP-even Higgs boson H, easier to access are µgg (ZZ) and µVBF (ZZ), about
0.2. This level of signal would eventually accessible in light of much smaller width a.

aWe correct for the width difference by rescaling the observed limits on � ⇥ BR by f =

vuuut
�2H+(4 GeV)2

�2
hSM

+(4 GeV)2
.
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Feed down

For heavier CP-even Higgs boson H, easier to access are µgg (ZZ) and µVBF (ZZ), about
0.2. This level of signal would eventually accessible in light of much smaller width a.

aWe correct for the width difference by rescaling the observed limits on � ⇥ BR by f =

vuuut
�2H+(4 GeV)2

�2
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+(4 GeV)2
.



Feed down (FD)

What amount 
of feed down is 
too large? 
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Feed down

For heavier CP-even Higgs boson H, easier to access are µgg (ZZ) and µVBF (ZZ), about
0.2. This level of signal would eventually accessible in light of much smaller width a.

aWe correct for the width difference by rescaling the observed limits on � ⇥ BR by f =

vuuut
�2H+(4 GeV)2

�2
hSM

+(4 GeV)2
.
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Feed down

For heavier CP-even Higgs boson H, easier to access are µgg (ZZ) and µVBF (ZZ), about
0.2. This level of signal would eventually accessible in light of much smaller width a.

aWe correct for the width difference by rescaling the observed limits on � ⇥ BR by f =

vuuut
�2H+(4 GeV)2

�2
hSM

+(4 GeV)2
.

FDOK: 
 
Low FD: 
 
 
High FD: µFD

ZH > 0.5µFD
ggFH+bbH > 0.2

0.1 < µFD
ggFH+bbH  0.2

0.3 < µFD
ZH  0.5

µFD
ggFH+bbH  0.1 µFD

ZH  0.3
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Feed down

For heavier CP-even Higgs boson H, easier to access are µgg (ZZ) and µVBF (ZZ), about
0.2. This level of signal would eventually accessible in light of much smaller width a.

aWe correct for the width difference by rescaling the observed limits on � ⇥ BR by f =

vuuut
�2H+(4 GeV)2

�2
hSM

+(4 GeV)2
.
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Feed down

For heavier CP-even Higgs boson H, easier to access are µgg (ZZ) and µVBF (ZZ), about
0.2. This level of signal would eventually accessible in light of much smaller width a.

aWe correct for the width difference by rescaling the observed limits on � ⇥ BR by f =

vuuut
�2H+(4 GeV)2

�2
hSM

+(4 GeV)2
.

CMS-PAS-13-025 
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H ⇠ 125-Parameter

Most important cos(� � ↵) vs. tan�

Generally, for the lightest Higgs boson h be SM like, Ch
V ⇠ sin(� � ↵) ⇠ 1.

However, there are two branches present in Type II model. In addition to the trivial
one, the upper strip extends to Ch

V ⇠ 0.7 and also terminates at large tan� due to
too large ⌧⌧ rate.

Type I Type II

Η~125-Parameter w/FD

, , , ,

H ⇠ 125-Parameter

Most important cos(� � ↵) vs. tan�

FD happens at the value of large sin(� � ↵), which is related to the HAZ coupling,
and prefers small tan�.

FD does NOT actually constrain the parameter space of the models.
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H ⇠ 125-Higgs signals

Two most precisely measured µH
gg (ZZ) vs. µH

gg (��)

Type I
not too much above 1
because that gluon fusion
production cannot be
much enhanced (universal
up and down type
couplings).
µH

gg (ZZ)

µH
gg (��)

< 1 for enhanced

µH
gg (��) rate.

Type II
easy realization of
substantial enhancement.
µH

gg (ZZ) is strictly larger
than µH

gg (��) for
enhanced µH

gg (��) rate.

Type I

Η~125-Higgs Signals @125
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H ⇠ 125-Higgs signals

Two most precisely measured µH
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gg (��)

Type I
not too much above 1
because that gluon fusion
production cannot be
much enhanced (universal
up and down type
couplings).
µH

gg (ZZ)

µH
gg (��)

< 1 for enhanced

µH
gg (��) rate.

Type II
easy realization of
substantial enhancement.
µH

gg (ZZ) is strictly larger
than µH

gg (��) for
enhanced µH

gg (��) rate.

eliminate low/high FD

Type II
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H ⇠ 125-Higgs signals

Two most precisely measured µH
gg (ZZ) vs. µH

gg (��)

Type I
not too much above 1
because that gluon fusion
production cannot be
much enhanced (universal
up and down type
couplings).
µH

gg (ZZ)

µH
gg (��)

< 1 for enhanced

µH
gg (��) rate.

Type II
easy realization of
substantial enhancement.
µH

gg (ZZ) is strictly larger
than µH

gg (��) for
enhanced µH

gg (��) rate.

Type I

Type II

Η~125-Higgs Signals @125
eliminate low/high FD

, , , ,

Higgcision in the 2HDM

What happens if all measured
signals converge to very SM?

For example, if the observed values
of µh

X (Y ) all lie within ±15%,
±10% and ±5% of the SM
prediction for the channels

(gg , ��), (gg ,ZZ), (gg , ⌧⌧),

(VBF, ��), (VBF,ZZ),

(VBF, ⌧⌧) = (VH, bb), (ttH, bb)
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1.2 Coupling Measurements
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Table 1-17. Photon collider precisions on Higgs production rates into various final states X, using a

sample of 50,000 �� ! H events [4, 5, 83–87].
Final state

bb̄
WW ⇤

⌧⌧
cc̄ gg

��
ZZ ⇤

Z�
µµ

��� ⇥ BR(H ! X) 1%
3%

–
–

–
12%

6%
20%

38%

Table 1-18. Muon collider statistical precisions on Higgs production rates into various final states X from

a 5-point energy scan centered atm
H with a combined yield of 39,000 Higgs bosons. The ⌧⌧ uncertainty is an

average of asymmetric uncertainties. The rates are proportional to BR(H ! µµ)⇥BR(H ! X) /  2
µ 2

X /� 2
H .

Final state
bb̄

WW ⇤
⌧⌧

cc̄ gg
��

ZZ ⇤
Z�

µµ
�H

m
H

�(µµ ! H ! X) 9%
5%

60%
–

–
–

–
–

–
4.3%

0.06 MeV

Table 1-19. Precisions of measured � · BR inputs for e+
e�

Higgs factories for complete programs: ILC:

250 fb�1
at 250 GeV, 500 fb�1

at 500 GeV, 1000 fb�1
at 1000 GeV; ILC LumiUp: adding 900 fb�1

at 250

GeV, 1100 fb�1
at 500 GeV, 1500 fb�1

at 1000 GeV; CLIC: 500 fb�1
at 350 GeV, 1500 fb�1

at 1.4 TeV,

3000�1
at 3.0 TeV; TLEP (following luminosities the sum over 4 interaction points): 10000 fb�1

at 240

GeV, 2600 fb�1
at 350 GeV. The CLIC numbers are assuming increased WW cross sections above 1 TeV

with (�0.8, 0) polarization of (e�
, e+

) (e↵ective luminosities scaled by a factor of approximately 1.8 above

the unpolarized case given in Ref. [3]). †
CLIC at 350 GeV. ‡

ILC luminosity upgrade assumes an extended

running period on top of the low luminosity program and cannot be directly compared to TLEP and CLIC

numbers without accounting for the additional running period.
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any case, the bottom line is that there is no decoupling limit for the mH = 125.5 GeV case

and non-decoupling e↵ects are inevitably of importance.

The resulting �� final state rates are illustrated in Fig. 22. There, we see that consistency

with ±5% for the ZZ final state rates and simultaneously for the gg ! H ! �� rate is only

possible on the sin↵ < 0 (i.e. CH
U < 0) branch in the Type I model. Most of this mismatch

can, as said earlier, be traced to the non-decoupling of the charged-Higgs loop contribution

to the H�� coupling. In the end only the few red points on the sin↵ < 0 branch of the

Type I model having µH
gg(��) >⇠ 0.95 can survive if  ±5% deviations from the SM are

required for both the ZZ and �� final states.

As regards the h and A masses associated with a good fit by the H to the LHC data

and other limits we refer to Fig. 23. There, we see that a proper fit at the postLHC8 level

is easily achieved if mh >⇠ 60 GeV, for which H ! hh decays are kinematically forbidden,

but that there is also a scattering of points for which small values of mh are possible. Such

points correspond to parameters such that the Hhh coupling is small. We will deal with

such situations in a separate paper [33], but for now su�ce it to say that a very “fine-tuned”

scan is necessary to find these points for which BR(H ! hh) is small enough that the H

signals fit the LHC data at an adequate level.

Let us now address the issue of feed down. Given that mA can be quite large, there is

certainly the possibility of A ! ZH feed down contributions to the H signals. Although the

FIG. 20: Constraints on the 2HDM of Type I and II in the sin(� � ↵) versus tan� plane for

mH ⇠ 125.5 GeV. We show points that survive at the preLHC (grey), A-limits (green), postLHC8

(blue), SM±15% (cyan), SM±10% (dark green), and SM±5% (red) levels.

Type I Type II
, , , ,

H ⇠ 125-Parameter

Not unexpectedly, as increasingly precise agreement with the SM is imposed in the
various final state channels one is quickly pushed to small |sin(� � ↵)|, but tan�
remains unrestricted.

SM±10% on each of the individual µ’s will exclude the “wrong-sign" Yukawa region
of the Type II model.

If ±5% agreement with the SM can be verified in all the channels, then
mH = 125.5 GeV scenario will be eliminated in Type II and all but eliminated in
Type I (due to the H± loop non-decoupling effect at large mH±).



Feed down vs. higher precision

, , , ,

Feed down
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FDOK: 
 
Low FD: 
 
 
High FD: µFD

ZH > 0.5µFD
ggFH+bbH > 0.2

0.1 < µFD
ggFH+bbH  0.2

0.3 < µFD
ZH  0.5

µFD
ggFH+bbH  0.1 µFD

ZH  0.3

Increased precision in 
the signal strength 
measurements reduces 
the “danger” of FD 
contamination.	
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Table 1-23. Estimated experimental percentage uncertainties on the double Higgs production cross
sections and Higgs self-coupling parameter � from e+e� linear colliders. The expected precision on �
assumes that the contributions to the production cross section from other diagrams take their Standard
Model values. ILC numbers include bbbb and bbWW ⇤ final states and assume (e�, e+) polarizations of
(�0.8, 0.3) at 500 GeV and (�0.8, 0.2) at 1000 GeV. ILC500-up is the luminosity upgrade at 500 GeV, not
including any 1000 GeV running. ILC1000-up is the luminosity upgrade including running at both 500
and 1000 GeV. CLIC numbers include only the bbbb final state. The two numbers for each CLIC energy
are without/with 80% electron beam polarization. ‡ILC luminosity upgrade assumes an extended running
period on top of the low luminosity program and cannot be directly compared to CLIC numbers without
accounting for the additional running period.

ILC500 ILC500-up ILC1000 ILC1000-up CLIC1400 CLIC3000
p
s (GeV) 500 500 500/1000 500/1000 1400 3000R

Ldt (fb�1) 500 1600‡ 500+1000 1600+2500‡ 1500 +2000

P (e�, e+) (�0.8, 0.3) (�0.8, 0.3) (�0.8, 0.3/0.2) (�0.8, 0.3/0.2) (0, 0)/(�0.8, 0) (0, 0)/(�0.8, 0)

� (ZHH) 42.7% 42.7% 23.7% – –

� (⌫⌫̄HH) – – 26.3% 16.7%

� 83% 46% 21% 13% 28/21% 16/10%

1.3.7 Photon collider

Higgs pairs can be produced at a photon collider via o↵-shell s-channel Higgs production, �� ! H⇤ ! HH.
The process was studied in Ref. [105] for an ILC-based photon collider running for 5 years, leading to 80
raw �� ! HH events. Jet clustering presents a major challenge for signal survival leading to a sensitivity
of only about 1�.

1.3.8 Muon collider

Double Higgs production at a muon collider can proceed via s-channel o↵-shell Higgs production, µ+µ� !
H⇤ ! HH. However, the cross section for this non-resonant process is very small, of order 1.5 ab at the
optimum energy of ⇠ 275 GeV, providing less than one signal event in 500 fb�1 before branching ratios and
selection e�ciencies are folded in.

1.3.9 Summary

Expected precisions on the triple Higgs coupling measurement, assuming that all other Higgs couplings are
SM-like and that no other new physics contributes to double-Higgs production, are summarized in Table 1-24.

These same numbers are used to estimate precisions possible from a combination of facilities as shown in
Table 1-25. As can be seen, the precision is usually dominated by the precision achieved by one of the collider
options in the combination.

Community Planning Study: Snowmass 2013
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Table 1-22. Signal significance for pp ! HH ! bb�� and percentage uncertainty on the Higgs self-
coupling at future hadron colliders, from [102].

HL-LHC HE-LHC VLHCp
s (TeV) 14 33 100

R Ldt (fb�1) 3000 3000 3000

� · BR(pp ! HH ! bb��) (fb) 0.089 0.545 3.73

S/
p
B 2.3 6.2 15.0

� (stat) 50% 20% 8%

Note that this extraction of the Higgs self-coupling assumes that the e↵ective ggH coupling and the Higgs
branching ratios to the final states used in the analysis are equal to their SM values.

1.3.5 Higher-energy hadron colliders

The cross section for gg ! HH increases with increasing hadron collider energy due to the increase in the
gluon partonic luminosity. Even though backgrounds increase with energy at a similar rate, a higher-energy
pp collider such as the HE-LHC (33 TeV) or VLHC (100 TeV) would improve this measurement.

Results of a fast-simulation study of double Higgs production in the bb�� final state for pp collisions at 14,
33, and 100 TeV [102] are shown in Table 1-22 (14 TeV results are consistent with the European strategy
study). bb�� is the most important channel at 14 TeV because of large top-pair backgrounds to the bb⌧⌧ and
bbWW channels. The simulation used Delphes with ATLAS responses [103] and assumes one detector. The
resulting uncertainty on ��/� is extracted using the scaling of the double-Higgs cross section with � [90].

1.3.6 Higgs boson self-coupling at e+e� Linear Colliders

At an e+e� linear collider, the Higgs trilinear self-coupling can be measured via the e+e� ! ZHH and
e+e� ! ⌫e⌫̄eHH processes. The cross section for the former peaks at approximately 0.18 fb close top
s = 500 GeV; however, for this channel there are many diagrams leading to the Zhh final state that

don’t involve the Higgs boson self-coupling resulting in a dilution of ��/� ' 1.8 ⇥ (��ZHH/�ZHH). This
situation improves for the W -fusion process ⌫e⌫̄eHH where ��/� ' 0.85 ⇥ (��⌫⌫̄HH/�⌫⌫̄HH) at 1 TeV,
but requires

p
s � 1.0 TeV for useful rates. Polarized beams can significantly increase the signal event rate,

particularly for the W -fusion process. None of the proposed e+e� circular machines provide high enough
collision energies for su�cient rates.

The most recent full simulation study [6,104] of these two production processes including all Z decay modes
as well as HH ! bbbb and HH ! bbWW ⇤ final states has been carried out using the ILD detector at
the ILC where event weighting depending on MHH is used to enhance the contribution of the self-coupling
diagram and improve on the dilutions above. Results are given in in Table 1-23.

The cross section for ⌫e⌫̄eHH continues to grow with
p
s, and full simulation studies [3] for CLIC show

increased sensitivity at higher collision energies of
p
s = 1.4 TeV and

p
s = 3.0 TeV as shown in Table 1-23.

Community Planning Study: Snowmass 2013

Η~125-Triple H coupling

Type I

Type II

•  Currently, a large deviation present. 
•  Tightly limited deviation if  the 

signals become increasingly SM-like. 

even out of  ILC reach 
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and is at a marginal level in the case of Type I. At the ±5% level, the few surviving Type I

points have µh
V H(bb) <⇠ 0.05 (assuming that a more extensive scan would reveal red points

with mh ⇠ 98 GeV that would have a signal level comparable to those around 90 GeV and

108 GeV plotted), a value that is not very consistent with the LEP ⇠ 2.3� excess observed.

At 14 TeV, there is also potential for detecting the h in the gg ! h ! �� mode — see

Fig. 27. Of course, while significant rate for L � 300 fb�1 is possible, the level of continuum

irreducible and reducible backgrounds must be assessed and could prove too large for the

blip at mh to be observable.

Finally, it is important to discuss the impact/constraints from non-observation of the A.

In the case of Type II models, low mA points are eliminated as a result of the B physics

related limit of mH± >⇠ 300 GeV and the requirement of an acceptable T parameter (which

limits mA � mH±). In the case of Type I models, mA <⇠ 60 GeV is possible but finding

points with small enough H ! AA to allow the H to have reasonably SM-like channel rates

requires a highly tuned scan. Overall, given the large range of possible cross sections, we

would have been lucky to see a signal in this mode.

Fig. ?? displays [�(gg ! A) + �(bbA))] ⇥ BR(A ! ��) (top), ⇥BR(A ! ⌧⌧) (middle)

and ⇥BR(A ! tt) (bottom) at 14 TeV as a function of mA. 7 Again, there is a large range

FIG. 26: µh
VH(bb), i.e. V ⇤ ! V h associated production with h ! bb relative to the SM, as a

function of mh. Note that µh
VH(bb) is actually independent of energy and that the ratio also applies

to any situation where the subprocess of interest is V ⇤ ! V h, including the LEP Z⇤ ! Zh process.

Color scheme is as for Fig. 20.

7 As commented in the last section, we plot the sum as this defines the inclusive production rate. Of course,

, , , ,

H ⇠ 125-Triple Higgs couplings

For mh <⇠ 60 GeV, one can require BR(H ! hh) small enough to still allow the H
rates in the various channels to fit the 125.5 GeV signal at the LHC8.

Can explain the LEP ⇠ 2.3� excess at mh ⇠ 98 GeV in both the Type I and Type II
models given current postLHC8 constraints on the H properties. However, the
Type I ±5% level and the Type II ±10% level would have a signal level that is not
consistent with this LEP excess observed.
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FIG. 28: Rates (in pb) of pseudoscalar A production at
p
s = 14 TeV as a function of mA for

the mH ⇠ 125.5 GeV scenarios, separated into di↵erent A decay modes: A ! �� (top), A ! ⌧⌧

(middle) and A ! tt̄ (bottom). In each case, we sum over gg ! A and gg ! bbA production. The

values of tan� are color-coded as indicated by the scale on the right of the plots.
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Η~125-pseudoscalar A search
• In Type I mA<60 GeV 

is possible but must 
have small BR(H-
>AA). For mA<100 
GeV, tautau cross 
section are quite 
large. 

!
• LHC8 125 GeV Higgs 

data constrain the A 
mass <700 GeV in 
Type I and <625 GeV 
in Type II. 

!
• A large range of 

possible cross section 
value. In average, 
Type II tends to be 
substantially larger 
than Type I. The  
lowest cross values 
are really very small 
and would not allow A 
detection. 



• The latest Higgs data from LHC clearly favors a fairly SM-like Higgs boson with mass 
of 125.5 GeV. !

• There is consistent descriptions with the LHC8 Higgs signal in the both Type I and 
Type II 2HDMs in which the H is identified as the 125.5 GeV state. 

• Feed down effect does not eliminate much parameter space and will be dramatically 
reduced if the higher precision in the signal measurement is verified in the future. !

• The ratio                  might be a possible signature to examine the Type I and II 2HDM 
if the diphoton rate is confirmed to be very SM-like or a bit enhanced in the future. 

• The A can be detected in many modes (except ZZ).  In addition, there is good 
probability for viable signals for the lighter h. The opportunity of such detection is still 
ample even if the 125.5 GeV signals converge to very SM-like. Of course, the direct 
search associated with other (heavier) Higgs bosons is awaiting for LHC 14 run. 

Conclusions



1. low mass Higgs? 

2. low mass DM?

Next focus




