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Large Variations of Higgs couplings are still possible

But we cannot determine the Higgs couplings very accurately

As these measurements become more precise, they constrain possible 
extensions of the SM, and they could lead to the evidence of new physics.

It is worth studying what kind of effects one could obtain in well motivated 
extensions of the Standard Model, like SUSY.

Monday, August 26, 2013

The properties of the recently discovered Higgs boson are close to the SM ones

(for an extensive review, see Christensen, Han and Su’13) 
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Very good agreement of Higgs Physics Results
with SM Predictions

Higgs Boson Discovery at the LHC :



ATLAS and CMS Combination
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Figure 11: Best-fit results for the production signal strengths for the combination of ATLAS and CMS. Also shown
for completeness are the results for each experiment. The error bars indicate the 1� (thick lines) and 2� (thin lines)
intervals. The measurements of the global signal strength µ are also shown.
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Direct Measurement of Bottom and Top Couplings subject to 
large uncertainties :  2σ deviations from SM predictions possible

(and statistically favored) if certain correlations are present.
In particular, low bottom coupling has a major impact on the rest of the couplings.

Assuming 
no strict

correlation
 between
gluon and 

top 
couplings



Excess at both experiments

CMS 1408.1682, local significance 2.6σ ATLAS 1506.05988

ttH, H->W+W- , multi-lepton

Top Quark Coupling Enhancement ?



Excess at both runs

Canelli, ICHEP 2016

Top Quark Coupling Enhancement ?



If combine all channels in tth searches, 
the signal strength is still about 2 times the SM value

Top Quark Coupling Enhancement ?

We shall interpret the results in terms
of tth coupling enhancement and also provide an alternative explanation

Aug	4th,	2016

Search	for	Higgs	bosons	produced	in	association	with	top	quarks	in	the	CMS	detector

Marco	Peruzzi

• ttH,	Higgs	to	ɣɣ	(details	in	V.	Tavolaro’s	talk): 
tagged	H→ɣɣ	categories	selecting	hadronic	and	leptonic	top	decays	

• New	ttH	multi-lepton	result,	presented	in	the	following

Updates	with	2016	data
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Simple Example :  Type II Higgs Doublet Models
Enhancing  (suppressing) the tth (bbh) Coupling

Figure 1: Dependence of Higgs signal rates on cot (� � ↵) for tan � = 1 (left) and 2 (right) in

type-II 2HDM.

that depend on the SM couplings and may receive contributions from New Physics. Formulae

for Rj
i as a function of these couplings are given in the Appendix.

In the type-II 2HDM the couplings (normalised to SM) read:

ct =
cos↵

sin �
= sin (� � ↵) + cot � cos (� � ↵) , (4)

cb = � sin↵

cos �
= sin (� � ↵)� tan � cos (� � ↵) , (5)

cV = sin (� � ↵) , (6)

The SM couplings are obtained in the decoupling limit ↵ = � � ⇡/2. It is clear from the

above formulae that significant deviations from the SM for the tth production cross-section can

only occur for small values of tan � and away from the decoupling limit. It is important to

note the anti-correllation between ct and cb. If one is enhanced, the other one is suppressed

and vice-versa. Moreover, for tan � > 1 the bottom Yukawa coupling deviates from the SM

more than the top quark Yukawa. This is particularly important since the bottom Yukawa

coupling controls to large extent the total decay width of the Higgs because the SM Higgs

branching ratio to bottom and tau pairs exceeds in total 60%. Therefore, all the branching

ratios strongly deviate from the SM prediction if cb strongly deviates from cV . Since the LHC

Higgs measurements are close to the SM predictions this puts strong constraint on possible

deviations of ct from one.

The dependence of �tth and other rates on cot (� � ↵) for tan � = 1 and 2 is shown in Fig. 1.

Due to the observed excess in µtth
WW , it is particularly interesting to investigate predictions for

Rtth
V V , where V = W or Z. It can be seen from eqs. (4)-(5) that in type-II 2HDM Rtth

V V can be

enhanced only for cot (� � ↵) > 0. As is shown in Fig. 1, in such a case, both the tth production

cross-section and the branching ratio to WW is enhanced. However, a large enhancement of
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Type II
Two Higgs Doublet Models

Strong Correlation between 
Different Channels

Relevant enhancement 
(suppression) of tth (bbh) 

not possible without
affecting gluon fusion 

channels

Top Quark Coupling Enhancement ?

Simple Example :  Type II Higgs Doublet Models
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Strong Correlation between Different Channels
Relevant enhancement (suppression) of tth (bbh) not possible

Badziak, C.W. ‘16

Top Quark Coupling Enhancement ?

Badziak, C.W., arXiv:1602.06198, JHEP
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What is the problem in 2HDM ?
SM+ a enhanced top Yukawa coupling? 

Would expect gluon fusion to be high as well !

Additional contributions necessary to suppress the
ggh coupling, as reflected in the best fit.

Same Coupling



Additional Loop Effects in Low Energy Supersymmetry
Stop Effects

Rtth
V V is constrained by the existing LHC Higgs data which in most cases agree quite well with

the SM predictions. The main constraint comes from the measurements of Rgg
V V which is even

slightly bigger than Rtth
V V because the enhancement of the gluon-fusion cross section becomes

bigger than the one of the tth cross-section when the hbb coupling is suppressed, cf. eqs. (26)

and (29).

We conclude that in type-II 2HDM, without the addition of new particles, it is not possible

to strongly enhance Rtth
V V while keeping other rates in a good agreement with the SM predictions.

3 tth in type-II 2HDM with light stops

The conclusion of the previous section would not hold if there existed new coloured states that

modify gluon-fusion production cross-section. Such modification of e↵ective coupling of the

Higgs to gluons is parameterised by �cg in our computation of the cross sections and branching

ratios given in eq. (29). In this paper we focus on light stops as a source of �cg because the

Higgs sector of minimal SUSY models reduces to the class of Type-II 2HDM in certain limits.

Nevertherless, one should keep in mind that modification of cg can originate from other light

coloured states, see e.g. Ref.[10], so the mechanism we present is applicable more generally.

Type-II 2HDM with light stops that we consider should be thought of a simplified model

of an extended model which reduces to the MSSM at low energies. One example that we shall

analyze below is the NMSSM in which the singlet is decoupled and does not e↵ectively mix

with the Higgs doublets. Note that an ultraviolet completion to the MSSM is needed because

for small tan � light stops cannot account for the 125 GeV Higgs mass.

Light stops modify the e↵ective Higgs coupling to gluons and photons in the following way,

see e.g. Refs.[10, 11]:

cg
cSMg

=
c�
cSM�

= ct +
m2

t
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ct
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m2
t̃1

+
1
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t̃2

!
� X̃2
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m2
t̃1
m2

t̃2

#
, (7)

where X̃2
t ⌘ Xt

⇣
At

cos↵
sin�

+ µ sin↵
sin�

⌘
with the stop mixing parameter given by Xt ⌘ At � µ/ tan �

(note: in the decoupling limit X̃2
t = X2

t ). In the above formula the corrections of order

O(mh/mt̃) are neglected because they have very small impact on the results already for stop

masses of about 200 GeV. We also neglect the NLO QCD corrections which have a rather small

e↵ect on the results [11, 12].

In order to enhance the tth production channel keeping the gluon fusion rates close to its

SM values the e↵ective Higgs coupling to gluons must be smaller than the Higgs coupling to top

quark. It should be clear from eq. (7) that for relatively large stop mixing parameters, X̃2
t

m2
t̃2

& ct,

the modification of the gluon coupling cg/c
SM
g can be smaller than ct. In this cases Rgg

V V < Rtth
V V ,

as required by data. In the left panel of Fig. 2 we show an example with stop masses of 200 and

700 GeV and tan � = 1. As can be seen from this figure, values of Rtth
V V of about 2 are possible

while keeping Rgg
V V and Rgg

�� only 30% above the SM prediction, which is within the present

1� experimental bounds for these Higgs production channels [2], see also point B1 in Table 1.

Notice also that for Rtth
V V ⇡ 2 the Higgs tth production cross-section �tth is enhanced by about
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Loop Effects in the couplings 
of Higgs to gluons may 
dramatically  affect  the 
previous conclusions. 

Badziak, C.W. ‘16
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Additional Loop Effects in Low Energy Supersymmetry
Stop Effects
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Figure 2: Dependence of the Higgs signal rates on cot (� � ↵) for tan � = 1 and 2 in type-II

2HDM with light stops.

45% while the rest of the enhancement originates from suppressed hbb̄ coupling that results

in enhanced BR(h ! V V ). Another consequence of suppressed hbb̄ coupling are suppressed

Higgs decays to bb̄ and ⌧⌧ . Nevertheless, for tan � = 1 the signal strengths in these decay

channels are about 0.75 (in gluon fusion production mode, as well as in the Higgs associated

production with a weak boson (VH) and weak boson fusion (VBF) production channels). Such

small suppression is even preferred by the current LHC measurements of the bb̄ decay channel.

Similar suppression is not observed in the ⌧⌧ decay channel but values of RVBF/VH
⌧⌧ as low as

about 0.4 are allowed at 2� level for the VBF/VH production channel.1 The gluon fusion rate

in the ⌧⌧ channel is poorly measured and even zero is allowed at 2� level.

As tan � increases, suppression of the hbb̄ coupling becomes stronger while the enhancement

of the htt̄ coupling becomes weaker. In consequence, enhancement of Rtth
V V is mainly driven by

enhancement of BR(h ! V V ). This is demonstrated for tan � = 2 in the right panel of Fig. 2.

In this case Rtth
V V = 2 is obtained with �tth only 20% above the SM prediction. This results in

larger deviations of other signal rates from the SM predictions. The gluon fusion production

rate in the gauge bosons decay channel is not an issue because it can be adjusted to SM-like

values by appropriate choice ofXt/mt̃2 . The gluon fusion rate in the ⌧⌧ turns out to be quite low

but it poses no tension with the current LHC data. Constraints from the VBF/VH production

channels are more important since these channels are not a↵ected by presence of light stops.

VH is the most relevant production channel for h ! bb̄ while for h ! ⌧⌧ this is VBF. As long

as tan � . 1.5, RVBF/VH
⌧⌧ sets the strongest upper limit on Rtth

V V .

For the Higgs decaying to gauge bosons VH and VBF channels are measured much less

precisely than the gluon fusion one. Nevertheless, for tan � & 1.5 these channels start to

1We quote the results of the recent combination of the ATLAS and CMS data presented in Table 13 of

ref. [2].
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Rtth
V V is constrained by the existing LHC Higgs data which in most cases agree quite well with

the SM predictions. The main constraint comes from the measurements of Rgg
V V which is even

slightly bigger than Rtth
V V because the enhancement of the gluon-fusion cross section becomes

bigger than the one of the tth cross-section when the hbb coupling is suppressed, cf. eqs. (26)

and (29).

We conclude that in type-II 2HDM, without the addition of new particles, it is not possible

to strongly enhance Rtth
V V while keeping other rates in a good agreement with the SM predictions.

3 tth in type-II 2HDM with light stops

The conclusion of the previous section would not hold if there existed new coloured states that

modify gluon-fusion production cross-section. Such modification of e↵ective coupling of the

Higgs to gluons is parameterised by �cg in our computation of the cross sections and branching

ratios given in eq. (29). In this paper we focus on light stops as a source of �cg because the

Higgs sector of minimal SUSY models reduces to the class of Type-II 2HDM in certain limits.

Nevertherless, one should keep in mind that modification of cg can originate from other light

coloured states, see e.g. Ref.[10], so the mechanism we present is applicable more generally.

Type-II 2HDM with light stops that we consider should be thought of a simplified model

of an extended model which reduces to the MSSM at low energies. One example that we shall

analyze below is the NMSSM in which the singlet is decoupled and does not e↵ectively mix

with the Higgs doublets. Note that an ultraviolet completion to the MSSM is needed because

for small tan � light stops cannot account for the 125 GeV Higgs mass.

Light stops modify the e↵ective Higgs coupling to gluons and photons in the following way,

see e.g. Refs.[10, 11]:

cg
cSMg

=
c�
cSM�

= ct +
m2

t

4

"
ct

 
1

m2
t̃1

+
1

m2
t̃2

!
� X̃2

t

m2
t̃1
m2

t̃2

#
, (7)

where X̃2
t ⌘ Xt

⇣
At

cos↵
sin�

+ µ sin↵
sin�

⌘
with the stop mixing parameter given by Xt ⌘ At � µ/ tan �

(note: in the decoupling limit X̃2
t = X2

t ). In the above formula the corrections of order

O(mh/mt̃) are neglected because they have very small impact on the results already for stop

masses of about 200 GeV. We also neglect the NLO QCD corrections which have a rather small

e↵ect on the results [11, 12].

In order to enhance the tth production channel keeping the gluon fusion rates close to its

SM values the e↵ective Higgs coupling to gluons must be smaller than the Higgs coupling to top

quark. It should be clear from eq. (7) that for relatively large stop mixing parameters, X̃2
t

m2
t̃2

& ct,

the modification of the gluon coupling cg/c
SM
g can be smaller than ct. In this cases Rgg

V V < Rtth
V V ,

as required by data. In the left panel of Fig. 2 we show an example with stop masses of 200 and

700 GeV and tan � = 1. As can be seen from this figure, values of Rtth
V V of about 2 are possible

while keeping Rgg
V V and Rgg

�� only 30% above the SM prediction, which is within the present

1� experimental bounds for these Higgs production channels [2], see also point B1 in Table 1.

Notice also that for Rtth
V V ⇡ 2 the Higgs tth production cross-section �tth is enhanced by about
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45% while the rest of the enhancement originates from suppressed hbb̄ coupling that results

in enhanced BR(h ! V V ). Another consequence of suppressed hbb̄ coupling are suppressed

Higgs decays to bb̄ and ⌧⌧ . Nevertheless, for tan � = 1 the signal strengths in these decay

channels are about 0.75 (in gluon fusion production mode, as well as in the Higgs associated

production with a weak boson (VH) and weak boson fusion (VBF) production channels). Such

small suppression is even preferred by the current LHC measurements of the bb̄ decay channel.

Similar suppression is not observed in the ⌧⌧ decay channel but values of RVBF/VH
⌧⌧ as low as

about 0.4 are allowed at 2� level for the VBF/VH production channel.1 The gluon fusion rate

in the ⌧⌧ channel is poorly measured and even zero is allowed at 2� level.

As tan � increases, suppression of the hbb̄ coupling becomes stronger while the enhancement

of the htt̄ coupling becomes weaker. In consequence, enhancement of Rtth
V V is mainly driven by

enhancement of BR(h ! V V ). This is demonstrated for tan � = 2 in the right panel of Fig. 2.

In this case Rtth
V V = 2 is obtained with �tth only 20% above the SM prediction. This results in

larger deviations of other signal rates from the SM predictions. The gluon fusion production

rate in the gauge bosons decay channel is not an issue because it can be adjusted to SM-like

values by appropriate choice ofXt/mt̃2 . The gluon fusion rate in the ⌧⌧ turns out to be quite low

but it poses no tension with the current LHC data. Constraints from the VBF/VH production

channels are more important since these channels are not a↵ected by presence of light stops.

VH is the most relevant production channel for h ! bb̄ while for h ! ⌧⌧ this is VBF. As long

as tan � . 1.5, RVBF/VH
⌧⌧ sets the strongest upper limit on Rtth

V V .

For the Higgs decaying to gauge bosons VH and VBF channels are measured much less

precisely than the gluon fusion one. Nevertheless, for tan � & 1.5 these channels start to

1We quote the results of the recent combination of the ATLAS and CMS data presented in Table 13 of

ref. [2].

6

Loop Effects in the couplings of Higgs to gluons may 
dramatically  affect  the previous conclusions. 

Badziak, C.W. ‘16



ATLAS+CMS fit to Higgs data

Channel ATLAS+CMS combined result

µgg
�� 1.19+0.28

�0.25

µgg
ZZ 1.44+0.38

�0.34

µgg
WW 1.00+0.23

�0.20

µgg
⌧⌧ 1.10+0.61

�0.58

µgg
bb 1.09+0.93

�0.89

µ
VBF/VH
�� 1.05+0.44

�0.41

µ
VBF/VH
ZZ 0.48+1.37

�0.91

µ
VBF/VH
WW 1.38+0.41

�0.37

µ
VBF/VH
⌧⌧ 1.12+0.37

�0.35

µ
VBF/VH
bb 0.65+0.30

�0.29

Table 1: Observed Higgs signal strengths from the combination of the ATLAS and CMS data,

corresponding to Table 13 of ref. [2].

.

enhanced only for cot (� � ↵) > 0. As is shown in Fig. 1, in such a case, both the tth production

cross-section and the branching ratio to WW is enhanced. However, a large enhancement of

Rtth
V V is constrained by the existing LHC Higgs data which in most cases agree quite well with the

SM predictions. For easy comparison we reproduce the result of the fit to the combined ATLAS

and CMS data in Table 1. The main constraint comes from the measurements of Rgg
V V which

is even slightly bigger than Rtth
V V because the enhancement of the gluon-fusion cross section

becomes bigger than the one of the tth cross-section when the hbb coupling is suppressed, cf.

eqs. (26) and (29).

We conclude that in type-II 2HDM, without the addition of new particles, it is not possible

to strongly enhance Rtth
V V while keeping other rates in a good agreement with the SM predictions.

3 tth in type-II 2HDM with light stops

The conclusion of the previous section would not hold if there existed new coloured states that

modify gluon-fusion production cross-section. Such modification of e↵ective coupling of the

Higgs to gluons is parameterised by �cg in our computation of the cross sections and branching

ratios given in eq. (29). In this paper we focus on light stops as a source of �cg because the

Higgs sector of minimal SUSY models reduces to the class of Type-II 2HDM in certain limits.

Nevertherless, one should keep in mind that modification of cg can originate from other light

coloured states, see e.g. Ref.[12], so the mechanism we present is applicable more generally.

Type-II 2HDM with light stops that we consider should be thought of a simplified model

of an extended model which reduces to the MSSM at low energies. One example that we shall

analyze below is the NMSSM in which the singlet is decoupled and does not e↵ectively mix

with the Higgs doublets. Note that an ultraviolet completion to the MSSM is needed because

for small tan � light stops cannot account for the 125 GeV Higgs mass.

Light stops modify the e↵ective Higgs coupling to gluons and photons in the following way,
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Nevertherless, one should keep in mind that modification of cg can originate from other light

coloured states, see e.g. Ref.[10], so the mechanism we present is applicable more generally.

Type-II 2HDM with light stops that we consider should be thought of a simplified model

of an extended model which reduces to the MSSM at low energies. One example that we shall

analyze below is the NMSSM in which the singlet is decoupled and does not e↵ectively mix

with the Higgs doublets. Note that an ultraviolet completion to the MSSM is needed because

for small tan � light stops cannot account for the 125 GeV Higgs mass.

Light stops modify the e↵ective Higgs coupling to gluons and photons in the following way,

see e.g. Refs.[10, 11]:
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⌘
with the stop mixing parameter given by Xt ⌘ At � µ/ tan �

(note: in the decoupling limit X̃2
t = X2

t ). In the above formula the corrections of order

O(mh/mt̃) are neglected because they have very small impact on the results already for stop

masses of about 200 GeV. We also neglect the NLO QCD corrections which have a rather small

e↵ect on the results [11, 12].

In order to enhance the tth production channel keeping the gluon fusion rates close to its

SM values the e↵ective Higgs coupling to gluons must be smaller than the Higgs coupling to top

quark. It should be clear from eq. (7) that for relatively large stop mixing parameters, X̃2
t

m2
t̃2

& ct,

the modification of the gluon coupling cg/c
SM
g can be smaller than ct. In this cases Rgg

V V < Rtth
V V ,

as required by data. In the left panel of Fig. 2 we show an example with stop masses of 200 and

700 GeV and tan � = 1. As can be seen from this figure, values of Rtth
V V of about 2 are possible

while keeping Rgg
V V and Rgg

�� only 30% above the SM prediction, which is within the present

1� experimental bounds for these Higgs production channels [2], see also point B1 in Table 1.

Notice also that for Rtth
V V ⇡ 2 the Higgs tth production cross-section �tth is enhanced by about
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Simple Example :  Type II Higgs Doublet Models
Enhancing  (suppressing) the tth (bbh) Coupling

Figure 1: Dependence of Higgs signal rates on cot (� � ↵) for tan � = 1 (left) and 2 (right) in

type-II 2HDM.

that depend on the SM couplings and may receive contributions from New Physics. Formulae

for Rj
i as a function of these couplings are given in the Appendix.

In the type-II 2HDM the couplings (normalised to SM) read:

ct =
cos↵

sin �
= sin (� � ↵) + cot � cos (� � ↵) , (4)

cb = � sin↵

cos �
= sin (� � ↵)� tan � cos (� � ↵) , (5)

cV = sin (� � ↵) , (6)

The SM couplings are obtained in the decoupling limit ↵ = � � ⇡/2. It is clear from the

above formulae that significant deviations from the SM for the tth production cross-section can

only occur for small values of tan � and away from the decoupling limit. It is important to

note the anti-correllation between ct and cb. If one is enhanced, the other one is suppressed

and vice-versa. Moreover, for tan � > 1 the bottom Yukawa coupling deviates from the SM

more than the top quark Yukawa. This is particularly important since the bottom Yukawa

coupling controls to large extent the total decay width of the Higgs because the SM Higgs

branching ratio to bottom and tau pairs exceeds in total 60%. Therefore, all the branching

ratios strongly deviate from the SM prediction if cb strongly deviates from cV . Since the LHC

Higgs measurements are close to the SM predictions this puts strong constraint on possible

deviations of ct from one.

The dependence of �tth and other rates on cot (� � ↵) for tan � = 1 and 2 is shown in Fig. 1.

Due to the observed excess in µtth
WW , it is particularly interesting to investigate predictions for

Rtth
V V , where V = W or Z. It can be seen from eqs. (4)-(5) that in type-II 2HDM Rtth

V V can be

enhanced only for cot (� � ↵) > 0. As is shown in Fig. 1, in such a case, both the tth production

cross-section and the branching ratio to WW is enhanced. However, a large enhancement of
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more than the top quark Yukawa. This is particularly important since the bottom Yukawa

coupling controls to large extent the total decay width of the Higgs because the SM Higgs

branching ratio to bottom and tau pairs exceeds in total 60%. Therefore, all the branching

ratios strongly deviate from the SM prediction if cb strongly deviates from cV . Since the LHC

Higgs measurements are close to the SM predictions this puts strong constraint on possible

deviations of ct from one.

The dependence of �tth and other rates on cot (� � ↵) for tan � = 1 and 2 is shown in Fig. 1.

Due to the observed excess in µtth
WW , it is particularly interesting to investigate predictions for
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V V , where V = W or Z. It can be seen from eqs. (4)-(5) that in type-II 2HDM Rtth

V V can be
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Rtth
V V is constrained by the existing LHC Higgs data which in most cases agree quite well with

the SM predictions. The main constraint comes from the measurements of Rgg
V V which is even

slightly bigger than Rtth
V V because the enhancement of the gluon-fusion cross section becomes

bigger than the one of the tth cross-section when the hbb coupling is suppressed, cf. eqs. (26)

and (29).

We conclude that in type-II 2HDM, without the addition of new particles, it is not possible

to strongly enhance Rtth
V V while keeping other rates in a good agreement with the SM predictions.

3 tth in type-II 2HDM with light stops

The conclusion of the previous section would not hold if there existed new coloured states that

modify gluon-fusion production cross-section. Such modification of e↵ective coupling of the

Higgs to gluons is parameterised by �cg in our computation of the cross sections and branching

ratios given in eq. (29). In this paper we focus on light stops as a source of �cg because the

Higgs sector of minimal SUSY models reduces to the class of Type-II 2HDM in certain limits.

Nevertherless, one should keep in mind that modification of cg can originate from other light

coloured states, see e.g. Ref.[10], so the mechanism we present is applicable more generally.

Type-II 2HDM with light stops that we consider should be thought of a simplified model

of an extended model which reduces to the MSSM at low energies. One example that we shall

analyze below is the NMSSM in which the singlet is decoupled and does not e↵ectively mix

with the Higgs doublets. Note that an ultraviolet completion to the MSSM is needed because

for small tan � light stops cannot account for the 125 GeV Higgs mass.

Light stops modify the e↵ective Higgs coupling to gluons and photons in the following way,

see e.g. Refs.[10, 11]:
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with the stop mixing parameter given by Xt ⌘ At � µ/ tan �

(note: in the decoupling limit X̃2
t = X2

t ). In the above formula the corrections of order

O(mh/mt̃) are neglected because they have very small impact on the results already for stop

masses of about 200 GeV. We also neglect the NLO QCD corrections which have a rather small

e↵ect on the results [11, 12].

In order to enhance the tth production channel keeping the gluon fusion rates close to its

SM values the e↵ective Higgs coupling to gluons must be smaller than the Higgs coupling to top

quark. It should be clear from eq. (7) that for relatively large stop mixing parameters, X̃2
t
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& ct,

the modification of the gluon coupling cg/c
SM
g can be smaller than ct. In this cases Rgg

V V < Rtth
V V ,

as required by data. In the left panel of Fig. 2 we show an example with stop masses of 200 and

700 GeV and tan � = 1. As can be seen from this figure, values of Rtth
V V of about 2 are possible

while keeping Rgg
V V and Rgg

�� only 30% above the SM prediction, which is within the present

1� experimental bounds for these Higgs production channels [2], see also point B1 in Table 1.

Notice also that for Rtth
V V ⇡ 2 the Higgs tth production cross-section �tth is enhanced by about
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Figure 2: Dependence of the Higgs signal rates on cot (� � ↵) for tan � = 1 and 2 in type-II

2HDM with light stops.

45% while the rest of the enhancement originates from suppressed hbb̄ coupling that results

in enhanced BR(h ! V V ). Another consequence of suppressed hbb̄ coupling are suppressed

Higgs decays to bb̄ and ⌧⌧ . Nevertheless, for tan � = 1 the signal strengths in these decay

channels are about 0.75 (in gluon fusion production mode, as well as in the Higgs associated

production with a weak boson (VH) and weak boson fusion (VBF) production channels). Such

small suppression is even preferred by the current LHC measurements of the bb̄ decay channel.

Similar suppression is not observed in the ⌧⌧ decay channel but values of RVBF/VH
⌧⌧ as low as

about 0.4 are allowed at 2� level for the VBF/VH production channel.1 The gluon fusion rate

in the ⌧⌧ channel is poorly measured and even zero is allowed at 2� level.

As tan � increases, suppression of the hbb̄ coupling becomes stronger while the enhancement

of the htt̄ coupling becomes weaker. In consequence, enhancement of Rtth
V V is mainly driven by

enhancement of BR(h ! V V ). This is demonstrated for tan � = 2 in the right panel of Fig. 2.

In this case Rtth
V V = 2 is obtained with �tth only 20% above the SM prediction. This results in

larger deviations of other signal rates from the SM predictions. The gluon fusion production

rate in the gauge bosons decay channel is not an issue because it can be adjusted to SM-like

values by appropriate choice ofXt/mt̃2 . The gluon fusion rate in the ⌧⌧ turns out to be quite low

but it poses no tension with the current LHC data. Constraints from the VBF/VH production

channels are more important since these channels are not a↵ected by presence of light stops.

VH is the most relevant production channel for h ! bb̄ while for h ! ⌧⌧ this is VBF. As long

as tan � . 1.5, RVBF/VH
⌧⌧ sets the strongest upper limit on Rtth

V V .

For the Higgs decaying to gauge bosons VH and VBF channels are measured much less

precisely than the gluon fusion one. Nevertheless, for tan � & 1.5 these channels start to

1We quote the results of the recent combination of the ATLAS and CMS data presented in Table 13 of

ref. [2].
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Some Benchmarks

B1 B2 B3

tan � 1 1.5 2

cot (� � ↵) 0.25 0.22 0.18

mt̃1 200 200 210

mt̃2 700 700 700

X̃t/mt̃2 1.7 1.6 1.6

Rtth
V V 2.02 1.96 1.90

Rtth
�� 2.09 2.09 2.07

Rgg
V V 1.18 1.21 1.19

Rgg
�� 1.22 1.29 1.29

R
VBF/VH
V V 1.29 1.49 1.60

R
VBF/VH
�� 1.33 1.59 1.74

R
VBF/VH
⌧⌧ 0.73 0.67 0.66

Table 1: List of benchmark points for Type-II 2HDM with light stops. All masses are in GeV.

.

values as low as 0.4 for this quantity.

4 tth in the NMSSM

Let us now discuss tth production in NMSSM which is a more restrictive framework because

the mixing angles in the Higgs sector are functions of NMSSM parameters which cannot take

arbitrary values. We focus on the general NMSSM for which the MSSM superpotential is

supplemented by (we use the notation of ref. [13]):

WNMSSM = �SHuHd + f(S) . (8)

The first term is the source of the e↵ective higgsino mass parameter, µe↵ ⌘ �vs (we drop the

subscript “e↵” in the rest of the paper), while the second term parametrizes various versions of

NMSSM. In the simplest version, known as the scale-invariant NMSSM, f(S) ⌘ S3/3, while

in more general models f(S) ⌘ ⇠FS + µ0S2/2 + S3/3.

It is more convenient for us to work in the Higgs basis (ĥ, Ĥ, ŝ), where ĥ = Hd cos � +

Hu sin �, Ĥ = Hd sin � � Hu cos � and ŝ = S. This is because ĥ field has exactly the same

couplings to the gauge bosons and fermions as the SM Higgs field. The field Ĥ does not couple

to the gauge bosons and its couplings to the up and down fermions are the SM Higgs ones

rescaled by tan � and � cot �, respectively. The mass eigenstates are denoted as s, h, H, with

the understanding that h is the SM-like Higgs.

In the hatted basis the tree-level Higgs mass matrix in general NMSSM is given by:

M̂2 =

0

BB@

M̂2
hh M̂2

hH M̂2
hs

M̂2
hH M̂2

HH M̂2
Hs

M̂2
hs M̂2

Hs M̂2
ss

1

CCA , (9)
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with the run I  data analysis from the 
ATLAS/CMS combination

This cannot be achieved in the MSSM

Reasons : 
a) Obtaining the Right Higgs mass is a 

problem.         
b)  Bottom coupling suppression 
only possible in regions forbidden by 
searches for heavy Higgs bosons. 

Possible in the NMSSM,  for  SHuHd 
couplings lambda > 0.7 (heavy singlet) 
or for light singlets. NMSSM case is 
more restrictive than these  benchmark 
scenarios. 
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FIG. 1: One-loop diagrams contributing to the the coe�cient, Z
6
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Stop Searches

Charm
Tagging

b + W
+ Miss. ET

top +
Miss ET

Monojet

Provided the lightest neutralino (DM) is heavier than about 250 GeV, there 
are no limits on stops.  Even for lighter neutralinos, there are big holes.



Top	squarks	
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Other	results	
CMS-SUS-16-029	
CMS-SUS-16-030	
+	various	inclusive		
searches	

Single-lepton	search	
•  basic	selecCon	on	jets,	b-jets,	MET	
•  signal	regions	opCmized	for	different	Δm	and	stop	decays	

Dilepton	search	(ATLAS)	
•  basic	selecCon	on	2	OS	leptons	
•  use	of	derived	observables	-	super-razor,	MT2	

ATLAS-CONF-2016-050	

ATLAS-CONF-2016-076	

DistribuCons	in	one	
of	the	1l	signal	regions	

exclusion	for		
3-body	decays	



Top	squarks	-	summaries	

ICHEP2016,	Aug	9,	2016	 Searches	for	SUSY	 22	

ATLAS	summary	 CMS	0l+1l	combinaCon	
for	2-/3-body	decay	



Alternative Benchmarks with higher stop masses

Badziak, C.W. ‘16

Simple Example :  Type II Higgs Doublet Models
Enhancing  (suppressing) the tth (bbh) Coupling

Figure 1: Dependence of Higgs signal rates on cot (� � ↵) for tan � = 1 (left) and 2 (right) in

type-II 2HDM.

that depend on the SM couplings and may receive contributions from New Physics. Formulae

for Rj
i as a function of these couplings are given in the Appendix.

In the type-II 2HDM the couplings (normalised to SM) read:

ct =
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sin �
= sin (� � ↵) + cot � cos (� � ↵) , (4)

cb = � sin↵

cos �
= sin (� � ↵)� tan � cos (� � ↵) , (5)

cV = sin (� � ↵) , (6)

The SM couplings are obtained in the decoupling limit ↵ = � � ⇡/2. It is clear from the

above formulae that significant deviations from the SM for the tth production cross-section can

only occur for small values of tan � and away from the decoupling limit. It is important to

note the anti-correllation between ct and cb. If one is enhanced, the other one is suppressed

and vice-versa. Moreover, for tan � > 1 the bottom Yukawa coupling deviates from the SM

more than the top quark Yukawa. This is particularly important since the bottom Yukawa

coupling controls to large extent the total decay width of the Higgs because the SM Higgs

branching ratio to bottom and tau pairs exceeds in total 60%. Therefore, all the branching

ratios strongly deviate from the SM prediction if cb strongly deviates from cV . Since the LHC

Higgs measurements are close to the SM predictions this puts strong constraint on possible

deviations of ct from one.

The dependence of �tth and other rates on cot (� � ↵) for tan � = 1 and 2 is shown in Fig. 1.

Due to the observed excess in µtth
WW , it is particularly interesting to investigate predictions for

Rtth
V V , where V = W or Z. It can be seen from eqs. (4)-(5) that in type-II 2HDM Rtth

V V can be

enhanced only for cot (� � ↵) > 0. As is shown in Fig. 1, in such a case, both the tth production

cross-section and the branching ratio to WW is enhanced. However, a large enhancement of
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NMSSM Scenarios with light singlets

Consistent with the LEP2 Excess

P1 P2 P3

� 0.5 0.53 0.53

tan � 1.6 1.6 1.6

mQ3 800 800 800

mU3 320 350 360

At -1500 -1400 -1500

µ 600 1000 800

µ0 330 450 500

MA 300 400 300

MP 248 360 364

A� 910 1680 1137

ms 98 98 98

mh 125.6 126.4 126.2

mH 318 424 382

mH± 236 321 212

ma 101 72 137

mA 330 481 402

m�̃0
1

243 246 245

mt̃1 282 284 295

mt̃2 954 968 965

Rtth
V V 1.76 1.80 1.77

Rtth
�� 2.00 2.03 2.00

Rgg
V V 1.15 1.12 1.12

Rgg
�� 1.31 1.26 1.27

R
VBF/VH
V V 1.38 1.40 1.42

R
VBF/VH
�� 1.57 1.58 1.60

R
VBF/VH
⌧⌧ 0.62 0.62 0.70

⇠LEP
bb̄

0.14 0.13 0.07

BR(H ! tt̄) 0 0.065 0.027

BR(H ! ss) 0.33 0.28 0.004

BR(H ! aa) 0.25 0.25 0.65

BR(H ! aZ) 0.23 0.23 0.14

BR(H ! hs) 0.17 0.13 0.013

BR(A ! tt̄) 0 0.15 0.14

BR(A ! as) 0.61 0.44 0.33

BR(A ! Zs) 0.21 0.20 0.23

BR(A ! ah) 0.13 0.05 0.01

BR(A ! H±W⌥) 0.03 0.14 0.27

BR(H+ ! tb̄) 0.52 0.36 0.62

BR(H+ ! W+a) 0.26 0.40 0

BR(H+ ! W+s) 0.21 0.23 0.38

Table 1: List of benchmark points obtained with NMSSMTools 4.9.1. All masses are in GeV.

All points satisfy all experimental constraints from the Higgs signal strength measurements, as

well as from direct searches for Higgses, checked with HiggsBounds 4.3.1 [23], and stops. The

gluino and remaining soft sfermion masses are set to 2 TeV, M2 = 1 TeV, M1 = 250 GeV. All

the remaining A-terms are set to 1.5 TeV, while  = A = 0. The remaining parameters are

calculated with NMSSMTools using EWSB conditions and the values of µ, MA and MP .
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LEP2 Excess
Search for the SM Higgs at LEP

10
-3

10
-2

10
-1

1

80 85 90 95 100 105 110 115 120

mH(GeV/c2)

1-
C

L b

3σ

2σ

LEP

Observed
Expected for signal plus background
Expected for background

LHWG-2003-011

Non-Standard Higgs Decays – p.4/14

LEP limits on the Higgs boson

Standard Model Higgs mh > 114.4 GeV

h → bb̄, τ+τ−

Higgs with reduced coupling to Z: ξ2 = g2
ZZh

/g2
ZZhSM

:

10
-2

10
-1

1

20 40 60 80 100 120
mH(GeV/c2)

95
%

 C
L 

lim
it 

on
 ξ

2

LEP
√s = 91-210 GeV

Observed
Expected for background

(a)

Non-Standard Higgs Decays – p.10/14

LEP limits on the Higgs boson

Standard Model Higgs mh > 114.4 GeV

h → bb̄, τ+τ−

Higgs with reduced coupling to Z: ξ2 = g2
ZZh

/g2
ZZhSM

:

10
-2

10
-1

1

20 40 60 80 100 120
mH(GeV/c2)

95
%

 C
L 

lim
it 

on
 ξ

2

LEP
√s = 91-210 GeV

Observed
Expected for background

(a)

Non-Standard Higgs Decays – p.10/14



Take a closer look at the main signature
What are we seeing 
exactly? 
tth, h->W+W-  
It is really a search for     
2t + 2W, or equivalently   
2b+4W  

 Final states 
2b + 4W gives rise to the 
multi-lepton + multi-
(b)jets + MET signatures 
tth, h->W+W- is really not 
about tth, but about new 
physics!

Alternative Interpretation of tth excess ?



Excesses in multi-lepton + b-jets + MET
2t + 2W final states, 
exactly what you 
would do when you 
search for sbottoms

Caveat in the simplified 
model:  can not have 
100% Branching ratio, 
some BR goes to 

CMS-SUS-13-008



Just an example, a right-handed stop

t

W

Stops are pair produced, 2t + 2W
A pure right-handed 
stop does not couple 
to winos, 100% BR

The neutralino 
mass difference is 
smaller than the 
Higgs mass, 
100% BR

P. Huang, A. Ismail, I. Low, C. Wagner, 1507.01601



Possible Spectrum

Bounds disappear
once the LSP is 
heavier than 240 
GeV

260 GeV

No decay through a higgs
< 260 + 125 , call it 340 GeV 

550 GeV, a signal 
strength  for ss2l~ 2.83

Follow the CMS tth 
analysis, normalize 
the signal strength 
to the SM tth 

PH, A. Ismail, I. Low, C. Wagner, 1507.01601

Significance somewhat lower now,
implying larger masses/more compressed spectrum



Distinguishing stops/sbottoms  from  
        enhanced top Yukawa

Expect a signal strength ~ 3.69 at 13 TeV

P. Huang, A. Ismail, I. Low, C. Wagner, 1507.01601

Stops are heavier , cross section increases faster 
from the pdf



Distinguishing sbottom from enhanced top 
Yukawa

More missing energy from 
stop than tth In the stop events, b-jets are 

more centrally produced, while 
the b-jets from ttH tend to be 
more forward, from the t-
channel kinematics.

cut at 125 GeV
cut at 1

μ (13 TeV ) ~ 6.94
reach 5 σ with about 40 fb-1

PH, A. Ismail, I. Low, C. Wagner, 1507.01601



Sbo\om(vs.(Stop(
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What happens if at higher luminosities all production and decay
widths converge to the SM values ?

Two simple possibilities :

a) Decoupling : SM a good effective theory until high scales.

b) Alignment : Extended Higgs Sector present, but Higgs mass  
eigenvalues are aligned with the V.E.V. direction

The Future :
Will the couplings differ from the SM values



Low Energy Supersymmetry :   Type II Higgs doublet models

In Type II models, the Higgs H1 would couple to down-quarks and charge leptons, while the 
Higgs H2 couples to up quarks and neutrinos.  Therefore,

If the mixing is such that

then the coupling of the lightest Higgs to fermions and gauge bosons is SM-like. This limit is 
called decoupling limit.  Is it possible to obtain similar relations for lower values of the CP-odd 
Higgs mass ? We shall call this situation ALIGNMENT

Observe that close to the decoupling limit, the lightest Higgs couplings are SM-like, while the 
heavy Higgs couplings to down quarks and up quarks are enhanced (suppressed) by a             
factor.   We shall concentrate on this case. 

It is important to stress that the coupling of the CP-odd Higgs boson

gdd,llhff =

Mdiag
dd,ll

v

(� sin↵)

cos�
, gdd,llHff =

Mdiag
dd,ll

v

cos↵

cos�

guuhff =

Mdiag
uu

v

(cos↵)

sin�
, guuHff =

Mdiag
uu

v

sin↵

sin�

tan�

sin↵ = � cos�,

cos↵ = sin�

gdd,llAff =
Mdd

diag

v
tan�, guuAff =

Muu
diag

v tan�

cos(� � ↵) = 0



and the mass-squared matrix for the CP -even scalars can be expressed as

M =

⎛

⎝

M11 M12

M12 M22

⎞

⎠ ≡ m2
A

⎛

⎝

s2β −sβcβ

−sβcβ c2β

⎞

⎠ + v2

⎛

⎝

L11 L12

L12 L22

⎞

⎠ , (12)

where

L11 = λ1c
2
β + 2λ6sβcβ + λ5s

2
β , (13)

L12 = (λ3 + λ4)sβcβ + λ6c
2
β + λ7s

2
β , (14)

L22 = λ2s
2
β + 2λ7sβcβ + λ5c

2
β . (15)

There are two simple facts to keep in mind:

Mii > 0 , and m2
h ≤ Mii ≤ m2

H , for i = 1, 2 , (16)

where the first condition follows from the requirements that DetM > 0 and TrM > 0, while

the second follows from ”level repulsion” of eigenvalues of symmetric matrices.

Next we are going to solve for the mixing angle in the CP -even sector in terms ofmh = 125

GeV and two of the three entries of M2
h,H. Let’s define the mixing angle α

⎛

⎝

H

h

⎞

⎠ =

⎛

⎝

cα sα

−sα cα

⎞

⎠

⎛

⎝

φ0
1

φ0
2

⎞

⎠ ≡ R(α)

⎛

⎝

φ0
1

φ0
2

⎞

⎠ , (17)

where we choose −π/2 ≤ α ≤ π/2, in general, so that both sα and cα are single-valued.

However in MSSM one can show that −π/2 ≤ α ≤ 0 at tree-level, which nonetheless does

not hold once radiative corrections are included. Then we have

RT (α)

⎛

⎝

m2
H 0

0 m2
h

⎞

⎠R(α) =

⎛

⎝

M11 M12

M12 M22

⎞

⎠ . (18)

Then from Eq. (18) we can solve for

sα =
M12

√

(M12)2 + (M11 −m2
h)

2
, (19)

m2
H =

M11(M11 −m2
h) + (M12)2

M11 −m2
h

. (20)

From Eq. (19) we see that the sign of sα is determined by the sign of M12, which is why

in MSSM at tree-level one can choose −π/2 ≤ α ≤ 0. Also the conditions in Eq. (16)

guarantees the positivity of m2
H in Eq. (20).

3

We follow the notation in Ref. [1] for the scalar potential of the most general two-Higgs-

doublet extension of the SM:

V = m2
11Φ

†
1Φ1 +m2

22Φ
†
2Φ2 −m2

12(Φ
†
1Φ2 + h.c.) +

1

2
λ1(Φ

†
1Φ1)

2 +
1

2
λ2(Φ

†
2Φ2)

2

+λ3(Φ
†
1Φ1)(Φ

†
2Φ2) + λ4(Φ

†
1Φ2)(Φ

†
2Φ1)

+

{

1

2
λ5(Φ

†
1Φ2)

2 + [λ6(Φ
†
1Φ1) + λ7(Φ

†
2Φ2)]Φ

†
1Φ2 + h.c.

}

, (1)

where

Φi =
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where

v2 = v21 + v22 ≈ 246 GeV , tβ ≡ tan β =
v2
v1

. (8)

We choose 0 ≤ β ≤ π/2 so that tβ ≥ 0 and write v1 = v cos β ≡ vcβ and v2 = v sin β ≡ vsβ.

The five mass eigenstates are two CP -even scalars H and h, with mh ≤ mH , one CP -odd
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−
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v2(2λ5 + λ6t
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and the mass-squared matrix for the CP -even scalars can be expressed as

M =

⎛

⎝

M11 M12

M12 M22

⎞

⎠ ≡ m2
A

⎛

⎝

s2β −sβcβ

−sβcβ c2β

⎞

⎠ + v2

⎛

⎝

L11 L12

L12 L22

⎞

⎠ , (12)

where

L11 = λ1c
2
β + 2λ6sβcβ + λ5s

2
β , (13)

L12 = (λ3 + λ4)sβcβ + λ6c
2
β + λ7s

2
β , (14)

L22 = λ2s
2
β + 2λ7sβcβ + λ5c

2
β . (15)

There are two simple facts to keep in mind:

Mii > 0 , and m2
h ≤ Mii ≤ m2

H , for i = 1, 2 , (16)

where the first condition follows from the requirements that DetM > 0 and TrM > 0, while

the second follows from ”level repulsion” of eigenvalues of symmetric matrices.

Next we are going to solve for the mixing angle in the CP -even sector in terms ofmh = 125

GeV and two of the three entries of M2
h,H. Let’s define the mixing angle α

⎛

⎝

H

h

⎞

⎠ =

⎛

⎝

cα sα

−sα cα

⎞

⎠

⎛

⎝

φ0
1

φ0
2

⎞

⎠ ≡ R(α)

⎛

⎝

φ0
1

φ0
2

⎞

⎠ , (17)

where we choose −π/2 ≤ α ≤ π/2, in general, so that both sα and cα are single-valued.

However in MSSM one can show that −π/2 ≤ α ≤ 0 at tree-level, which nonetheless does

not hold once radiative corrections are included. Then we have

RT (α)

⎛

⎝

m2
H 0

0 m2
h

⎞

⎠R(α) =

⎛

⎝

M11 M12

M12 M22

⎞

⎠ . (18)

Then from Eq. (18) we can solve for

sα =
M12

√

(M12)2 + (M11 −m2
h)

2
, (19)

m2
H =

M11(M11 −m2
h) + (M12)2

M11 −m2
h

. (20)

From Eq. (19) we see that the sign of sα is determined by the sign of M12, which is why

in MSSM at tree-level one can choose −π/2 ≤ α ≤ 0. Also the conditions in Eq. (16)

guarantees the positivity of m2
H in Eq. (20).
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Alignment in General two Higgs Doublet Models

In the MSSM, at tree-level, only the first four 
couplings are non-zero and are governed by D-
terms in the scalar potential.  At loop-level, all of 

them become non-zero via  the trilinear and quartic 
interactions with third generation sfermions.       
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alignment limit with new light scalars not far above mh = 125 GeV. The key observation is

that, while decoupling reaches alignment by neglecting the right-hand side of Eq. (30), the

alignment can be obtained if the right-hand side of Eq. (30) vanishes identically:

v2

⇤

⇧ L11 L12

L12 L22

⌅

⌃

⇤

⇧ �s�

c�

⌅

⌃ = m2
h

⇤

⇧ �s�

c�

⌅

⌃ . (32)

If a solution for the t⇥ can be found, then the alignment limit would occur for arbitrary

values of mA and does not require non-SM-like scalars to be heavy! More explicitly, subject

to Eq. (31), we can re-write the above matrix equation as two algebraic equations:

(C1) : m2
h = v2L11 + t⇥v

2L12 = v2
�
�1c

2
⇥ + 3�6s⇥c⇥ + �̃3s

2
⇥ + �7t⇥s

2
⇥

⇥
, (33)

(C2) : m2
h = v2L22 +

1

t⇥
v2L12 = v2

�
�2s

2
⇥ + 3�7s⇥c⇥ + �̃3c

2
⇥ + �6t

�1
⇥ c2⇥

⇥
. (34)

Recall that that �̃3 = �3 + �4 + �5. In the above Lij is known once a model is specified

and mh is measured to be 125 GeV. Notice that (C1) depends on all quartic couplings in

the scalar potential except �2, while (C2) depends on all quartics but �1. When the model

parameters satisfy Eqs. (33) and (34), the lightest CP-even Higgs behaves exactly like a SM

Higgs boson even if the non-SM-like scalars are light. A detailed analysis on the physical

solutions is presented in the next Section.

IV. ALIGNMENT IN GENERAL 2HDM

The condition (C1) and (C2) may be re-written as cubic equations in t⇥, with coe�cients

that depend on mh and the quartic couplings in the scalar potential,

(C1) : (m2
h � �1v

2) + (m2
h � �̃3v

2)t2⇥ = v2(3�6t⇥ + �7t
3
⇥) , (35)

(C2) : (m2
h � �2v

2) + (m2
h � �̃3v

2)t�2
⇥ = v2(3�7t

�1
⇥ + �6t

�3
⇥ ) , (36)

Alignment without decoupling occurs only if there is (at least) a common physical solution

for t⇥ between the two cubic equations.3 From this perspective it may appear that alignment

without decoupling is a rare and fine-tuned phenomenon. However, as we will show below,

there are situations where a common physical solution would exist between (C1) and (C2)

without fine-tuning.

3 Since t� > 0 in our convention, a physical solution means a real positive root of the cubic equation.
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Alignment Conditions

• If fulfilled not only alignment is obtained, but also the right Higgs 
mass,                     , with                  and 

• For                         the conditions simplify, but can only be fulfilled if  

• Conditions not fulfilled in the MSSM, where both 

�SM = �1 cos
4 � + 4�6 cos

3 � sin� + 2

˜�3 sin
2 � cos

2 � + 4�7 sin
3 � cos� ++�2 sin

4 �

m2
h = �SMv2

�6 = �7 = 0

A. Alignment for vanishing values of �6,7

As a warm up exercise it is useful to consider solutions to the alignment conditions

(C1) and (C2) when �6 = �7 = 0 and �1 = �2, which can be enforced by the symmetries

�1 ⇤ ��2 and �1 ⇤ �2, then (C1) and (C2) collapse into quadratic equations

(C1) ⇤ (m2
h � �1v

2) + (m2
h � �̃3v

2)t2� = 0 , (37)

(C2) ⇤ (m2
h � �1v

2) + (m2
h � �̃3v

2)t�2
� = 0 , (38)

from which we see a physical solution exists for t� = 1, whenever

�SM =
�1 + �̃3

2
(39)

where we have expressed the SM-like Higgs mass as

m2
h = �SMv

2 . (40)

From Eq. (39) we see the above solution leading to t� = 1 is obviously a special one, since

it demands �SM to be the average value of �1 and �̃3.

For the purpose of comparing with previous studies, let’s relax the �1 = �2 condition

while still keeping �6 = �7 = 0. Recall that the Glashow-Weinberg condition [7] on the

absence of tree-level FCNC requires a discrete symmetry, �1 ⇤ ��1, which enforces at the

tree-level �6 = �7 = 0. Then the two quadratic equations have a common root if and only

if the determinant of the Coe⇥cient Matrix of the two quadratic equations vanishes,

Det

�

⇤ m2
h � �̃3v2 m2

h � �1v2

m2
h � �2v2 m2

h � �̃3v2

⇥

⌅ = (m2
h � �̃3v

2)2 � (m2
h � �1v

2)(m2
h � �2v

2) = 0 . (41)

Then the positive root can be expressed in terms of (�1, �̃3),

t(0)� =

⇧
�1 � �SM

�SM � �̃3

. (42)

We see from Eqs. (41) and (42), that t(0)� can exist only if {�SM,�1,�2, �̃3} have one of

the two orderings

�1 ⇥ �SM ⇥ �̃3 and �2 ⇥ �SM ⇥ �̃3 , (43)

10

or

�1 ⇥ �SM ⇥ �̃3 and �2 ⇥ �SM ⇥ �̃3 , (44)

It should be emphasized that the existence of the solution t(0)� is generic, in the sense that

once one of the conditions in Eqs. (43) and (44) is statisfied, then Eq. (42) leads to the

alignment solution t(0)� for a given (�1, �̃3). However, Eq. (41) must be also satisfied to solve

for the desired �2 that would make t(0)� a root of (C2). More specifically, the relations

�2 � �SM =
�SM � �̃3�

t(0)�

⇥2 =
�1 � �SM�

t(0)�

⇥4 (45)

must be fulfilled. Therefore, the alignment solution demands a specific fine-tuned relation

between the quartic couplings of the 2HDM. For instance, it is clear from Eqs. (42) and (45

that, if all quartic couplings are O(1), t(0)� ⇤ O(1) as well unless �̃3 and �2 are tuned to be

very close to �SM or �1 is taken to be much larger than �SM. For examples, t(0)� ⇤ 5 could

be achieved for (�1, �̃3,�2) ⇤ (1., 0.23, 0.261), or for (�1, �̃3) ⇤ (5., 0.07, 0.263).

Our discussions so far apply to scenarios of alignment limit studied, for instance, in

Refs. [4, 5], both of which set �6 = �7 = 0. The generic existence of fine-tuned solutions

may also shed light on why alignment without decoupling, on the one hand, has remained

elusive for so long and, on the other hand, appeared in di⇥erent contexts considered in

previous studies.

B. Large tan� alignment in 2HDMs

The symmetry �1 ⇧ ��1 leading to �6 = �7 = 0 is broken softly by m12. Thus a

phenomenologically more interesting scenario is to consider small but non-zero �6 and �7,

which we turn to next.

We study solutions to the alignment conditions (C1) and (C2) under the assumptions,

�6,�7 ⌅ 1 . (46)

Although general solutions of cubic algebraic equations exist, much insight could be gained

by first solving for the cubic roots of (C1) in perturbation,

t(±)
� = t(0)� ± 3

2

�6

�SM � �̃3

± �7(�1 � �SM)

(�SM � �̃3)2
+O(�2

6,�
2
7) , (47)

t(1)� =
�SM � �̃3

�7
� 3�6

�SM � �̃3

� �7(�1 � �SM)

(�SM � �̃3)2
+O(�2

6,�
2
7) . (48)
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or

�1, �̃3 < �SM

�3 + �4 + �5 = �̃3�SM ' 0.26
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FIG. 2: Ratio of the value of the down-type fermion couplings to Higgs bosons to their SM values

in the case of low µ (L1j ⇥ 0), as obtained from Eq. (96), and �d ⌅ 0.

We can reach the same conclusion by using Eq. (21) for s� in this regime,

s� =
�(m2

A +m2
Z)s⇥c⇥⇤

(m2
A +m2

Z)
2s2⇥c

2
⇥ +

�
m2

As
2
⇥ +m2

Zc
2
⇥ �m2

h

⇥2 , (96)

which, for mA
>� 2mh and moderate t⇥ implies

� s�
c⇥

⌅ m2
A +m2

Z

m2
A �m2

h

. (97)

This clearly demonstrates that in this case the deviation of (�s�/c⇥) from 1 depends only on

mA and is independent of t⇥. In other words, alignment is only achieved in the decoupling

limit, m2
A ⇤ m2

Z ,m
2
h.

This also agrees with our expressions regarding the approach to the alignment limit via

decoupling, Eq. (77). In this regime �5,6,7 are very small implying

B ⌅ m2
A �m2

h, and B �A ⌅ �(m2
Z +m2

h) . (98)

In Fig. 2 we display the value of �s�/c⇥ in the mA � tan⇥ plane, for low values of µ, for

which the radiative corrections to the matrix element L11 and L12 are small, Eq. (96). As

expected from our discussion above, the down-type fermion couplings to the Higgs become
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All vector boson branching
ratios suppressed by enhancement

of the bottom decay width
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FIG. 1: One-loop diagrams contributing to the the coefficient, Z6, of the Higgs basis operator,

(H†
1H1)(H

†
1H2). Using the interaction Lagrangian given in Eq. (51), one sees that the parametric

dependence for the six diagrams are: h4t s
3
βcβX

3
t Yt for (a) and (b); h4t s

3
βcβX

2
t for (c) and (d); and

h4t s
3
βcβXtYt for (e) and (f).

where we have used Eq. (46) to write v2s4βh
4
t = 4m4

t/v
2. Using Eqs. (55) and (56) in the

evaluation of Eq. (30) yields

tβ cβ−α ≃
−1

m2
H −m2

h

[
m2

h +m2
Z +

3m4
tXt(Yt −Xt)

4π2v2M2
S

(
1−

X2
t

6M2
S

)]
. (57)

At large tβ we have Xt(Yt−Xt) ≃ µ(Attβ −µ) and X3
t (Yt−Xt) ≃ µA2

t (Attβ − 3µ), in which

case, Eq. (57) can be rewritten in the following approximate form,

tβ cβ−α ≃
−1

m2
H −m2

h

[
m2

h +m2
Z +

3m4
t

4π2v2M2
S

{
Atµtβ

(
1−

A2
t

6M2
S

)
− µ2

(
1−

A2
t

2M2
S

)}]
.

(58)

15

For moderate or large values of tanβ

(no Alignment)

Draper,Liu,C.W.’10

Carena, Haber, Low, Shah, C.W. ’14
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Figure 5: Regions of the (mA, tan �) plane excluded in a simplified MSSM model via fits to the measured
rates of Higgs boson production and decays. The likelihood contours where �2 ln⇤ = 6.0, corresponding
approximately to 95% CL (2�), are indicated for the data and expectation assuming the SM Higgs sector.
The light shaded and hashed regions indicate the observed and expected exclusions, respectively. The
SM decoupling limit is mA ! 1.

for 2  tan �  10, with the limit increasing to larger masses for tan � < 2. The observed limit is
stronger than expected since the measured rates in the h ! �� (expected to be dominated by a W boson
loop) and h ! ZZ⇤ ! 4` channels are higher than predicted by the SM, but the simplified MSSM
has a physical boundary V  1 so the vector boson coupling cannot be larger than the SM value. The
physical boundary is accounted for by computing the profile likelihood ratio with respect to the maximum
likelihood obtained within the physical region of the parameter space, mA >0 and tan � >0. The range
0 tan � 10 is shown as only that part of the parameter space was scanned in the present version of this
analysis. The compatible region extends to larger tan � values.

The results reported here pertain to the simplified MSSM model studied and are not fully general.
The MSSM includes other possibilities such as Higgs boson decays to supersymmetric particles, decays
of heavy Higgs bosons to lighter ones, and e↵ects from light supersymmetric particles [60] which are
not investigated here.

8 Higgs Portal to Dark Matter

Many “Higgs portal” models [14,34,61–65] introduce an additional weakly-interacting massive particle
(WIMP) as a dark matter candidate. It is assumed to interact very weakly with the SM particles, except
for the Higgs boson. In this study, the coupling of the Higgs boson to the WIMP is taken to be a free
parameter.

The upper limit on the branching ratio of the Higgs boson to invisible final states, BRi, is derived
using the combination of rate measurements from the h ! ��, h ! ZZ⇤ ! 4`, h ! WW⇤ ! `⌫`⌫,
h! ⌧⌧, and h! bb̄ channels, together with the measured upper limit on the rate of the Zh! ``+ Emiss

T
process. The couplings of the Higgs boson to massive particles other than the WIMP are assumed to be
equal to the SM predictions, allowing the corresponding partial decay widths and invisible decay width

Low values of µ similar to the ones analyzed by ATLAS

ATLAS-CONF-2014-010

Bounds coming from precision h measurements
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Higgs Decay into Gauge Bosons
Mostly determined by the change of width

CP-odd Higgs masses of order 200 GeV and tanβ = 10 OK in the alignment case

Small μ µ/MSUSY = 2, At/MSUSY ' 3

M. Carena, I. Low, N. Shah, C.W.’13
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FIG. 5. Plots of central (solid), 1� (dashed), and 2� (dotted) contours of the Higgs mass Mh in

the tan� vs. MS plane for values of bXt = 0,
p
6 (top, bottom rows) and µ = MS , 200 GeV (left,

right columns).

plane for bXt = 0,
p
6 and µ = MS, 200 GeV. For bXt = 0 and µ = MS (200 GeV), we see again

that for large tan � > 20, we require MS ⇠ 18 (7) TeV to achieve Mh ⇠ 125.6 GeV, although

within uncertainties, this scale can vary by a few TeV. For a fixed value of moderate to large

tan � & 10, the relatively large spread in MS required to obtain Mh ⇠ 125.6 ± 0.7 GeV

corresponds to the shallow slope of Mh in Fig. 1 at large MS; the central value, however,
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Necessary stop mass values to get the proper Higgs mass 
for Maximal  mixing in the stop sector

Draper, Lee, C.W. ’13, Lee, C.W. ‘15

Light Stops at the reach of the LHC for large mixing 
in the Stop sector and moderate values of tanβ

Higgs Mass.
Away from maximal mixing, heavier stop masses necessary.

In the MSSM light stops like decoupling.



Searches for Stops at the LHC

Prediction of mhmax scenario :
Lightest stop mass 825 GeV

Are we seeing the first hints of the mhmax scenario ?
Carena, Heinemeyer, Wagner, Weiglein ’03…’13
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How to  test the
region of low tanbeta
and moderate  mA ?

Decays of non-standard
Higgs bosons into paris

of standard ones, charginos
and neutralinos may be 

a possibility.

Can change in couplings help 
there ?

It depends on radiative corrections

See
Carena, Haber, Logan, Mrenna ’01

H,A ! ��

In the MSSM, non-standard Higgs may be produced
via its large couplings to the bottom quark, and

searched for in its decays into bottom quarks and tau leptons

Monday, August 26, 2013
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Figure 5 shows the expected and observed exclusion limits at the 95% CL in the mmax
h scenario

and the modified scenarios mmod+
h and mmod�

h . The allowed regions where the mass of the
MSSM scalar Higgs boson h or H is compatible with the mass of the recently discovered boson
of 125 GeV within a range of ±3 GeV are delimited by the hatched areas. Most of the MSSM
parameter space is excluded by the Higgs boson mass requirement in the mmax

h scenario, while
in the modified scenarios the exclusion is mainly concentrated at low tan b values.
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Figure 5: Expected and observed exclusion limits at 95% CL in the mA-tan b parameter space
for the MSSM mmax

h , mmod+
h and mmod�

h benchmark scenarios, are shown as shaded areas. The
allowed regions where the mass of the MSSM scalar Higgs boson h or H is compatible with the
mass of the recently discovered boson of 125 GeV within a range of ±3 GeV are delimited by
the hatched areas. A test of the compatibility of the data to a signal of the three neutral Higgs
bosons h, H and A compared to a SM Higgs boson hypothesis is performed.

This is an example of a low µ scenario

At low values of tan�, the SUSY mass scale must be raised.

At ' 1.5 MSUSY, µ = 200 GeV

We shall assume light gauginos,

M2 = 2 M1 ' 200 GeV.



Depending on the  values of  μ and tanβ different search strategies must be applied.

Heavy Higgs Bosons :  A variety of decay Branching Ratios
Carena, Haber, Low, Shah, C.W.’14

Heavy Supersymmetric Particles

At large tanβ, bottom and tau decay modes dominant.
As tanβ decreases decays into SM-like Higgs and wek bosons become relevant
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FIG. 5: Branching Ratio of the heavy CP-even Higgs and CP-odd Higgs decays as a function of

the respective Higgs mass in the mhalt and mhmod scenarios for tan β = 10 and for different values

of the Higgsino mass parameter µ.

the width beyond the bottom-quark and tau-lepton ones, the hZ channel being the most

relevant one. As we discussed before, this is in sharp contrast with what happens in the

heavy CP-even Higgs boson, for which at mA ≃ 300 GeV the BR(H → ττ) is only of a few
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FIG. 7: Branching Ratio of the heavy CP-even Higgs and CP-odd Higgs decays as a function of

the respective Higgs mass in the mhalt and mhmod scenarios for tan β = 4 different values of the

Higgsino mass parameter µ.

are displayed in Fig. 8 with the values of At defined in the on-shell scheme. Observe that

for the mhalt scenario larger values of mQ are necessary for smaller values of µ. On the

contrary, in the mhmod scenario, larger values of mQ are obtained for larger values of µ. The
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Craig, Galloway, Thomas’13



Carena, Haber, Low, Shah, C.W.’14

Light Charginos and Neutralinos can significantly modify M the                                                                 
CP-odd Higgs Decay Branching Ratios

At small values of tanβ,  and small μ,  heavy Higgs  decay into top quarks and 
electroweakinos  become dominant. Still, decays into pairs of Higgs very relevant.
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FIG. 6: Branching Ratio of the heavy CP-even Higgs and CP-odd Higgs decays as a function of the

respective Higgs mass in the malt
h and mmod

h scenarios for tan β = 4 different values of the Higgsino

mass parameter µ.

percent, only a factor of two larger than in the low µ scenario. This difference between the

CP-even and CP-odd Higgs bosons has important phenomenological consequences that will

be discussed below.

Another thing that may be observed from Figs. 6 and 7 is that at low values of tan β,

the top contribution to the decay width of the non-standard Higgs bosons is sufficiently

large to strongly suppress all other relevant branching ratios for mA > 2Mt, where Mt is

the top quark mass. Hence, in the following, we shall mostly connectrate in the region of

mA < 350 GeV.

For stop masses of one TeV, the mhmod and mhalt scenarios fail to reproduce the proper

lightest Higgs mass, mh = 125 GeV at values of tanβ ≤ 6. Hence, the stop masses must

be raised in order to obtain the proper Higgs mass. In our work, we keep the ratio of

the trilinear mass parameter At to the overall stop mass scale, as defined in Ref. [], but

vary the value of the stop soft supersymmetry breaking parameters until mh ≃ 125 GeV is

obtained. The corresponding values of the stop soft breaking mass parameters MSUSY = mQ

21



Large μ and small tanβ
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FIG. 7: Branching Ratio of the heavy CP-even Higgs and CP-odd Higgs decays as a function of

the respective Higgs mass in the mhalt and mhmod scenarios for tan β = 4 different values of the

Higgsino mass parameter µ.

are displayed in Fig. 8 with the values of At defined in the on-shell scheme. Observe that

for the mhalt scenario larger values of mQ are necessary for smaller values of µ. On the

contrary, in the mhmod scenario, larger values of mQ are obtained for larger values of µ. The

22

! "

!
"

Μ " # Β "

ΤΤ

(a)

!
"

Μ " # Β "

ΤΤ

(b)

! "

!
"

Μ " # Β "

ΤΤ

Χ Χ

(c)

!
"

Μ " # Β "

ΤΤ

(d)

FIG. 7: Branching Ratio of the heavy CP-even Higgs and CP-odd Higgs decays as a function of

the respective Higgs mass in the mhalt and mhmod scenarios for tan β = 4 different values of the

Higgsino mass parameter µ.

are displayed in Fig. 8 with the values of At defined in the on-shell scheme. Observe that

for the mhalt scenario larger values of mQ are necessary for smaller values of µ. On the

contrary, in the mhmod scenario, larger values of mQ are obtained for larger values of µ. The
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Decays into gauge and Higgs bosons become important. Observe, however 
that the BR(A  to τ τ) remains large up to the top-quark threshold scale
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Complementarity between different search channels
Carena, Haber, Low, Shah, C.W.’14

Limits coming from measurements of h couplings

become weaker for larger values of µ

Limits coming from direct searches of H,A ! ⌧⌧
become stronger for larger values of µ

Bounds on mA are therefore dependent on the scenario

and at present become weaker for larger µ

With a modest improvement of direct search limit one would
be able to close the wedge, below top pair decay threshold 



Naturalness and Alignment in the NMSSM

• It is well known that in the NMSSM there are new contributions to the lightest CP-
even Higgs mass,

• It is perhaps less known that it leads to sizable corrections to the mixing between the 
MSSM like CP-even states. In the Higgs basis, 

• The last term is the one appearing in the MSSM, that are small for moderate mixing and 
small values of            .  The corrections Δt and δt are the same as in the MSSM. 

• So, alignment leads to a determination of lambda,

• The values of lambda end up in a very narrow range, between 0.65 and 0.7 for all values 
of tanβ, that are the values that lead to naturalness with perturbative consistency  up to 
the GUT scale

W = �SHuHd +


3
S3

m2
h ' �2 v

2

2

sin

2
2� +M2

Z cos

2
2� +�t̃

tan�

�2
=

m2
h �M2

Z cos 2�

v2 sin2 �

Carena, Haber, Low, Shah, C.W.’15 

M2
S(1, 2) '

1

tan�

�
m2

h �M2
Z cos 2� � �2v2 sin2 � + �t̃

�

see also Kang, Li, Li,Liu, Shu’13,   Agashe,Cui,Franceschini’13



Alignment in the NMSSM (heavy or aligned singlets)(i) (ii)
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FIG. 8: Blue shaded region denotes current LHC limits. The ratio of the Higgs coupling to down-

type quarks to the SM limit is shown by the red dashed contours for various values of �.
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It is clear from these plots that
the NMSSM does an amazing job 

in aligning the  MSSM-like CP-
even sector, provided

lambda is of about 0.65

Carena, Low, Shah, C.W.’13



NMSSM Higgs Mass predictions



Stop Contribution at alignment

For moderate mixing, It is clear that low values of  
lead to lower corrections to the Higgs mass parameter at the alignment values

�t̃ = � cos 2�(m2
h �M2

Z)

tan� < 3

Interesting, after some simple algebra, one can show that
Carena, Haber, Low, Shah, C.W.’15
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FIG. 2: Left panel : The blue shaded band displays the values of � as a function of tan�, necessary

for alignment for mh = 125± 3 GeV. Also shown in the figure as a green band are values of � that

lead to a tree-level Higgs mass of 125 ± 3 GeV. Right panel : Values of MS necessary to obtain a

125 GeV mass for values of � fixed by the alignment condition and stop mixing parameter Xt = 0

and Xt = MS. The dominant two-loop corrections are included.

Since |µ|2 is the diagonal Higgs squared-mass parameter at tree-level in the absence of

supersymmetry breaking, it is necessary to demand that |µ| ⌧ MS. Furthermore, the SM-

like Higgs mass in the limit of small mixing is approximately given by M2

11

[cf. Eq. (48)].

The one-loop radiative stop corrections to M2

12

exhibited in Eq. (50) that are not absorbed

in the definition of M2

11

are suppressed by µ/MS (in addition to the usual loop suppression

factor), as shown in Eq. (53), and thus can be neglected (assuming tan� is not too large)

in obtaining the condition of alignment. Hence, satisfying Eq. (53) fixes �, denoted by �alt,

as a function of mh, mZ and tan �,

(�alt)2 =
m2

h �m2

Zc2�
v2s2�

. (55)

The above condition may only be fulfilled in a very narrow band of values of � = 0.6 – 0.7

over the tan � range of interest. This is clearly shown in Fig. 2, where the blue band exhibits

16



Allowed CP-even and CP-odd Masses

Heavier CP-even Higgs
can decay to lighter ones

Anti-correlation between
singlet-like CP-even and odd masses

Carena, Haber, Low, Shah, C.W.’15
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FIG. 9: Correlation between mH ' mA and the lightest non-SM-like CP-even Higgs boson mass

(left panel) and anti-correlation between the masses of the lightest non-SM-like CP-even Higgs

boson and the lightest, mostly singlet CP-odd Higgs boson (right panel), for values of  = max.

Blue, red and yellow represent values of tan� = 2, 2.5 and 3, respectively.

mostly singlet CP-even Higgs boson mass (left panel), and the anti-correlation between the

mass of the lightest CP-odd Higgs boson (which possesses a significant singlet component)

and the mostly singlet like CP-even Higgs boson (right panel). These numerical result

verify the expectations based on the analytical analysis of Section IIC. In particular, these

singlet-like Higgs boson masses are always smaller than mA and the relation

mA � 2 mhS (78)

is fulfilled. On the other hand, the anti-correlation between the CP-odd/even mainly singlet

Higgs boson masses implies that values of mAS
<⇠ 150 GeV constrain mhS to be larger than

about 120 GeV, while values of mhS
<⇠ 120 GeV imply mAS

>⇠ 150 GeV.

In general, large values of MA ' mA ' mH are allowed, as in the usual decoupling

regime, but in this work we are mostly interested in having a SM-like Higgs boson for values

of MA <⇠ 500 GeV, where the non-SM-like Higgs bosons are not heavy. Given that we

are interested in values of tan � ⇠ 2 and MA ' |µ|/s�c�, this leads also to low values of

29

tanβ = 2 (blue), 2.5 (red) 3 (yellow) 
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FIG. 10: Branching ratio of the decay of the heaviest CP-even Higgs boson into pairs of identical

CP-even Higgs bosons. Blue, red and yellow represent values of tan� = 2, 2.5 and 3, respectively.
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FIG. 11: Branching ratios of the decay of the heavy CP-even Higgs boson into a pair of non-identical

lighter CP-even Higgs bosons, H ! hhS (left panel) and into the lightest CP-odd Higgs boson and

a Z boson (right panel). Blue, red and yellow represent values of tan� = 2, 2.5 and 3, respectively.
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FIG. 10: Branching ratio of the decay of the heaviest CP-even Higgs boson into pairs of identical

CP-even Higgs bosons. Blue, red and yellow represent values of tan� = 2, 2.5 and 3, respectively.
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FIG. 11: Branching ratios of the decay of the heavy CP-even Higgs boson into a pair of non-identical

lighter CP-even Higgs bosons, H ! hhS (left panel) and into the lightest CP-odd Higgs boson and

a Z boson (right panel). Blue, red and yellow represent values of tan� = 2, 2.5 and 3, respectively.
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Significant decay of heavy CP-odd 
Higgs bosons into singlet like states plus Z
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FIG. 13: Branching ratio of the decay of the heaviest CP-odd Higgs boson into a Z and the lightest

CP-even Higgs bosons, h (left panel) and hS (right panel). Blue, red and yellow represent values

of tan� = 2, 2.5 and 3, respectively.

tency up to the Planck scale (see Fig. 2), implying that the decays

H,A ! �0,±
i �0,⌥

j (83)

are likely to have sizable rates in the region of parameters under consideration.

Fig. 14 illustrates that the heavy Higgs bosons H and A have sizable decay branching

ratios into charginos and neutralinos. These branching ratios become more prominent for

larger values of tan� and for masses below 350 GeV where the decays into top quarks are

suppressed.

For completeness, we present the branching ratio of the heaviest CP-even and CP-odd

Higgs bosons into top quarks in Fig. 15. As expected, this branching ratio tends to be

significant for masses larger than 350 GeV and becomes particularly important at low values

of tan �, for which the couplings of the heaviest non-SM-like Higgs bosons to the top quark

are enhanced. In spite of being close to the alignment limit, this branching ratio is always

significantly lower than 1, due to the decays of the Higgs bosons to final states consisting of

the lighter Higgs bosons and chargino and/or neutralino pairs, as noted above.
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FIG. 15: Branching ratio of the decay of the heaviest CP-even Higgs boson (left panel) and the

heaviest CP-odd Higgs boson (right panel) into pairs of top quarks. Blue, red and yellow represent

values of tan� = 2, 2.5 and 3, respectively.

for masses below 130 GeV, while the WW and eventually ZZ decay branching ratios may

become dominant for masses above 130 GeV, depending on the proximity to alignment. For

mass values above about 150 GeV, decays into two CP-odd singlet-like Higgs bosons open up

for certain regions of parameter space.11 The singlet-like CP-odd Higgs boson has dominant

decay into bottom quark pairs for masses up to about 200 GeV, whereas decays into ZhS

and into neutralinos may open up for slightly heavier masses.

Based on the study of the non-SM-like Higgs boson branching ratios presented above we

will now discuss the main search channels which may lead to discovery of the additional

scalar states at the LHC. In Fig. 17 we present the 8 TeV production cross sections of the

heaviest CP-odd scalar A, decaying into a Z and a hS in the mA – mhS plane. The cross

sections presented in the left panel of Fig. 17 take into account the decay branching ratios

of Z ! `` and hS ! bb̄, since these final states provide excellent search modes at the LHC.

11 For su�ciently heavy hS and light neutralinos, the decays into neutralinos could also open, although such

a channel does not show up in the benchmarks to be discussed later.
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Conclusions
• Current Higgs precision data leaves room for somewhat large deviations of 

the SM-like Higgs couplings with respect to the SM values.  In particular, the 
couplings to bottom and top quarks are still uncertain, and may be smaller/
larger than the SM values, respectively

• Such deviations may be accommodated in type II 2HDM.  Top coupling 
deviations demand a modification of the gluon fusion process by new light 
colored particles like the stop.

• Difficult to implement these ideas in the MSSM, but simpler to do it in the 
NMSSM, for either large values of lambdas or light singlets (that could be 
consistent with the LEP2 excess). Light MSSM-like Higgs always required.

• Eventually, convergence of all couplings to the SM values will call for 
decoupling or alignment. In the alignment limit additional Higgs bosons may 
be light. 

• Alignment in the MSSM requires large trilinear couplings and heavy stop 
quarks.  Alignment in the NMSSM may be obtained more naturally, for values 
of lambda consistent with perturbation theory.  

• Experimental prospect to test these scenarios were defined in this talk. 


