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ρ  parameter and FCNC 

v  2HDM (two-Higgs-doublet model) 
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Introduction 
 

Whether  
“the” Higgs boson in the SM, 
or “a” Higgs boson?  
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Introduction 
 

Whether  
“the” Higgs boson in the SM, 
or “a” Higgs boson,  
or Higgs bosons, 
or dilaton, etc… 
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Guideline for Ext. Higgs sector 
v  Electroweak ρ parameter: 

v  Precision data suggests [ ρ ∼ 1 ] 
v  SM predicts [ ρ = 1 ] @ tree level 

 
 
v  FCNC (Flavor Changing Neutral Current) 

v  No FCNC @ tree level 
v  GIM suppression @ 1-loop 
 

Veltman (1977)	
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Guideline for Ext. Higgs sector 
v  Electroweak ρ parameter: 

 
v  Singlet/Doublet w/ Y=1/2 VEV (or Inert multiplets) preserves ρ=1 

v  higher rep.              cannot give large contributions to EWSB 
             Triplet, Quadruplet, … 

 

v  Minimal extension 
v  Mix w/ Higgs 
v  No contrib. to EWSB 

v  Not Higgs, but scalar 
v  DM candidate 
v  No contrib. to EWSB 

v  (Main) contrib. to EWSB 
v  Yukawa int. 
v  (SUSY extension) 

See next presentation by Dr. Yagyu 
v  No direct interaction w/ SM fermions 
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Septet w/ Y=2 
26-plet w/ Y=15/2 
97-plet w/ Y=-28 
362-plet w/ Y=-209/2 
1351-plet w/ Y=-390 
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Guideline for Ext. Higgs sector 
v  Electroweak ρ parameter: 

 
v  Singlet/Doublet w/ Y=1/2 VEV (or Inert multiplets) preserves ρ=1 

 

v  (Main) contrib. to EWSB 
v  Yukawa int. 
v  (SUSY extension) 
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2HDM can give viable description  
  of the low energy effective theory 
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2HDM (two-Higgs-doublet model) 
p  2HDM is an effective theory 

p  Softly Z2 broken 2HDM 

p  5 Physical Higgs bosons (assume CP inv.) 
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2HDM 
p  Mass spectrum （in the nearly SM-like limit）   

p  gauge-gauge-Higgs coupling: sin(β-α) 

p  tanβ (=v2/v1) is a free parameter 

M2 characterizes non-decoupling effects 
 

 (Only important for scalar interactions,  
                     eg., hH+H- coupling in hàγγ)	


~ 125 GeV	


~Not yet observed	
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Figure 4: Fits for 2-parameter benchmark models probing different coupling strength scale factors for

fermions and vector bosons: (a) Correlation of the coupling scale factors κF and κV , assuming no non-

SM contribution to the total width; (b) Correlation of the coupling scale factors λFV = κF/κV and

κVV = κV · κV/κH without assumptions on the total width.

The confidence intervals on κV and κF are reduced by approximately 20% when removing all theoretical

systematic uncertainties and further reduced by approximately 5% when removing the experimental

systematic uncertainties on the signal. The (2D) compatibility of the SM hypothesis with the best fit

point is 21%.

6.1.2 Relaxing the assumption on the total width

Without the assumption on the total width, only ratios of coupling scale factors can be measured. Hence

there are now the following free parameters:

λFV = κF/κV (28)

κVV = κV · κV/κH (29)

λFV is the ratio of the fermion and vector coupling scale factors, and κVV an overall scale that includes

the total width and applies to all rates. Figure 4(b) shows the results of this fit. The 68% confidence

interval of λFV when profiling over κVV yields:

λFV ∈ [−1.1,−0.7] ∪ [0.6, 1.1] (30)

(31)

The 95% confidence intervals are:

λFV ∈ [−1.8,−0.5] ∪ [0.5, 1.5] (32)

(33)

The confidence interval on λFV is reduced by approximately 10% when removing all theoretical system-

atic uncertainties and further reduced by 10% when removing the experimental systematic uncertainties

on the signal. The (2D) compatibility of the SM hypothesis with the best fit point is 21%. It should

be noted that the assumption on the total width gives a strong constraint on the fermion coupling scale

factor κF , since it is dominated in the SM by the b-decay width. The measurement of κVV , profiling the

λFV parameter yields: κVV = 1.2+0.3
−0.6

.
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Couplings:'(CV,'CF)'

32'Higgs'Hun;ng,'July'20,'2012' Mingshui'Chen'(University'of'Florida)'

•  CV(CF)'scales'the'SM'Higgs'
boson'couplings'to'vector'
bosons'(fermions)''

•  LO'approxima;on'
•  Γγγ'is'induced'via'loop'

diagrams,'scales'as'''''''''''''''
|α'CV(+'β'CF|2'
–  α'and'β'are'taken'from'

theory'
•  most'sensi;ve'analyses:'

–  WW,'ZZ,'inclusive'γγ'''
sensi;ve'to''CV'

–  VBF'γγ'''sensi;ve'to'both'CV'
and'CF'

•  in'agreement'with'the'SM'
within'the'95%'confidence'
range'

p  125 GeV boson 

        

Is it SM-like? 
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systematic uncertainties on the signal. The (2D) compatibility of the SM hypothesis with the best fit

point is 21%.

6.1.2 Relaxing the assumption on the total width

Without the assumption on the total width, only ratios of coupling scale factors can be measured. Hence

there are now the following free parameters:

λFV = κF/κV (28)

κVV = κV · κV/κH (29)

λFV is the ratio of the fermion and vector coupling scale factors, and κVV an overall scale that includes

the total width and applies to all rates. Figure 4(b) shows the results of this fit. The 68% confidence

interval of λFV when profiling over κVV yields:

λFV ∈ [−1.1,−0.7] ∪ [0.6, 1.1] (30)

(31)

The 95% confidence intervals are:

λFV ∈ [−1.8,−0.5] ∪ [0.5, 1.5] (32)

(33)

The confidence interval on λFV is reduced by approximately 10% when removing all theoretical system-

atic uncertainties and further reduced by 10% when removing the experimental systematic uncertainties

on the signal. The (2D) compatibility of the SM hypothesis with the best fit point is 21%. It should

be noted that the assumption on the total width gives a strong constraint on the fermion coupling scale

factor κF , since it is dominated in the SM by the b-decay width. The measurement of κVV , profiling the

λFV parameter yields: κVV = 1.2+0.3
−0.6
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original	


SM 

CF = Y/Y(SM) 
CV = g/g(SM) = sin(β-α)	


ATLAS-CONF-2012-127	


CMS-PAS-HIG-12-020	


1.0	
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Couplings:'(CV,'CF)'

32'Higgs'Hun;ng,'July'20,'2012' Mingshui'Chen'(University'of'Florida)'

•  CV(CF)'scales'the'SM'Higgs'
boson'couplings'to'vector'
bosons'(fermions)''

•  LO'approxima;on'
•  Γγγ'is'induced'via'loop'

diagrams,'scales'as'''''''''''''''
|α'CV(+'β'CF|2'
–  α'and'β'are'taken'from'

theory'
•  most'sensi;ve'analyses:'

–  WW,'ZZ,'inclusive'γγ'''
sensi;ve'to''CV'

–  VBF'γγ'''sensi;ve'to'both'CV'
and'CF'

•  in'agreement'with'the'SM'
within'the'95%'confidence'
range'

p  125 GeV boson 

        

SM 

 

sin(β-α) can be different from unity 

 CMS:     CF < 1, CV~1 
ATLAS:  CF ~ 1, CV>1 
 
CV=sin(β-α) in 2HDM 
	


CMS-PAS-HIG-12-020	


Is it SM-like? 
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p  SUSY Higgs sector is the most popular 2HDM 

p  Type-II Yukawa interaction w/ SUSY relation 

Yukawa int. for H, A, H+ is suppressed/enhanced for large tanβ 

SUSY Higgs search 

13 



Koji TSUMURA (Nagoya U.) HPNP2013�

SUSY Higgs production @ LHC 
�

A. Djouadi / Physics Reports 459 (2008) 1–241 149

Fig. 3.35. The production cross sections for the neutral and charged MSSM Higgs bosons at the Tevatron as functions of their masses for tan � = 3
and 30; the thin lines correspond to the production of the A boson. The various parameters are as described earlier.

Fig. 3.36. The same as Fig. 3.35 but for the LHC.

134 A. Djouadi / Physics Reports 459 (2008) 1–241

Fig. 3.15. Feynman diagrams for bb̄ ! �, bg ! b� and gg ! bb̄� production.

where ⌧̂ = M2
�/ŝ and �̂i j denotes the cross section for the subprocess i j ! � + X with initial i and j gluons and/or

light u, d, s, c, b quarks, and a final state involving the scalar or pseudoscalar Higgs boson � and additional quark or
gluon jets X . The normalization factor ��

0 is

��
0 = ⇡

12

g2
�bb̄

M2
�

. (3.21)

For simplicity, we present the results for the scale choice µF = µR = M� ; the results for general values of µF and
µR can be reconstructed from the renormalization scale invariance of the partonic and the factorization invariance of
the hadronic cross sections. At LO, the partonic cross section for the bb̄ ! � process is simply

10
bb̄(⌧̂ ) = �(1 � ⌧̂ ) (3.22)

while for the bg/b̄g subprocesses, one has at LO [381]

10
bg = 10

b̄g = 1
2
(⌧̂ � 2⌧̂ 2 + 2⌧̂ 3) log(1 � ⌧̂ ) � 1

8
(3⌧̂ � 10⌧̂ 2 + 7⌧̂ 3) � 1

4
(⌧̂ � 2⌧̂ 2 + 2⌧̂ 3) log(⌧̂ ). (3.23)

For the gg ! �bb̄ subprocess, the expressions are much more involved. Defining the variables ⌧̂± = 1 ± ⌧̂ and using
the Spence functions Li2 and Li3 with ⇣2 = ⇡2

6 , one has [381]

10
gg =



�(⌧̂ + 2⌧̂ 2 � 3⌧̂ 3) � ⌧̂ + 4⌧̂ 2 + 4⌧̂ 3

2
log(⌧̂ )

�

log2(⌧̂�) + 23⌧̂ + 52⌧̂ 2 � 75⌧̂ 3

8
log(⌧̂�)

+ log(⌧̂�)



5⌧̂ + 16⌧̂ 2 � 4⌧̂ 3

4
log(⌧̂ ) + ⌧̂ + 4⌧̂ 2 + 4⌧̂ 3

4
log2(⌧̂ ) � (⌧̂ + 4⌧̂ 2 + 4⌧̂ 3)Li2(⌧̂�)

�

� 163⌧̂ + 1528⌧̂ 2 � 1691⌧̂ 3

128
+ (⌧̂ + 2⌧̂ 2 � 3⌧̂ 3)⇣2 � 54⌧̂ + 312⌧̂ 2 � 223⌧̂ 3

64
log(⌧̂ )

+ ⌧̂ + 4⌧̂ 2 + 4⌧̂ 3

2
⇣2 log(⌧̂ ) � 16⌧̂ + 111⌧̂ 2 � 43⌧̂ 3

64
log2(⌧̂ ) + 7⌧̂ + 25⌧̂ 2 + 34⌧̂ 3

48
log3(⌧̂ )

� 4⌧̂ � 15⌧̂ 2 � 62⌧̂ 3

16
Li2(⌧̂�) + 11⌧̂ + 44⌧̂ 2 + 30⌧̂ 3

16
Li2(⌧̂�) log(⌧̂ ) + ⌧̂ 2 � 6⌧̂ 3

32
Li2(⌧̂�⌧̂+)

+ 3⌧̂ + 6⌧̂ 2 + 38⌧̂ 3

64
Li2(⌧̂�⌧̂+) log(⌧̂ ) + ⌧̂ + 3⌧̂ 2 + 18⌧̂ 3

8
Li3(⌧̂�)

� 15⌧̂ + 60⌧̂ 2 + 30⌧̂ 3

16
Li3

✓

� ⌧̂�
⌧̂

◆

� 5⌧̂ + 10⌧̂ 2 + 74⌧̂ 3

128
Li3(⌧̂�⌧̂+)

� 3⌧̂ + 6⌧̂ 2 + 70⌧̂ 3

128
Li3

✓

� ⌧̂+⌧̂�
⌧̂ 2

◆

� ⌧̂ + 2⌧̂ 2 + 2⌧̂ 3

32



Li3

✓

⌧̂�
⌧̂+

◆

� Li3

✓

� ⌧̂�
⌧̂+

◆�

. (3.24)

However, the LO cross sections of the three processes are plagued with large uncertainties due to the very strong
dependence on the renormalization and factorization scales; higher-order corrections should therefore be included
for reliable predictions. These corrections have been completed by now and the three processes or, rather, the two
pictures, the one with gg fusion and the one with initial state b-partons, have been recently compared in [382]. We
briefly summarize here the results and, for the numerical illustration, we follow Ref. [382] where the observation
of the final b-quarks is achieved by requiring pT b,b̄ � 20 GeV and |⌘b,b̄|  2 (2.5) at the Tevatron (LHC) with
an additional jet separation cone of 1R > 0.4. The renormalization and factorization scales have been set to

v  ggàh/H/A wtith h/H/Aàττ	



v  bbh/H/A with h/H/Aàττ	


A. Djouadi / Physics Reports 459 (2008) 1–241 121

Fig. 3.1. The dominant MSSM neutral Higgs-production mechanisms in hadronic collisions.

implementation of the radiative corrections in the Higgs sector, we will again adopt most of the time the benchmark
scenario given in the Appendix. However, contrary to the Higgs decays which have been discussed in the previous
section and where the routine FeynHiggsFast [144] based on the Feynman diagrammatic approach has been used,
the corrections will be included in the RG improved effective potential approach with the routine SUBH of Ref. [145].
This choice is dictated by the wish to discuss all processes within the same approximation to allow for consistent
comparisons between them and, in most of the numerical codes mentioned above, only this specific routine is
incorporated.

The discussion on the detection of the Higgs particles at the Tevatron and the LHC29will be mostly based on the
summaries given in Refs. [340–353], where the various details can be found. Some material, in particular a list of the
various backgrounds for the SM-like processes and the various tests which can be performed on the properties of the
Higgs particles, has been already presented in Section I.3 and will not be repeated here.

3.1. The production of the neutral Higgs bosons

The production of the neutral Higgs bosons of the MSSM proceeds essentially via the same processes that have
been discussed in the case of the SM-Higgs particle, Fig. 3.1, that is:

associated h and H production with W/Z : qq̄ ! V + h/H (3.1)

vector boson fusion for h and H production : qq ! V ⇤V ⇤ ! qq + h/H (3.2)

gluon–gluon fusion : gg ! h/H/A (3.3)

associated production with heavy quarks : gg, qq̄ ! Q Q̄ + h/H/A. (3.4)

[The pseudoscalar Higgs boson A cannot be produced in association with gauge bosons or in the weak boson fusion
processes at the tree level, since direct A couplings to gauge bosons are forbidden in the MSSM by CP-invariance.]
However, as already mentioned, because of the different couplings of the Higgs particles to fermions and gauge
bosons, the pattern for the production rates is significantly different from the SM case. We summarize the main
differences in this subsection, channel by channel.

There are also higher-order production mechanisms, as in the case of the SM-Higgs boson. In particular, the
processes for the production of two-Higgs particles

Higgs boson pair production : qq̄, gg ! �i� j (3.5)

are more numerous as a result of the enlarged Higgs sector. Two of these processes, namely h A and HA production,
can occur both at the tree level through qq̄ annihilation and at one-loop in the gg ! h A, H A mechanisms. The other
processes, pp ! hh, H H, Hh and AA, occur only through the loop induced gg mechanism as in the SM-Higgs case.
We summarize the main features of these processes at the end of this section.

Other higher-order mechanisms, such as gg ! AZ and gg ! g�, will also be mentioned and most of the
remaining ones will be similar to the SM-Higgs case and have been discussed in Section I.3. Finally, a brief discussion
of diffractive Higgs production will be given.

29 As in Section I.3, we will use for simplicity, the notation pp for both pp and p p̄ and L for both L and
R

L.

Djouadi (2008)	


14 



Koji TSUMURA (Nagoya U.) HPNP2013�

p  LHC results  
(H/Aàττ) 

14J. Keller (Washington)        ATLAS BSM          Higgs Hunting, 18 July 2012

Neutral MSSM: Results

● No significant excess observed.

● Limits set as low as tanβ = 10.

SUSY Higgs search @ LHC 

15 

10 8 Conclusion
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Figure 4: Region in the parameter space of tan b versus mA excluded at 95% CL in the context
of the MSSM mmax

h scenario, with the effect of ±1s theoretical uncertainties shown.

Table 5: Expected range and observed 95% CL upper limits on the cross section normalized to
the SM expectation as functions of mH, for the SM search.

SM Higgs Expected Limit [over s(SM)]
mH �2s �1s Median +1s +2s Obs. Limit [pb]
110 GeV 1.44 1.83 2.56 3.73 5.29 3.48
115 GeV 1.25 1.54 2.19 3.13 4.42 2.86
120 GeV 1.22 1.61 2.27 3.33 4.73 3.15
125 GeV 1.37 1.72 2.34 3.39 4.75 3.55
130 GeV 1.46 1.94 2.63 3.79 5.34 4.03
135 GeV 1.86 2.37 3.28 4.7 6.58 4.55
140 GeV 1.94 2.6 3.59 5.19 6.99 4.89
145 GeV 2.7 3.41 4.77 6.89 9.35 6.28

HCP2012 

Dec 2011 

14Stan Lai for ATLAS and CMS HCP, Kyoto, Japan
15 Nov 2012

Neutral MSSM Higgs Searches

● gluon-fusion and b-quark associated
  production most copious production modes

● Higgs couplings to b-quarks and 
 tau-leptons enhanced compared to SM 

● branching ratios are ~10% to tau leptons  

● searches categorized by: b-tag, b-veto final state

● searches also divided into tau lepton final states
 
 

lep-lep: 12.4% lep-had: 45.6% had-had: 42.0%

CMS	


CMS	
 ATLAS	

Jul 2012 

Allowed	


Excluded	
 LHC is continuously  
excluding SUSY Higgs 
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p  2HDM confronts FLAVOR DATA 

Other constrains on 2HDM-II 

16 

HCP2012 

CMS	


Allowed	


Excluded	


Direct search exceeds FLAVOR DATA 

Haisch (2008)	


mA	
 mH+	


G.C. Branco et al. / Physics Reports 516 (2012) 1–102 35
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Fig. 15. Bounds in themH±–tan� plane from various B-physics constraints.
Source: This figure was extracted from the article by Haisch [281].

For small values of tan� , the value of Rb, which is the ratio of �
�
Z ! bb̄

�
to the total hadronic width of the Z , can be

affected at one loop through the exchange of H±. Haber and Logan found [297] that the ensuing constraints will be more
severe than those from b ! s� for values of tan� < 1.4; radiative corrections to their results are in Ref. [298]. Very similar
bounds were obtained [299] by considering �mB and �mBs . Other bounds, which tend to be weaker, can be found from rare
K , D, and ⌧ decays; a comprehensive analysis is found in the recent paper of Deschamps et al. [300]. Such a comprehensive
analysis can be very valuable since it is possible that New Physics might weaken some, but not all, of the bounds.

The results are shown in Fig. 15. There one clearly sees the various contributions. Note that the direct bound from LEP is
substantially weaker than the indirect bounds.

It is still important to look at bounds fromdirect production ofH±, because it is always possible thatNewPhysicsweakens
the bounds from b ! s� . In fact, that is precisely what occurs in supersymmetric models. It can be seen that a weakening
of this bound would allow, for smaller values of tan� , charged-Higgs masses somewhat below 100GeV.

To study direct production bounds, and to explore prospects for the LHC, the production rates and branching ratios of
the charged Higgs are needed. The branching ratios have been studied quite thoroughly—Ref. [47] contains an extensive
review of the literature. A recent analysis [53] used the FORTRAN code HDECAY [301]. The program includes final-state
mass effects, full one-loop QCD corrections and running masses, and off-shell decays to tb̄ below threshold. In principle,
decays to S0W± are also possible, where S0 is a neutral scalar. However, the masses of these scalars are unknown and,
moreover, the branching ratios in most of the parameter space are much smaller than 1%; thus, they are neglected in much
of this discussion. We shall, however, discuss these possibilities at the end, since there could be a substantial rate in the
type II model – but not in the MSSM – for part of the parameter space, as emphasized by Kanemura et al. [302]. Note that
there is no Z0W±H⌥ vertex in the 2HDM.

The results are shown in Fig. 16. We see that, above the kinematic limit, the decays into tb̄ are completely dominant, but,
for lower masses mH± , the decays into ⌧+⌫⌧ dominate. The decay into cs̄ can also be significant for small values of tan� .
Now, all the current direct searches are sensitive only to charged-Higgs masses below the kinematic threshold for decays
into tb̄. Therefore, the main decay modes in the present direct searches are into ⌧+⌫⌧ and cs̄. The LEP combined limit on
mH± is 78.6GeV and has been calculated [303] assuming the existence of only those two decay modes (in the flipped model
the decay into cb̄ is more significant than the decay into ⌧+⌫⌧ [53]).

Searches have also been performed at the Tevatron. The CDF Collaboration [304] has assumed that BR
�
H+

! cs̄
�

= 1
and has therefrom found bounds on the branching ratio of t ! H+b. Logan and MacLennan [53] noted that the CDF
analysis also applies to decays into cb̄ and therefore also applies to the flipped model. However, in the type II model
the CDF assumption is valid only for small (less than 1) values of tan� and only for charged-Higgs masses near the LEP
bound. The D0 Collaboration [305], on the other hand, has considered both scenarios in which BR

�
H+

! cs̄
�

= 1 and
BR

�
H+

! ⌧+⌫⌧

�
= 1; the latter scenario is certainly valid at large tan� in the type II model. D0 [306] and CDF [307] have

also looked for associated production of a charged Higgs with a W.
These papers give upper limits on the branching ratio of the top quark into a charged Higgs and a bottom quark. This

can be converted into a bound in themH+–tan� plane. We use the well-known expressions for the branching ratio (see the
appendix of Ref. [53] for a simple expression) and find the results in Fig. 17. As expected, the present bounds only exclude
regions of parameter space for either large or small tan�; a charged-Higgsmass of about 100 GeV is thus still allowed. Recall
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Fig. 15. Bounds in themH±–tan� plane from various B-physics constraints.
Source: This figure was extracted from the article by Haisch [281].
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the bounds from b ! s� . In fact, that is precisely what occurs in supersymmetric models. It can be seen that a weakening
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moreover, the branching ratios in most of the parameter space are much smaller than 1%; thus, they are neglected in much
of this discussion. We shall, however, discuss these possibilities at the end, since there could be a substantial rate in the
type II model – but not in the MSSM – for part of the parameter space, as emphasized by Kanemura et al. [302]. Note that
there is no Z0W±H⌥ vertex in the 2HDM.

The results are shown in Fig. 16. We see that, above the kinematic limit, the decays into tb̄ are completely dominant, but,
for lower masses mH± , the decays into ⌧+⌫⌧ dominate. The decay into cs̄ can also be significant for small values of tan� .
Now, all the current direct searches are sensitive only to charged-Higgs masses below the kinematic threshold for decays
into tb̄. Therefore, the main decay modes in the present direct searches are into ⌧+⌫⌧ and cs̄. The LEP combined limit on
mH± is 78.6GeV and has been calculated [303] assuming the existence of only those two decay modes (in the flipped model
the decay into cb̄ is more significant than the decay into ⌧+⌫⌧ [53]).
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and has therefrom found bounds on the branching ratio of t ! H+b. Logan and MacLennan [53] noted that the CDF
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the CDF assumption is valid only for small (less than 1) values of tan� and only for charged-Higgs masses near the LEP
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also looked for associated production of a charged Higgs with a W.
These papers give upper limits on the branching ratio of the top quark into a charged Higgs and a bottom quark. This

can be converted into a bound in themH+–tan� plane. We use the well-known expressions for the branching ratio (see the
appendix of Ref. [53] for a simple expression) and find the results in Fig. 17. As expected, the present bounds only exclude
regions of parameter space for either large or small tan�; a charged-Higgsmass of about 100 GeV is thus still allowed. Recall

Cancellation mechanism  
is necessary for BàXsγ	


v  Small mA w/ small tanβ 
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v  Small mA w/ small tanβ 
 
LHC upgrade will answer this corner G.C. Branco et al. / Physics Reports 516 (2012) 1–102 35
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It is still important to look at bounds fromdirect production ofH±, because it is always possible thatNewPhysicsweakens
the bounds from b ! s� . In fact, that is precisely what occurs in supersymmetric models. It can be seen that a weakening
of this bound would allow, for smaller values of tan� , charged-Higgs masses somewhat below 100GeV.

To study direct production bounds, and to explore prospects for the LHC, the production rates and branching ratios of
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moreover, the branching ratios in most of the parameter space are much smaller than 1%; thus, they are neglected in much
of this discussion. We shall, however, discuss these possibilities at the end, since there could be a substantial rate in the
type II model – but not in the MSSM – for part of the parameter space, as emphasized by Kanemura et al. [302]. Note that
there is no Z0W±H⌥ vertex in the 2HDM.

The results are shown in Fig. 16. We see that, above the kinematic limit, the decays into tb̄ are completely dominant, but,
for lower masses mH± , the decays into ⌧+⌫⌧ dominate. The decay into cs̄ can also be significant for small values of tan� .
Now, all the current direct searches are sensitive only to charged-Higgs masses below the kinematic threshold for decays
into tb̄. Therefore, the main decay modes in the present direct searches are into ⌧+⌫⌧ and cs̄. The LEP combined limit on
mH± is 78.6GeV and has been calculated [303] assuming the existence of only those two decay modes (in the flipped model
the decay into cb̄ is more significant than the decay into ⌧+⌫⌧ [53]).

Searches have also been performed at the Tevatron. The CDF Collaboration [304] has assumed that BR
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= 1
and has therefrom found bounds on the branching ratio of t ! H+b. Logan and MacLennan [53] noted that the CDF
analysis also applies to decays into cb̄ and therefore also applies to the flipped model. However, in the type II model
the CDF assumption is valid only for small (less than 1) values of tan� and only for charged-Higgs masses near the LEP
bound. The D0 Collaboration [305], on the other hand, has considered both scenarios in which BR
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= 1 and
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= 1; the latter scenario is certainly valid at large tan� in the type II model. D0 [306] and CDF [307] have

also looked for associated production of a charged Higgs with a W.
These papers give upper limits on the branching ratio of the top quark into a charged Higgs and a bottom quark. This

can be converted into a bound in themH+–tan� plane. We use the well-known expressions for the branching ratio (see the
appendix of Ref. [53] for a simple expression) and find the results in Fig. 17. As expected, the present bounds only exclude
regions of parameter space for either large or small tan�; a charged-Higgsmass of about 100 GeV is thus still allowed. Recall

Cancellation mechanism  
is necessary for BàXsγ	
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v  Leptophilic Higgs bosons 

Beat quark interaction !! 
(Less LHC & B phys. Constraints) 

14Stan Lai for ATLAS and CMS HCP, Kyoto, Japan
15 Nov 2012

Neutral MSSM Higgs Searches

● gluon-fusion and b-quark associated
  production most copious production modes

● Higgs couplings to b-quarks and 
 tau-leptons enhanced compared to SM 

● branching ratios are ~10% to tau leptons  

● searches categorized by: b-tag, b-veto final state

● searches also divided into tau lepton final states
 
 

lep-lep: 12.4% lep-had: 45.6% had-had: 42.0%
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Recall 
v  Electroweak ρ parameter: 

v  Precision data suggests [ ρ ∼ 1 ] 
v  SM predicts [ ρ = 1 ] @ tree level 

 
 
v  FCNC (Flavor Changing Neutral Current) 

v  No FCNC @ tree level 
v  GIM suppression @ 1-loop 
 

Veltman (1977)	
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FCNC problem of 2HDM 
p  Flavor changing neutral current (FCNC) 

Yukawa int. is not simultaneously diagonalized with mass matrix. 
à  Generate tree level FCNC(, highly constrained by data) 

p  Adding extra Z2 sym. to avoid FCNC 
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4 types of Yukawa int. 
p  4 independent combinations of Z2 charges 

p Type-II: 2HDM structure in SUSY 
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4 types of Yukawa int. 
p  4 independent combinations of Z2 charges 

 
 
 
 

p Type-X: Leptophilic 2HDM for tanβ>1  
 

 

 

 

 

     Higgs doublets distinguish quarks and leptons!!                        
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p Tiny neutrino mass　　　　　　　　　　　　　　　　　　                     

ex. 3-loop radiative seesaw w/ light H+/-                                                 
by Aoki et al. PRL102:051805,2009  

p µ magnetic moment                                                                                   
light A(CP odd) w/ large tanB                                                                                  
by Cao et al. PRD80:071701,2009 	


p e+ excess @ PAMELA, FERMI                     
scalars as a messenger to DM　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　
by Goh et al. JHEP 0905:097,2009 

DM DM à Φ’ Φ’ à ττττ  

Leptophilic Higgs in 2HDM	
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A model for tiny neutrino masses 

p Gauged Type-III seesaw 

 

 

p Anomaly cancellation requires 2HDM-X 

Charge assignment: 

 U(1)x scalar: 

 

[B-L like] U(1) extension [in Type-I seesaw]	


To obtain nonzero neutrino masses so as to explain the observed atmospheric [1] and

solar [2] neutrino oscillations, the minimal standard model of particle interactions is often

extended to include three neutral fermion singlets, often referred to as right-handed singlet

neutrinos. If they have large Majorana masses, then the famous seesaw mechanism [3] allows

the observed neutrinos to acquire naturally small Majorana masses. On the other hand, there

are other equivalent ways [4, 5] to realize this effective dimension-five operator [6] for neutrino

mass. For example, if we replace each neutral fermion singlet by a triplet: [5, 7]

Σ = (Σ+, Σ0, Σ−) ∼ (1, 3, 0) (1)

under SU(3)C × SU(2)L × U(1)Y , the seesaw mechanism works just as well.

It is well-known [8] that in the case of one additional right-handed singlet neutrino per

family of quarks and leptons, it is possible to promote B − L (baryon number – lepton

number) from being a global U(1) symmetry to an U(1) gauge symmetry. Here I consider

the case of one additional triplet of leptons per family, and prove the remarkable fact that

a new U(1) symmetry exists which is anomaly-free and may thus be gauged. This discovery

leads naturally to a number of possible interesting novel experimental consequences.

I assume SU(3)C × SU(2)L × U(1)Y × U(1)X as a possible extension of the standard

model, under which each family of quarks and leptons transforms as follows:

(u, d)L ∼ (3, 2, 1/6; n1), uR ∼ (3, 1, 2/3; n2), dR ∼ (3, 1,−1/3; n3),

(ν, e)L ∼ (1, 2,−1/2; n4), eR ∼ (1, 1,−1; n5), ΣR ∼ (1, 3, 0; n6). (2)

There are potentially four Higgs doublets (φ+
i ,φ0

i ) with U(1)X charges n1 − n3, n2 − n1,

n4 −n5, and n6 −n4. However, it will turn out that three of these four charges are identical,

so this model only requires the minimum of two distinct Higgs doublets (to be compared

with the minimum of one Higgs doublet in the standard model). To allow large Majorana

2

masses for Σ, the Higgs singlet

χ0 ∼ (1, 1, 0;−2n6) (3)

is also added.

To ensure the absence of the axial-vector anomaly [9], the following conditions are con-

sidered [10].

[SU(3)]2U(1)X : 2n1 − n2 − n3 = 0, (4)

[SU(2)]2U(1)X : 3
(

1

2

)

n1 +
(

1

2

)

n4 − (2)n6 = 0, (5)

[U(1)Y ]2U(1)X : 6
(1

6

)2

n1 − 3
(2

3

)2

n2 − 3
(

−
1

3

)2

n3 + 2
(

−
1

2

)2

n4 − (−1)2n5 = 0, (6)

U(1)Y [U(1)X ]2 : 6
(

1

6

)

n2
1 − 3

(

2

3

)

n2
2 − 3

(

−
1

3

)

n2
3 + 2

(

−
1

2

)

n2
4 − (−1)n2

5 = 0, (7)

[U(1)X ]3 : 6n3
1 − 3n3

2 − 3n3
3 + 2n3

4 − n3
5 − 3n3

6 = 0. (8)

Furthermore, the absence of the mixed gravitational-gauge anomaly [11] requires the sum of

U(1)X charges to vanish, i.e.

U(1)X : 6n1 − 3n2 − 3n3 + 2n4 − n5 − 3n6 = 0. (9)

Since the number of SU(2)L doublets remains even (it is in fact unchanged), the global SU(2)

chiral gauge anomaly [12] is absent automatically.

Equations (4), (6), and (7) do not involve n6. Together they allow two solutions:

(I) n4 = −3n1, (II) n2 =
1

4
(7n1 − 3n4). (10)

Using Eq. (5), solution (I) implies n6 = 0, from which it can easily be seen that U(1)X is

proportional to U(1)Y . In other words, no new gauge symmetry has been discovered.

3
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A model for tiny neutrino masses 

p Gauged Type-III seesaw 

 

 

p Anomaly cancellation requires 2HDM-X 
Axial-vector anomaly: 

 

 

 

 

gravitational anomaly: 

 

[B-L like] U(1) extension [in Type-I seesaw]	


Unique solution exists!!	
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A model for tiny neutrino masses 

p Gauged Type-III seesaw 

 

 

p Anomaly cancellation requires 2HDM-X 

possible Yukawa int: 

 

 

2HDM-X can also be a low energy effective theory 

 

[B-L like] U(1) extension [in Type-I seesaw]	


Consider now solution (II). Using Eqs. (4) and (6), it implies

n3 =
1

4
(n1 + 3n4), n5 =

1

4
(−9n1 + 5n4). (11)

Equations (5), (8), and (9) are then all satisfied with

n6 =
1

4
(3n1 + n4). (12)

This is a remarkable and highly nontrivial result. In fact, it can be shown that the Casimir

invariants of the SU(2) representations are such that the only solutions to the anomaly-free

conditions are with either a singlet, i.e. NR, or a triplet, i.e. ΣR.

The U(1)X charges of the possible Higgs doublets are:

n1 − n3 = n2 − n1 = n6 − n4 =
3

4
(n1 − n4), n4 − n5 =

1

4
(9n1 − n4), (13)

which means that two distinct Higgs doublets are sufficient for all possible Dirac fermion

masses in this model. If n4 = −3n1 is chosen, then again U(1)X will be proportional to

U(1)Y . However, for n4 "= −3n1, a new class of models is now possible with U(1)X as a

genuinely new gauge symmetry.

To summarize, the quarks and leptons transform under U(1)X as follows:

(u, d)L ∼ n1, uR ∼
1

4
(7n1 − 3n4), dR ∼

1

4
(n1 + 3n4), (14)

(ν, e)L ∼ n4, eR ∼
1

4
(−9n1 + 5n4), ΣR ∼

1

4
(3n1 + n4). (15)

The above charge assignments do not correspond to any existing model of quark and lepton

interactions. For example, if n4 = n1 is assumed, then

n1 = n2 = n3 = n4 = −n5 = n6, (16)

which means that X couples vectorially to quarks, but its coupling to charged leptons is

purely axial-vector. On the other hand, if n4 = 9n1 is assumed, then

n1 = 1, n2 = −5, n3 = 7, n4 = 9, n5 = 9, n6 = 3 (17)

4
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  2HDM-X： Enhance leptonic Yukawa int. by tanβ	



v  More than 99% of H/A decay into ττ	


v  Sizable µµ [ (mµ/mτ)2=1/300 ] mode 

Higgs decays in 2HDMs 
100% 

10% 

    1% 

 0.1% 

100% 

10% 

    1% 

 0.1% 

Type-II 

Aoki, Kanemura, KT, Yagyu　(2009) 

decay of H into a gauge boson pair !! or Z! can increase
for large tan" values, because all the other fermionic
decays (including the gg mode) are suppressed but the
charged scalar loop contribution to !! and Z! decay
modes is not always suppressed for large tan". Such an
enhancement of the bosonic decay modes cannot be seen in
the decay of A since there is no AHþH" coupling. In the
type-X THDM, the main decay mode of H and A is #þ#"

for tan" * 2, and the leptonic decays #þ#" and $þ$"

become almost 99% and 0.35% for tan" * 10, while the
b !b (or gg) mode is always the main decay mode in all other
cases. In the type-Y THDM, the leptonic decay modes ofH
and A are rapidly suppressed for large tan" values, and
only the branching ratios of b !b and gg modes are sizable
for tan" * 10. In charged Higgs boson decays with
mH# ¼ 150 GeV, the decay into #% is dominant in the
type-I, type-II, and type-X THDMs for tan" * 1, while

hadronic decay modes can also be dominant in the type-Y
THDM [11].
In Fig. 3, we show the decay branching ratios of

CP-even Higgs bosons, where mh ¼ 120 GeV, m"ð¼
mH ¼ mA ¼ mH#Þ ¼ 150 GeV, M ¼ 148 GeV, and
sin2ð"" &Þ ¼ 0:96 are taken. Because of the CP-even
Higgs boson mixing, the lightest Higgs boson h is no
longer purely SM-like. Instead, H can decay into massive
gauge bosons via off-shell modes such as WW' and ZZ'.
Decay patterns of h and H depend on tan" and also on the
type of Yukawa interaction. When tan"( 5, the angle & is
nearly zero. In such a case coupling constants become
small, so that some of the fermionic decay modes are
suppressed. In order to satisfy the unitarity constraints for
the large tan" region, the soft breaking mass scaleM must
be degenerate to the mass of the decaying bosons [30].
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decay of H into a gauge boson pair !! or Z! can increase
for large tan" values, because all the other fermionic
decays (including the gg mode) are suppressed but the
charged scalar loop contribution to !! and Z! decay
modes is not always suppressed for large tan". Such an
enhancement of the bosonic decay modes cannot be seen in
the decay of A since there is no AHþH" coupling. In the
type-X THDM, the main decay mode of H and A is #þ#"

for tan" * 2, and the leptonic decays #þ#" and $þ$"

become almost 99% and 0.35% for tan" * 10, while the
b !b (or gg) mode is always the main decay mode in all other
cases. In the type-Y THDM, the leptonic decay modes ofH
and A are rapidly suppressed for large tan" values, and
only the branching ratios of b !b and gg modes are sizable
for tan" * 10. In charged Higgs boson decays with
mH# ¼ 150 GeV, the decay into #% is dominant in the
type-I, type-II, and type-X THDMs for tan" * 1, while

hadronic decay modes can also be dominant in the type-Y
THDM [11].
In Fig. 3, we show the decay branching ratios of

CP-even Higgs bosons, where mh ¼ 120 GeV, m"ð¼
mH ¼ mA ¼ mH#Þ ¼ 150 GeV, M ¼ 148 GeV, and
sin2ð"" &Þ ¼ 0:96 are taken. Because of the CP-even
Higgs boson mixing, the lightest Higgs boson h is no
longer purely SM-like. Instead, H can decay into massive
gauge bosons via off-shell modes such as WW' and ZZ'.
Decay patterns of h and H depend on tan" and also on the
type of Yukawa interaction. When tan"( 5, the angle & is
nearly zero. In such a case coupling constants become
small, so that some of the fermionic decay modes are
suppressed. In order to satisfy the unitarity constraints for
the large tan" region, the soft breaking mass scaleM must
be degenerate to the mass of the decaying bosons [30].
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Flavor constraint on 2HDM-X 
p  No LHC results, and weaker flavor constraints 

 
 

  

Type-II 

Mahmoudi, Stal (2009)	


Type-X 
Chance to probe  
New Physics 

small mH+ and  
very large tanβ are allowed	
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2HDM-X @ colliders 
p  DY production with leptonic decay modes 

Cross sections are O(10-100)fb 

100fb 

10fb 

AH 
AH+ 

AH- 

Multi-tau signature 
    4τ:  more than 99% 
2µ2τ:  σ(4τ) x 1/300 x 2! 

Kanemura, KT, Yokoya (2012) 

100fb 

10fb 

LHC 14TeV 

ILC 
AH 

AH+ 

AH- 1TeV 

500GeV 

800GeV 350GeV 
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2HDM-X @ LHC 
p  High multiplicity of tau jet reduces BG 
τ  ID is important (1 or 3 prong, narrow cone, less QCD activity) 

à The excess can be seen!! 

   But, mass reconstruction is difficult due to missing v’s 
        à“HAà2µ2τ” is reconstructable (w/ collinear approx.) 

              Huge lumi. is necessary due to 

Simulation results: 
An example for 4τ à 4τh 
mA=130GeV, mH=170GeV	


Kanemura, KT, Yokoya (2012) 
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2HDM-X @ LC 
p  4τ momentum are fully reconstructable from taujets & 
missing v’s  [We know initial 4 momenta @ LC (only pT @ LHC)] 

4τh event analysis HA V V tt̄ S (100 fb−1)

Pre-selection 300. 10.6 1.2 38.
0 ≤ z1−4 ≤ 1 251. 6.2 0.1 38.

(mZ)ττ ± 20 GeV 238. 1.8 0. 43.

Table 2: Table for background reductions in the 4τh channel. Listed are the expected number
of events for the integrated luminosity of 100 fb−1 at the ILC with

√
s = 500 GeV.

signal, the V V background can be further reduced by the cut on the mZ-window for the
reconstructed Mττ . Even if we focus on the signal only from the HA → 2µ2τ mode, the
signal can be tested almost at the same level as the dimuon invariant mass analysis. The
extraction of this mode using the collinear approximation would be useful to determine the
mass of Higgs bosons accurately.

3.3 The 4τh channel at the ILC

The neutral Higgs bosons can be pair produced via the e+e− → HA process, and their decay
produces four tau lepton final states dominantly. At e+e− colliders, the four momenta
of the four tau leptons can be solved by applying the collinear approximation to all the
four decay products of the tau leptons [14, 16], because the missing four momentum can
be reconstructed by the energy momentum conservation. In our analysis, we choose the
collision energy to be 500 GeV and the signal cross section is 30 fb. The cross sections of
the background processes are given as 8300 fb and 580 pb respectively for V V and tt̄ .

The results of the signal/background reduction are summarized in TABLE 2. The ex-
pected numbers of events are normalized for the integrated luminosity of L = 100 fb−1 for
each process. We here focus on the hadronic decay mode of all tau leptons. In general, the
mixture of the hadronic and the leptonic decay modes can be analysed. And the significance
can be improved by combining the all channels. In order to construct the invariant mass of
the tau lepton pair from four tau leptons, we choose the combination of the opposite signed
tau leptons which gives the highest pT pair.

The signal events are dominant even at the pre-selection level. The statistical significance
can be further optimized by using the kinematical cuts giving the much better s/b ratio. In
order to test the signal with S = 5, we only need the integrated luminosity of about 5 fb−1

where we only use the 4τh channel.

4 Summary and Conclusion

We have presented the simulation study of the tau lepton specific Higgs bosons at the LHC
and the ILC. In the THDM-X with the SM-like limit, the additional Higgs bosons can be
the tau lepton specific. Such scalar bosons can be pair produced by the gauge interaction
at the LHC and the ILC, and mainly decay into tau leptons in the wide range of the
parameter space. By using the collinear approximation, we show that multi-tau lepton final
state HA → 2µ2τ at the LHC and HA → 4τ at the ILC can be a clean signal. The tau
lepton specific Higgs boson can be tested at the LHC with about 300 fb−1 of the integrated
luminosity for S = 5. Although the huge integrated luminosity is required, the precise mass
determination is possible by extracting the primary muon from the Higgs boson decay in the

5 LCWS11

Simulation result: 
An example for 4τ à 4τh 
mA=130GeV, mH=170GeV 
 

     for 5σ ~ 2/fb @ LC	


Not only mass reconstruction, but also  
direct probe of pair production!! 

Kanemura, KT, Yokoya (2012) 
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What Else? 
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v Precision SM-like Higgs study 

Can we probe 2HDM via SM-like Higgs? 
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tanβ @ LHC 

 

 

Once Extra Higgs  
is discovered, then… 
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For example, 
 

mA=200GeV à 3 < tanβ < 5 
 

by assuming MSSM(2HDM-II) 
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tanβ measurement 
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tanβ in MSSM @ LC 50 J. Gunion et al. / Physics Letters B 565 (2003) 42–60

Fig. 5. For the MSSM with mA = 200 GeV, and assuming
L = 2000 fb−1 at

√
s = 500 GeV, we plot the 1σ statisti-

cal upper and lower bounds, " tanβ/ tan β, as a function of
tanβ based on: the rate for e+e− → bb̄A + bb̄H → bb̄bb̄;
the rate for e+e− → HA → bb̄bb̄; and the average resolved
width Γ RH,A defined in Eq. (7) for the H and A as deter-
mined in e+e− → HA → bb̄bb̄ events. For the rates, results for
SUSY scenarios (I) and (II) differ significantly, as shown. For
bb̄A+bb̄H → bb̄bb̄ and Γ RH,A we show only the results for MSSM
scenario (I). Results for scenario (II) are essentially identical. Up-
per and lower curves of a given type give the upper and lower 1σ
bounds, respectively, obtained using a given process as shown in the
figure legend. We include running b-quark mass effects and employ
HDECAY [56].

we do not regard this result as representative. For this
reason, we have chosen not to show the scenario (II)
upper limit curve beyond tanβ = 30. Had we plotted
the region above tanβ = 30, one would see a slowly
declining upper limit on tanβ .
The above results can be compared to the tanβ de-

termination based on the bb̄H + bb̄A → bb̄bb̄ rate
using the procedures of Section 2 applied in the
MSSM model context. For the computation of this
rate, our calculation of the bb̄H and bb̄A cross sec-
tions includes the dominant radiative corrections as
incorporated via b-quark mass running starting with
mb(mb) = 4.62 GeV. The H and A branching ra-
tios and widths are computed using HDECAY. Since
there is little sensitivity of this rate to the MSSM sce-
nario (for the high tanβ values for which this means
of determining tanβ is useful) we only present re-
sults for scenario (I); where plotted, errors for tanβ
from the bb̄H + bb̄A → bb̄bb̄ rate are essentially in-
dependent of the MSSM scenario choice. The errors

on tanβ resulting from the rate for bb̄H + bb̄A →
bb̄bb̄ quickly become far smaller than those based on
HA → bb̄bb̄ once tanβ ! 30. This is illustrated in
Fig. 5, which compares the results for " tanβ/ tanβ

obtained using the e+e− → HA → bb̄bb̄ rate to those
based on the bb̄H + bb̄A → bb̄bb̄ rate. This compari-
son shows the natural complementarity between these
two techniques for measuring tanβ . However, with
these two techniques alone, there is always a range of
intermediate-size tanβ values for which a good deter-
mination of tanβ is not possible.
This “gap” can be partly filled, and the error on

tanβ at high tanβ can be greatly reduced, by using
the intrinsic total widths of the H and A to determine
tanβ . However, it is only for tanβ > 10 that the
intrinsic widths can provide a tanβ determination.
This is because (a) the widths are only > 5 GeV (the
detector resolution discussed below) for tanβ > 10
and (b) the number of events in the bb̄bb̄ final state
becomes maximal once tanβ > 10.
We now discuss the experimental issues in deter-

mining the Higgs boson width. The expected preci-
sion of the SM Higgs boson width determination at
the LHC and at a LC was studied in [57]. As described
in [57], a simple estimate (based on a detector energy
flow resolution of "E/E = 0.3/

√
E for each of the

two b-jets) yields an expected detector resolution of
Γres = 5 GeV for mA ∼ 200 GeV. However, an over-
all fit to the bb̄ mass distribution similar to the one
in the study of [57] would give a Higgs boson reso-
nance peak width which is about 2σ larger than that
expected from the convolution of the 5 GeV resolu-
tion with the intrinsic Higgs width. This can be traced
to the fact that the overall fit includes wings of the
mass distribution that are present due to wrong pair-
ings of the b-jets. The mass distribution contains about
400 di-jet masses (2 entries per HA event), of which
about 300 are in a central peak. If one fits only the cen-
tral peak, the width is close to that expected based on
simply convoluting the 5 GeV resolution with the in-
trinsic Higgs width. This indicates that about 25% of
the time wrong jet-pairings are made and contribute to
the wings of the mass distribution. Therefore, our es-
timates of the error on the determination of the Higgs
width will be based on the assumption that only 3/4 of
the events (i.e., those in the central peak) retained after
our basic event selection cuts (with assumed selection
efficiency of 10%) can be used in the statistics com-

MSSM	


LHC	


 
 	


Gunion et.al. (2003) 

BHbb rapidly depends on tanβ	


 à BR measurement can probe tanβ very precisely 

HA production @ LC 
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Fig. 5. For the MSSM with mA = 200 GeV, and assuming
L = 2000 fb−1 at

√
s = 500 GeV, we plot the 1σ statisti-

cal upper and lower bounds, " tanβ/ tan β, as a function of
tanβ based on: the rate for e+e− → bb̄A + bb̄H → bb̄bb̄;
the rate for e+e− → HA → bb̄bb̄; and the average resolved
width Γ RH,A defined in Eq. (7) for the H and A as deter-
mined in e+e− → HA → bb̄bb̄ events. For the rates, results for
SUSY scenarios (I) and (II) differ significantly, as shown. For
bb̄A+bb̄H → bb̄bb̄ and Γ RH,A we show only the results for MSSM
scenario (I). Results for scenario (II) are essentially identical. Up-
per and lower curves of a given type give the upper and lower 1σ
bounds, respectively, obtained using a given process as shown in the
figure legend. We include running b-quark mass effects and employ
HDECAY [56].

we do not regard this result as representative. For this
reason, we have chosen not to show the scenario (II)
upper limit curve beyond tanβ = 30. Had we plotted
the region above tanβ = 30, one would see a slowly
declining upper limit on tanβ .
The above results can be compared to the tanβ de-

termination based on the bb̄H + bb̄A → bb̄bb̄ rate
using the procedures of Section 2 applied in the
MSSM model context. For the computation of this
rate, our calculation of the bb̄H and bb̄A cross sec-
tions includes the dominant radiative corrections as
incorporated via b-quark mass running starting with
mb(mb) = 4.62 GeV. The H and A branching ra-
tios and widths are computed using HDECAY. Since
there is little sensitivity of this rate to the MSSM sce-
nario (for the high tanβ values for which this means
of determining tanβ is useful) we only present re-
sults for scenario (I); where plotted, errors for tanβ
from the bb̄H + bb̄A → bb̄bb̄ rate are essentially in-
dependent of the MSSM scenario choice. The errors

on tanβ resulting from the rate for bb̄H + bb̄A →
bb̄bb̄ quickly become far smaller than those based on
HA → bb̄bb̄ once tanβ ! 30. This is illustrated in
Fig. 5, which compares the results for " tanβ/ tanβ

obtained using the e+e− → HA → bb̄bb̄ rate to those
based on the bb̄H + bb̄A → bb̄bb̄ rate. This compari-
son shows the natural complementarity between these
two techniques for measuring tanβ . However, with
these two techniques alone, there is always a range of
intermediate-size tanβ values for which a good deter-
mination of tanβ is not possible.
This “gap” can be partly filled, and the error on

tanβ at high tanβ can be greatly reduced, by using
the intrinsic total widths of the H and A to determine
tanβ . However, it is only for tanβ > 10 that the
intrinsic widths can provide a tanβ determination.
This is because (a) the widths are only > 5 GeV (the
detector resolution discussed below) for tanβ > 10
and (b) the number of events in the bb̄bb̄ final state
becomes maximal once tanβ > 10.
We now discuss the experimental issues in deter-

mining the Higgs boson width. The expected preci-
sion of the SM Higgs boson width determination at
the LHC and at a LC was studied in [57]. As described
in [57], a simple estimate (based on a detector energy
flow resolution of "E/E = 0.3/

√
E for each of the

two b-jets) yields an expected detector resolution of
Γres = 5 GeV for mA ∼ 200 GeV. However, an over-
all fit to the bb̄ mass distribution similar to the one
in the study of [57] would give a Higgs boson reso-
nance peak width which is about 2σ larger than that
expected from the convolution of the 5 GeV resolu-
tion with the intrinsic Higgs width. This can be traced
to the fact that the overall fit includes wings of the
mass distribution that are present due to wrong pair-
ings of the b-jets. The mass distribution contains about
400 di-jet masses (2 entries per HA event), of which
about 300 are in a central peak. If one fits only the cen-
tral peak, the width is close to that expected based on
simply convoluting the 5 GeV resolution with the in-
trinsic Higgs width. This indicates that about 25% of
the time wrong jet-pairings are made and contribute to
the wings of the mass distribution. Therefore, our es-
timates of the error on the determination of the Higgs
width will be based on the assumption that only 3/4 of
the events (i.e., those in the central peak) retained after
our basic event selection cuts (with assumed selection
efficiency of 10%) can be used in the statistics com-
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BHbb rapidly depends on tanβ	


 à BR measurement can probe tanβ very precisely 
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Fig. 5. For the MSSM with mA = 200 GeV, and assuming
L = 2000 fb−1 at

√
s = 500 GeV, we plot the 1σ statisti-

cal upper and lower bounds, " tanβ/ tan β, as a function of
tanβ based on: the rate for e+e− → bb̄A + bb̄H → bb̄bb̄;
the rate for e+e− → HA → bb̄bb̄; and the average resolved
width Γ RH,A defined in Eq. (7) for the H and A as deter-
mined in e+e− → HA → bb̄bb̄ events. For the rates, results for
SUSY scenarios (I) and (II) differ significantly, as shown. For
bb̄A+bb̄H → bb̄bb̄ and Γ RH,A we show only the results for MSSM
scenario (I). Results for scenario (II) are essentially identical. Up-
per and lower curves of a given type give the upper and lower 1σ
bounds, respectively, obtained using a given process as shown in the
figure legend. We include running b-quark mass effects and employ
HDECAY [56].

we do not regard this result as representative. For this
reason, we have chosen not to show the scenario (II)
upper limit curve beyond tanβ = 30. Had we plotted
the region above tanβ = 30, one would see a slowly
declining upper limit on tanβ .
The above results can be compared to the tanβ de-

termination based on the bb̄H + bb̄A → bb̄bb̄ rate
using the procedures of Section 2 applied in the
MSSM model context. For the computation of this
rate, our calculation of the bb̄H and bb̄A cross sec-
tions includes the dominant radiative corrections as
incorporated via b-quark mass running starting with
mb(mb) = 4.62 GeV. The H and A branching ra-
tios and widths are computed using HDECAY. Since
there is little sensitivity of this rate to the MSSM sce-
nario (for the high tanβ values for which this means
of determining tanβ is useful) we only present re-
sults for scenario (I); where plotted, errors for tanβ
from the bb̄H + bb̄A → bb̄bb̄ rate are essentially in-
dependent of the MSSM scenario choice. The errors

on tanβ resulting from the rate for bb̄H + bb̄A →
bb̄bb̄ quickly become far smaller than those based on
HA → bb̄bb̄ once tanβ ! 30. This is illustrated in
Fig. 5, which compares the results for " tanβ/ tanβ

obtained using the e+e− → HA → bb̄bb̄ rate to those
based on the bb̄H + bb̄A → bb̄bb̄ rate. This compari-
son shows the natural complementarity between these
two techniques for measuring tanβ . However, with
these two techniques alone, there is always a range of
intermediate-size tanβ values for which a good deter-
mination of tanβ is not possible.
This “gap” can be partly filled, and the error on

tanβ at high tanβ can be greatly reduced, by using
the intrinsic total widths of the H and A to determine
tanβ . However, it is only for tanβ > 10 that the
intrinsic widths can provide a tanβ determination.
This is because (a) the widths are only > 5 GeV (the
detector resolution discussed below) for tanβ > 10
and (b) the number of events in the bb̄bb̄ final state
becomes maximal once tanβ > 10.
We now discuss the experimental issues in deter-

mining the Higgs boson width. The expected preci-
sion of the SM Higgs boson width determination at
the LHC and at a LC was studied in [57]. As described
in [57], a simple estimate (based on a detector energy
flow resolution of "E/E = 0.3/

√
E for each of the

two b-jets) yields an expected detector resolution of
Γres = 5 GeV for mA ∼ 200 GeV. However, an over-
all fit to the bb̄ mass distribution similar to the one
in the study of [57] would give a Higgs boson reso-
nance peak width which is about 2σ larger than that
expected from the convolution of the 5 GeV resolu-
tion with the intrinsic Higgs width. This can be traced
to the fact that the overall fit includes wings of the
mass distribution that are present due to wrong pair-
ings of the b-jets. The mass distribution contains about
400 di-jet masses (2 entries per HA event), of which
about 300 are in a central peak. If one fits only the cen-
tral peak, the width is close to that expected based on
simply convoluting the 5 GeV resolution with the in-
trinsic Higgs width. This indicates that about 25% of
the time wrong jet-pairings are made and contribute to
the wings of the mass distribution. Therefore, our es-
timates of the error on the determination of the Higgs
width will be based on the assumption that only 3/4 of
the events (i.e., those in the central peak) retained after
our basic event selection cuts (with assumed selection
efficiency of 10%) can be used in the statistics com-

Width measurement 

Width measurement is sensitive for high tanβ	
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Fig. 5. For the MSSM with mA = 200 GeV, and assuming
L = 2000 fb−1 at

√
s = 500 GeV, we plot the 1σ statisti-

cal upper and lower bounds, " tanβ/ tan β, as a function of
tanβ based on: the rate for e+e− → bb̄A + bb̄H → bb̄bb̄;
the rate for e+e− → HA → bb̄bb̄; and the average resolved
width Γ RH,A defined in Eq. (7) for the H and A as deter-
mined in e+e− → HA → bb̄bb̄ events. For the rates, results for
SUSY scenarios (I) and (II) differ significantly, as shown. For
bb̄A+bb̄H → bb̄bb̄ and Γ RH,A we show only the results for MSSM
scenario (I). Results for scenario (II) are essentially identical. Up-
per and lower curves of a given type give the upper and lower 1σ
bounds, respectively, obtained using a given process as shown in the
figure legend. We include running b-quark mass effects and employ
HDECAY [56].

we do not regard this result as representative. For this
reason, we have chosen not to show the scenario (II)
upper limit curve beyond tanβ = 30. Had we plotted
the region above tanβ = 30, one would see a slowly
declining upper limit on tanβ .
The above results can be compared to the tanβ de-

termination based on the bb̄H + bb̄A → bb̄bb̄ rate
using the procedures of Section 2 applied in the
MSSM model context. For the computation of this
rate, our calculation of the bb̄H and bb̄A cross sec-
tions includes the dominant radiative corrections as
incorporated via b-quark mass running starting with
mb(mb) = 4.62 GeV. The H and A branching ra-
tios and widths are computed using HDECAY. Since
there is little sensitivity of this rate to the MSSM sce-
nario (for the high tanβ values for which this means
of determining tanβ is useful) we only present re-
sults for scenario (I); where plotted, errors for tanβ
from the bb̄H + bb̄A → bb̄bb̄ rate are essentially in-
dependent of the MSSM scenario choice. The errors

on tanβ resulting from the rate for bb̄H + bb̄A →
bb̄bb̄ quickly become far smaller than those based on
HA → bb̄bb̄ once tanβ ! 30. This is illustrated in
Fig. 5, which compares the results for " tanβ/ tanβ

obtained using the e+e− → HA → bb̄bb̄ rate to those
based on the bb̄H + bb̄A → bb̄bb̄ rate. This compari-
son shows the natural complementarity between these
two techniques for measuring tanβ . However, with
these two techniques alone, there is always a range of
intermediate-size tanβ values for which a good deter-
mination of tanβ is not possible.
This “gap” can be partly filled, and the error on

tanβ at high tanβ can be greatly reduced, by using
the intrinsic total widths of the H and A to determine
tanβ . However, it is only for tanβ > 10 that the
intrinsic widths can provide a tanβ determination.
This is because (a) the widths are only > 5 GeV (the
detector resolution discussed below) for tanβ > 10
and (b) the number of events in the bb̄bb̄ final state
becomes maximal once tanβ > 10.
We now discuss the experimental issues in deter-

mining the Higgs boson width. The expected preci-
sion of the SM Higgs boson width determination at
the LHC and at a LC was studied in [57]. As described
in [57], a simple estimate (based on a detector energy
flow resolution of "E/E = 0.3/

√
E for each of the

two b-jets) yields an expected detector resolution of
Γres = 5 GeV for mA ∼ 200 GeV. However, an over-
all fit to the bb̄ mass distribution similar to the one
in the study of [57] would give a Higgs boson reso-
nance peak width which is about 2σ larger than that
expected from the convolution of the 5 GeV resolu-
tion with the intrinsic Higgs width. This can be traced
to the fact that the overall fit includes wings of the
mass distribution that are present due to wrong pair-
ings of the b-jets. The mass distribution contains about
400 di-jet masses (2 entries per HA event), of which
about 300 are in a central peak. If one fits only the cen-
tral peak, the width is close to that expected based on
simply convoluting the 5 GeV resolution with the in-
trinsic Higgs width. This indicates that about 25% of
the time wrong jet-pairings are made and contribute to
the wings of the mass distribution. Therefore, our es-
timates of the error on the determination of the Higgs
width will be based on the assumption that only 3/4 of
the events (i.e., those in the central peak) retained after
our basic event selection cuts (with assumed selection
efficiency of 10%) can be used in the statistics com-

MSSM	


LHC	
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LHC	


2HDM-II	


v  Without SUSY relation 

Kanemura, KT, Yokoya, Yagyu 

Gunion et.al. (2003) 
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p  A�

43 
2HDM-II	


v  Without SUSY relation 

Kanemura, KT, Yokoya, Yagyu 
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SM-like Higgs decay BRs strongly depend on tanβ 

Assume Δ(σ x BR)/(σ x BR) = 1% 
 

[Ref: DBD, 250GeV, 250/fb] 
 
For HA [500GeV, 2000/fb] 
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2HDM-II	


v  Without SUSY relation 

Kanemura, KT, Yokoya, Yagyu 
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we can probe tanβ  

Assume Δ(σ x BR)/(σ x BR) = 1% 
 

[Ref: DBD, 250GeV, 250/fb] 
 
For HA [500GeV, 2000/fb] 

SM-like Higgs decay BRs strongly depend on tanβ 

Initial stage of LC 
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p  Potential largest eigenvalue: 

There are implicit upper mass bounds (new no lose theorem?) 
 

[a deviation of sin(β-α) requires large quartic coupling (non-decoupling)] 

Kanemura et,al, (1993)	


45 

0 10 20 30 40 50 600

200

400

600

800

1000

tanΒ

M

SUSY mA

a0 ! 1!2a0 ! 1

0 10 20 30 40 50 600

200

400

600

800

1000

tanΒ

M

SUSY mA

a0 ! 1!2a0 ! 1

allowed	
allowed	


Unitarity violation	
Unitarity violation	


Unitarity bound 



Koji TSUMURA (Nagoya U.) HPNP2013�

tanβ @ LC 

v  Precise measurement of sin(β-α)  
    makes BR prediction better in 2HDMs 
 

                          à Key observable for determining tanβ  
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p  SM-like Higgs decay into ττ 
p  BR measurement w/ 4τ final states 
p  Width measurement of H/Aàττ  

Wider parameter regions  
should be examined by LC 

Type-X 
Chance to probe  
New Physics 
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Summary 
p  2HDM can describe low energy effective theory 

Ø  Direct search: 

 

Ø  tanβ measurement: 

v  SUSY/2HDM-II Higgs has been searched 
 

v  Leptophilic Higgs   
 (4τ signature @ LHC)  
 (4τ signature & tanβ @ LC) 

v  HA production, width measurement  
 

v  Precision SM-like Higgs study 
 (tanβ from hàbb/ττ @ LC) 
 (discriminate types of Yukawa in 2HDMs) 
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SM-like Higgs in SUSY 
p  SUSY Higgs sector is the most popular 2HDM 

p  Type-II Yukawa interaction w/ SUSY relation 

Figure 3: Estimates of the accuracy that can be achieved in Higgs coupling measurements
using a model-independent fit to LHC measurements with a 300 fb�1 data set, from [43].
The estimates are given 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.
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mA=200GeV 
w/ tanβ=5	


mA>>mZ 
w/ tanβ=5	


BG figure is taken from 1207.2516 by Peskin	
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mA=200GeV 
w/ tanβ=5	


mA>>mZ 
w/ tanβ=5	


     hbb deviation can probe mA scale 
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SM-like Higgs in 2HDMs 
p  2HDM-II 

p  Type-II Yukawa interaction w/o SUSY relation 

Figure 3: Estimates of the accuracy that can be achieved in Higgs coupling measurements
using a model-independent fit to LHC measurements with a 300 fb�1 data set, from [43].
The estimates are given 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.
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using a model-independent fit to LHC measurements with a 300 fb�1 data set, from [43].
The estimates are given 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.
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v No mA dependence [sin(β-α) is determined by                     ] 

v  cos(β-α) can be sizable and positive 

Type-II 
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Figure 3: Estimates of the accuracy that can be achieved in Higgs coupling measurements
using a model-independent fit to LHC measurements with a 300 fb�1 data set, from [43].
The estimates are given 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.

11

Type-II 

sin(β-α) + hff deviations (w/o mA)  

    à detemination of tanβ 
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The estimates are given as a fraction of the predicted Standard Model value for the Higgs
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Type-X Type-II 

sin(β-α) + hff deviations (w/o mA)  

    à discrimination of types of Yukawa 
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Observable Expected Error (experiment � theory)
LHC at 14 TeV with 300 fb�1

�(gg) · BR(��) 0.06 � 0.13
�(WW ) · BR(��) 0.15 � 0.10
�(gg) · BR(ZZ) 0.08 � 0.08
�(gg) · BR(WW ) 0.09 � 0.11
�(WW ) · BR(WW ) 0.27 � 0.10
�(gg) · BR(⌧+⌧�) 0.11 � 0.13
�(WW ) · BR(⌧+⌧�) 0.15 � 0.10
�(Wh) · BR(bb) 0.25 � 0.20
�(Wh) · BR(��) 0.24 � 0.10
�(Zh) · BR(bb) 0.25 � 0.20
�(Zh) · BR(��) 0.24 � 0.10
�(tth) · BR(bb) 0.25 � 0.20
�(tth) · BR(��) 0.42� 0.10
�(WW ) · BR(invisible) 0.2 � 0.24

Table 1: Input data for the fits to Higgs couplings from LHC measurements.

14

57 

Figure 1: Capabilities of LHC for model-independent measurements of Higgs boson cou-
plings. The plot shows 1 � confidence intervals for LHC at 14 TeV with 300 fb�1. No error
is estimated for g(hcc). The marked horizontal band represents a 5% deviation from the
Standard Model prediction for the coupling.
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Observable Expected Error
ILC at 250 GeV with 250 fb�1

�(Zh) 0.025
�(Zh) · BR(bb) 0.010
�(Zh) · BR(cc) 0.069
�(Zh) · BR(gg) 0.085
�(Zh) · BR(WW ) 0.08
�(Zh) · BR(ZZ) 0.28
�(Zh) · BR(⌧+⌧�) 0.05
�(Zh) · BR(��) 0.27
�(Zh) · BR(invisible) 0.005
ILC at 500 GeV with 500 fb�1

�(Zh) · BR(bb) 0.016
�(Zh) · BR(cc) 0.11
�(Zh) · BR(gg) 0.13
�(Zh) · BR(⌧+⌧�) 0.07
�(Zh) · BR(��) 0.36
�(WW ) · BR(bb) 0.006
�(WW ) · BR(cc) 0.04
�(WW ) · BR(gg) 0.049
�(WW ) · BR(WW ) 0.03
�(WW ) · BR(⌧+⌧�) 0.05
�(WW ) · BR(��) 0.28
�(tth) · BR(bb) 0.2
ILC at 1 TeV with 1000 fb�1

�(WW ) · BR(WW ) 0.01
�(WW ) · BR(gg) 0.018
�(WW ) · BR(⌧ + ⌧�) 0.02
�(WW ) · BR(��) 0.05
�(tth) · BR(bb) 0.12

Table 2: Input data for the fits to Higgs couplings from ILC measurements.
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Table 2: Input data for the fits to Higgs couplings from ILC measurements.

15

Figure 2: Comparison of the capabilities of LHC and ILC for model-independent measure-
ments of Higgs boson couplings. The plot shows (from left to right in each set of error
bars) 1 � confidence intervals for LHC at 14 TeV with 300 fb�1, for ILC at 250 GeV and
250 fb�1 (‘ILC1’), for the full ILC program up to 500 GeV with 500 fb�1 (‘ILC’), and for a
program with 1000 fb�1 for an upgraded ILC at 1 TeV (‘ILCTeV’). The marked horizontal
band represents a 5% deviation from the Standard Model prediction for the coupling.
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SUSY Higgs sector 
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CP even sector 

Quantum corrections 

Mass engenvalues & mixing angle 
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SM-like? 
p  SM-like gauge-gauge-Higgs coupling is favored 

        

Couplings:'(CV,'CF)'

32'Higgs'Hun;ng,'July'20,'2012' Mingshui'Chen'(University'of'Florida)'

•  CV(CF)'scales'the'SM'Higgs'
boson'couplings'to'vector'
bosons'(fermions)''

•  LO'approxima;on'
•  Γγγ'is'induced'via'loop'

diagrams,'scales'as'''''''''''''''
|α'CV(+'β'CF|2'
–  α'and'β'are'taken'from'

theory'
•  most'sensi;ve'analyses:'

–  WW,'ZZ,'inclusive'γγ'''
sensi;ve'to''CV'

–  VBF'γγ'''sensi;ve'to'both'CV'
and'CF'

•  in'agreement'with'the'SM'
within'the'95%'confidence'
range'

Couplings:'(CV,'CF)'

31'Higgs'Hun;ng,'July'20,'2012' Mingshui'Chen'(University'of'Florida)'

VBF/VH'

VBF/VH'

•  CV(CF)'scales'the'SM'Higgs'
boson'couplings'to'vector'
bosons'(fermions)''

•  LO'approxima;on'
•  Γγγ'is'induced'via'loop'

diagrams,'scales'as'''''''''''''''
|α'CV(+'β'CF|2'
–  α'and'β'are'taken'from'

theory'
•  most'sensi;ve'analyses:'

–  WW,'ZZ,'inclusive'γγ'''
sensi;ve'to''CV'

–  VBF'γγ'''sensi;ve'to'both'CV'
and'CF'

'
''

'

sin(β-α) can be different from unity	
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Figure 4: Fits for 2-parameter benchmark models probing different coupling strength scale factors for

fermions and vector bosons: (a) Correlation of the coupling scale factors κF and κV , assuming no non-

SM contribution to the total width; (b) Correlation of the coupling scale factors λFV = κF/κV and

κVV = κV · κV/κH without assumptions on the total width.

The confidence intervals on κV and κF are reduced by approximately 20% when removing all theoretical

systematic uncertainties and further reduced by approximately 5% when removing the experimental

systematic uncertainties on the signal. The (2D) compatibility of the SM hypothesis with the best fit

point is 21%.

6.1.2 Relaxing the assumption on the total width

Without the assumption on the total width, only ratios of coupling scale factors can be measured. Hence

there are now the following free parameters:

λFV = κF/κV (28)

κVV = κV · κV/κH (29)

λFV is the ratio of the fermion and vector coupling scale factors, and κVV an overall scale that includes

the total width and applies to all rates. Figure 4(b) shows the results of this fit. The 68% confidence

interval of λFV when profiling over κVV yields:

λFV ∈ [−1.1,−0.7] ∪ [0.6, 1.1] (30)

(31)

The 95% confidence intervals are:

λFV ∈ [−1.8,−0.5] ∪ [0.5, 1.5] (32)

(33)

The confidence interval on λFV is reduced by approximately 10% when removing all theoretical system-

atic uncertainties and further reduced by 10% when removing the experimental systematic uncertainties

on the signal. The (2D) compatibility of the SM hypothesis with the best fit point is 21%. It should

be noted that the assumption on the total width gives a strong constraint on the fermion coupling scale

factor κF , since it is dominated in the SM by the b-decay width. The measurement of κVV , profiling the

λFV parameter yields: κVV = 1.2+0.3
−0.6

.
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Gauge coupling in MSSM 
40 A. Djouadi / Physics Reports 459 (2008) 1–241

Fig. 1.8. The normalized couplings squared of the CP-even MSSM neutral Higgs bosons to gauge bosons as functions of MA for two values
tan � = 3 and 30, in the no mixing (light lines) and maximal mixing (thick lines) scenarios. The full set of radiative corrections is included with
the same inputs as in Fig. 1.7.

These couplings are renormalized by the same radiative corrections which affect the neutral Higgs boson masses.
For instance, in the ✏ approximation which has been discussed earlier, the corrected angle ↵̄ will be given by

tan 2↵̄ = tan 2�
M2

A + M2
Z

M2
A � M2

Z + ✏/ cos 2�
, �⇡

2
 ↵  0. (1.144)

The radiatively corrected reduced couplings of the neutral CP-even Higgs particles to gauge bosons are then simply
given by

ghVV = sin(� � ↵̄), gHVV = cos(� � ↵̄), (1.145)

where the renormalization of ↵ has been performed in the same approximation as that for the renormalized Higgs
boson masses. The squares of the two renormalized Higgs couplings to gauge bosons are displayed in Fig. 1.8 as
functions of MA for the two values tan � = 3, 30 in the no mixing and maximal mixing scenarios. The SUSY and
SM parameters are chosen as in Fig. 1.7. One notices the very strong variation with MA and the different patterns for
values above and below the critical value MA ' Mmax

h . For small MA values the couplings of the lighter h boson
to gauge bosons are suppressed, with the suppression/enhancement being stronger with large values of tan �. For
values MA & Mmax

h , the normalized h boson couplings tend to unity and reach the values of the SM-Higgs couplings,
ghVV = 1 for MA � Mmax

h ; these values are reached more quickly when tan � is large. The situation in the case of the
heavier CP-even H boson is just opposite: its couplings are close to unity for MA . Mmax

h [which in fact is very close
to the minimal value of MH , Mmin

H ' Mmax
h , in particular at large tan �], while above this limit, the H couplings to

gauge bosons are strongly suppressed. Note that the mixing Xt in the stop sector does not alter this pattern, its main
effect being simply to shift the value of Mmax

h .

In the case of the Higgs–fermion couplings, there are additional one-loop vertex corrections which modify the
tree-level Lagrangian that incorporates them [71–74]. In terms of the two-Higgs doublets H1 and H2 which generate
the couplings of up-type and down-type fermions, the effective Lagrangian can be written at one-loop as [118]

�LYuk = ✏i j

h

(�b + ��b)b̄R Hi
1 Q j

L + (�t + ��t )t̄R Qi
L H j

2 + (�⌧ + ��⌧ )⌧̄R Hi
1 L j

i

+ 1�bb̄R Qi
L Hi⇤

2 + 1�⌧ ⌧̄R Li Hi⇤
2 + 1�t t̄R Qi

L Hi⇤
1 + h.c. (1.146)

Thus, at this order, in addition to the expected corrections ��t,b which alter the tree-level Lagrangian, a small
contribution 1�t (1�b) to the top (bottom) quark will be generated by the doublet H1 (H2). The top- and bottom-
quark Yukawa couplings [the discussion for the ⌧ couplings follows that of the b-quark couplings], defining

Djouadi (2008)	
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Yukawa coupling in MSSM 
A. Djouadi / Physics Reports 459 (2008) 1–241 41

Fig. 1.9. The normalized couplings squared of the CP-even MSSM neutral Higgs bosons to fermions as functions of MA for tan � = 3 and 30, in
the no mixing (light lines) and maximal mixing (thick lines) scenarios, using the same inputs as in Fig. 1.7.

�b1b = ��b + 1�b tan � and �t1t = ��t + 1�t cot �, are then given by [71–74]

�b =
p

2mb

v cos �

1
1 + 1b

, �t =
p

2mt

v sin �

1
1 + 1t

. (1.147)

The leading parts of the total corrections 1t,b are in fact those which affect the b- and t-quark masses in the MSSM,
already discussed in Section 1.1.6 and given in Eqs. (1.45) and (1.48). The b-quark corrections are enhanced by tan �

factors while those affecting the top quark are sizable for large At or µ values. Rather than attributing these corrections
to the running quark masses, one can map them into the Yukawa couplings and the masses will be simply those
obtained from a standard RG running in the SM (MSSM) at a scale below (above) the SUSY scale. In the case of the
neutral Higgs boson couplings to bottom quarks, one may then write [74,118] with the angle ↵̄ defined in Eq. (1.144)

ghbb ' � sin ↵̄

cos �



1 � 1b

1 + 1b
(1 + cot ↵̄ cot �)

�

gHbb ' +cos ↵̄

cos �



1 � 1b

1 + 1b
(1 � tan ↵̄ cot �)

�

gAbb ' tan �



1 � 1b

1 + 1b

1

sin2 �

�

. (1.148)

The couplings squared of the neutral CP-even Higgs bosons to isospin up- and down-type fermions are displayed
in Fig. 1.9 as functions of MA for the same set of parameters as in Fig. 1.7. As in the case of the V V couplings,
there is again a very strong variation with MA and different behaviors for values above and below the critical

Djouadi (2008)	
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Event analysis details 
-MadGraph5: event generation, calculate (diff.) σ  
 

-PYTHIA: hadronization (quark, τ à hadron) 

                     w/ TAUOLA (tau polarization) 
 

-FastJet:  (construct jets from hadrons)  

      jet is defined by anti-kT w/ R<0.4 

 

 

à  Detector simulation                                                                    
(construct kinematical variables such as invariant mass, etc…) 

 

LHC14	
 Kanemura, KT, Yokoya (2012) 
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Unitarity bound 
p  tanβ enhancement in λ couplings 

nearly SM-like (β-α=π/2-δ), and M=MH=MH+ 

Only λ1  diverges  �
@  large  tanβ�

Kanemura, KT, Yokoya, Yagyu 
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