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Introduction

• The discovered signal is so far compatible with a SM-like 
Higgs, but a variety of interpretations is possible, 
corresponding to very different underlying physics: 
extended Higgs sectors, composite Higgs, … 


• Extended Higgs sectors: one SM-like Higgs boson (not 
necessarily the lightest one in the spectrum) at 125 GeV + 
additional Higgs states: 2HDM, MSSM, NMSSM, …


• Test of extended Higgs sectors: search for / limits on 
additional Higgses + compatibility with the signal at 125 
GeV
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In a large variety of models with extended Higgs sectors the 
squared couplings to gauge bosons fulfill a ``sum rule’’:


•The SM coupling strength is ``shared’’ between the Higgses of an 
extended Higgs sector, ϰV ≦ 1

•The more SM-like the couplings of the state at 125 GeV turn out 
to be, the more suppressed are the couplings of the other Higgses 
to gauge bosons; heavy Higgses usually have a much smaller 
width than a SM-like Higgs of the same mass

• Searches for additional Higgs bosons need to test compatibility 
with the observed signal at 125 GeV! 
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Search for additional Higgs bosons
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CMS result for h, H, A → 𝛕𝛕 search

Analysis starts to 
become sensitive to 
the presence of the 
signal at 125 GeV


Searches for Higgs 
bosons of an extended 
Higgs sector need to 
test compatibility with 
the signal at 125 GeV        
(→ appropriate 
benchmark scenarios) 
and search for 
additional states

4

Search for MSSM ��ττ 
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!  Minimal SuperSymmetric 
Model predicts: 
!  h0, H0, A0: generically �. 
!  H+ and H-.  

!  Based on SM analysis but: 
!  Using extra b-tags 

(production). 
!  Extended to up to mττ = 1.5 

TeV: 

[CMS-PAS-HIG-13-021] 

Observation 
compatible with 
presence of SM 
Higgs boson. 

Not shown: model-independent limits on gg�� and gg��bb̅. [CMS Collaboration ’14]

⇒
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mhmod benchmark scenario

5

[M. Carena, S. Heinemeyer, O. Stål, C. Wagner, G. W. ’14]

Figure 4: Upper row: The MA–tan � plane in the mmod+
h (left) and the mmod�

h scenario
(right). The exclusion regions are shown as in Fig. 3, while the color coding in the allowed
region indicates the average total branching ratio of H and A into charginos and neutralinos.
In the lower row M2 = 2000 GeV is used, and the color coding for the branching ratios of H
and A into charginos and neutralinos is as in the upper row. The regions excluded by the
LHC searches are shown in light red in these plots. For comparison, the excluded regions
for the case M2 = 200 GeV (as given in the plots in the upper row) is overlaid (solid red).

As mentioned above, the exclusion limits obtained from the searches for heavy MSSM
Higgs bosons in the ⌧+⌧� and bb̄ final states are significantly a↵ected in parameter regions
where additional decay modes of the heavy MSSM Higgs bosons are open. In particular, the
branching ratios for the decay of H and A into charginos and neutralinos may become large
at small or moderate values of tan �, leading to a corresponding reduction of the branching
ratios into ⌧+⌧� and bb̄. In Fig. 4 we show again the mmod+

h (left) and mmod�
h (right)
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Figure 3: The MA–tan � plane in the mmod+
h (left) and mmod�

h (right) scenarios. The colors
show exclusion regions from LEP (blue) and the LHC (red), and the favored region Mh =
125.5± 2 (3) GeV (green), see the text for details.

mmod�
h :

mt = 173.2 GeV,

MSUSY = 1000 GeV,

µ = 200 GeV,

M2 = 200 GeV,

XOS
t = �1.9MSUSY (FD calculation),

XMS
t = �2.2MSUSY (RG calculation),

Ab = A⌧ = At,

mg̃ = 1500 GeV,

Ml̃3
= 1000 GeV . (22)

Figure 3 shows the bounds on the MA–tan � parameter space in the mmod+
h (left) and

mmod�
h (right) scenarios, using the same choice of colors as in the mmax

h scenario presented
in the previous section, but from here on we show the full LHC exclusion region as solid
red only.4 As anticipated, there is a large region of parameter space at moderate and large
values of tan � where the mass of the light CP-even Higgs boson is in good agreement with
the mass value of the particle recently discovered at the LHC. Accordingly, the green area
indicating the favored region now extends over almost the whole allowed parameter space of
this scenario, with the exception of a small region at low values of tan �. From Fig. 3 one
can see that once the magnitude of Xt has been changed in order to bring the mass of the
light CP-even Higgs boson into agreement with the observed mass of the signal, the change
of sign of this parameter has a minor impact on the excluded regions.

4The light red color in Fig. 4 has a di↵erent meaning.
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Small modification of well-known mhmax  scenario where the light Higgs h can be 
interpreted as the signal at 125 GeV over a wide range of the parameter space 
Large branching ratios into SUSY particles (right plot) and sizable BR(H → hh), 
up to 30%, for rel. small tanβ possible 
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CMS result for h, H, A → 𝛕𝛕 search

mhmod  benchmark 
scenario


Test of compatibility 
of the data to the 
signal of h, H, A 
(MSSM) compared 
to SM Higgs boson 
hypothesis

6

[CMS Collaboration ’14]
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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.
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Incorporation of cross section limits and properties of 
the signal at 125 GeV:  HiggsBounds and HiggsSignals

• Programs that use the experimental information on cross 
section limits (HiggsBounds) and observed signal strengths 
(HiggsSignals) for testing theory predictions [P. Bechtle, O. Brein, 
S. Heinemeyer, O. Stål, T. Stefaniak, G. Weiglein, K. Williams ’08, ’12, ’13] 

• HiggsSignals: [P. Bechtle, S. Heinemeyer, O. Stål, T. Stefaniak, G. 
Weiglein ’13]           

- Test of Higgs sector predictions in arbitrary models against 
measured signal rates and masses


- Systematic uncertainties and correlations of signal rates, 
luminosity and Higgs mass predictions taken into account

7
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⇒

For a 125 GeV Higgs boson the branching ratios into              
BR(H → ZZ*), BR(H → WW*) are far below threshold                     
⇒ Strong phase-space suppression, steep rise with MH       
Sensitive dependence on MH, off-shell effects are important 

Mh = 125GeV

SM Higgs 
branching 
fractions:

[LHC Higgs XS WG ’14]

Reason for importance of off-shell effects (and high sensitivity to 
Higgs mass value) for BR(H → ZZ*), BR(H → WW*):  

[N. Kauer, G. Passarino ’12]

Relevance of off-shell effects for Higgs physics
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Total Higgs width: recent analyses from CMS and ATLAS
• Exploit different dependence of on-peak and off-peak 

contributions on the total width in Higgs decays to ZZ(∗) 


• CMS quote an upper bound of 𝛤/𝛤SM < 5.4 at 95% C.L., where 
8.0 was expected, ATLAS: 𝛤/𝛤SM < 5.7 at 95% C.L., 8.5 expect.


• Problem: equality of on-shell and far off-shell couplings 
assumed; relation can be severely affected by new physics 
contributions, in particular via threshold effects (note: effects of 
this kind may be needed to give rise to a Higgs-boson width 
that differs from the SM one by the currently probed amount)

9

[C. Englert, M. Spannowsky ’14]

[CMS Collaboration ’14] [ATLAS Collaboration ’14]

⇒ SM consistency test rather than model-independent bound
Destructive interference between Higgs- and gauge-boson contributions 
(unitarity cancellations) ⇒ difficult to reach 𝛤/𝛤SM ≈ 1 even for high statistics
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LC: constraints on the Higgs width via off-shell effects

10

[S. Liebler, G. Moortgat-Pick, G. Weiglein ’15]

Limited sensitivity even with high integrated luminosity

Qualitative behaviour at the LHC is the same!

⇒
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Figure 12: Normalised event rates N(r)/N(1) as a function of r for the process e+e− →
νν̄ + 4jets for

√
s = 1TeV and a fixed polarisation with 95% uncertainty bands for different

integrated luminosities.

to a Poisson distribution

P(Nobs|N(r)) =
e−N(r)(N(r))Nobs

Nobs!
(15)

and that the observed rate equals the SM rate, i.e. Nobs = N(1). Accordingly, values of r
are excluded in this way if Nobs(r) lies outside of the 95% band of the Poisson distribution
P(Nobs|N(r)). The corresponding exclusion limits for r are also shown in Tab. 6. The inter-
ference term I lowers the sensitivity to r even for quite high statistics as it can be seen from
Fig. 12, where the exclusion limits on r are shown for three values of the integrated luminosity
at

√
s = 1TeV. The minimum of N(r) is in the vicinity of r = 1, so that a measurement of

N(r) in this region has the least sensitivity to r. If N(r) differs sufficiently from the minimum
value, a high-precision measurement of N(r) could result in a two-fold ambiguity in r. The
latter might only be resolved within this method by taking into account different final states.

√
s 350GeV 500GeV

N0 (
∫

Ldt = 1 ab−1) 430 1024
R1 0.026 0.006
R2 0.005 0.006

Limit on r (
∫

Ldt = 1 ab−1) 9.5 15

Limit on r (
∫

Ldt = 1.5 ab−1) 5.4 8.2

Table 7: N0, R1 and R2 as a function of the cms energy for e+e− → µ+µ− + 4 jets with
m4j > 130GeV. The upper limits on r at 95% have been obtained according to our simplistic
Bayesian approach, using the assumptions specified in the text.

For the process e+e− → µ+µ− +4 jets the situation is different, since for this process the
interference term is positive and also no background events of the type NB as specified in
Eq. (14) need to be considered. The corresponding results are shown in Tab. 7. However, for
this process the achievable statistics limits the sensitivity to the Higgs width via this method.

22

Large negative signal - 
background interference

(reason: unitarity cancellations)

to the inclusion of higher order electroweak effects as reported in Section 4.3 however, simple
rescaling of cross sections is obviously wrong. Already in the pure SM the factor κV (mV V )
for mV V > 2mt rescales the top-(bottom-)quark-induced one-loop contributions to H → V V .

In the following we want to quantify the sensitivity of a linear collider to the Higgs width
from off-shell effects, where we restrict ourselves to rather small deviations from the SM having
in mind the above assumptions/problems. We consider again the process e+e− → νν̄+4 jets
simulated with MadGraph 5. We apply the same cuts as described in Section 5. Assuming a
signal strength of µ = 1, the dependence on r can be written in the form

N(r) = N0(1 +R1
√
r +R2r) +NB . (13)

Note, that N0 differs from NwoH by on-shell Higgs events. NB are background events e+e− →
e+e− + 4 jets with undetected leptons and can be taken from Tab. 5. Their dependence on r
is negligible for r < 10. We provide the parameters N0, R1 and R2 in Tab. 6, where N0 are
the number of events for an integrated luminosity of

∫

Ldt = 500 fb−1 at the given energy.
As expected the interference term, reflected in R1, is large and negative and thus lowers the
sensitivity around r ∼ 1. For smaller

√
s on the other hand VBF is of less importance and

the interference term is therefore reduced in its relative size. To claim a possible exclusion of
large values of r, we perform a simplistic Bayesian approach: The probability P (N(r)|Nobs)
with N(r) being the expected number of events and Nobs the observed number of events
is related to P(Nobs|N(r)) through a prior π(N(r)), which we suppose to be constant as a
function of small r. Suppose the events to be distributed according to a Poisson distribution

P(Nobs|N(r)) =
e−N(r)(N(r))Nobs

Nobs!
(14)

and the observed rate equals the SM rate, i.e. Nobs = N(1), then we can exclude values of r,
where Nobs is not within the 95% uncertainty band of the Poisson distribution P(Nobs|N(r)).
The corresponding exclusions are added to Tab. 6. The interference term I lowers the sen-
sitivity to r for large

√
s even for quite high statistics as it can be seen from Fig. 12. The

minimum of N(r) is in the vicinity of one, thus either erasing the sensitivity to r completely
or providing an ambiguity of two possible values for r if statistics is high enough. The latter
might only be resolved by taking into account different final states.

√
s 350GeV 500GeV 1TeV

N0 (
∫

Ldt = 500 fb−1) 263 1775 8420
R1 −0.017 −0.010 −0.098
R2 0.026 0.019 0.048

Limit on r (
∫

Ldt = 500 fb−1) 7.0 3.8 2.8

Limit on r (
∫

Ldt = 1 ab−1) 5.1 3.1 2.5

Table 6: N0, R1 and R2 as a function of the cms energy for e+e− → νν̄ + 4 jets with
m4j > 130GeV and pT,4j > 75GeV. Upper limits on r at 95% according to our simplistic
Bayesian approach.

In contrast for the process e+e− → µ+µ− + 4 jets the interference term is positive and
no background events NB need to be considered. Tab. 7 shows the corresponding result.

20

r = 𝛤/𝛤SM

Same theoretical assumptions 
as in LHC analyses
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Interpretation of the signal at 125 GeV in extended 
Higgs sectors (SUSY): signal interpreted as light state h

• Most obvious interpretation: signal at about 125 GeV is 
interpreted as the lightest Higgs state h in the spectrum


• Additional Higgs states at higher masses


• Differences from the Standard Model (SM) could be detected 
via:


• properties of h(125): deviations in the couplings, different 
decay modes, different CP properties, ...


• detection of additional Higgs states: H, A → 𝛕𝛕, H → hh,     
H, A → 𝛘𝛘, ...

11
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Interpretation of the signal in extended Higgs sectors 
(SUSY): signal interpreted as next-to-lightest state H

Extended Higgs sector where the second-lightest (or higher) 
Higgs has SM-like couplings to gauge bosons


Lightest neutral Higgs with heavily suppressed couplings to 
gauge bosons, may have a mass below the LEP limit of 114.4 
GeV for a SM-like Higgs (in agreement with LEP bounds)


Possible realisations: 2HDM, MSSM, NMSSM, ...


A light neutral Higgs in the mass range of about 60-100 GeV      
(above the threshold for the decay of the state at 125 GeV into 
hh) is a generic feature of this kind of scenario. The search for 
Higgses in this mass range has only recently been started at 
the LHC. Such a state could copiously be produced in SUSY 
cascades.

⇒
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[F. Domingo, G. W. ’15]

⇒

in the particular configuration of Fig.4). Note that varying tan� (or the squark spectrum) displaces the
favoured region in the {, �} plane: indeed the magnitude of the mass-contribution, which originates
from the mixing among Higgs-states and optimizes the mass of the light doublet state with respect to the
LHC signals, changes accordingly. Another reason for the improved fit values in the presence of a light
singlet is associated with small deviations (at the percent level) from the standard values in the couplings
of the light doublet to SM particles: the mixing with the singlet results in an increased flexibility of the
doublet-composition of the state, which in turn allows for a possibly improved match with the measured
signals.

Figure 5: Same scan as in Fig.4 but showing the characteristics of the CP-even states (mass, singlet-
composition, relative coupling h1ZZ, mass-shift of the doublet-like h2).

The composition of the two lightest CP-even states in the scan of Fig.4 is displayed in the upper part
of Fig.5: Sij denotes the orthogonal matrix rotating the CP-even Higgs sector from the gauge eigenstates
– second index ‘j’; j = 3 stands for the singlet component – to the mass eigenbase – first index ‘i’; the
mass states are ordered with increasing mass. One observes that significant singlet-doublet mixing up
to ⇠ 20% can be reached in the vicinity of mh0

1
⇠ 100 GeV, although best-fitting points show a mixing

under ⇠ 5%. This latter fact is related to the size of the mass-shift optimizing the mass of the doublet-like
state mh0

2
within the window of the LHC-signal (larger mixing would lead to mh0

2
beyond the desirable

⇠ 125 GeV range in the present configuration).
This mass-shift of the doublet state via its mixing with the light singlet, �mh0

2
, is defined in the

following fashion: regarding the heavy doublet sector as essentially decoupled, the squared-mass matrix
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state mh0

2
within the window of the LHC-signal (larger mixing would lead to mh0

2
beyond the desirable

⇠ 125 GeV range in the present configuration).
This mass-shift of the doublet state via its mixing with the light singlet, �mh0

2
, is defined in the

following fashion: regarding the heavy doublet sector as essentially decoupled, the squared-mass matrix
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Coupling of the lightest Higgs to gauge bosons:

SM-like Higgs at 125 GeV + singlet-like Higgs at lower mass  
The case where the signal at 125 GeV is not the lightest Higgs 
arises generically if the Higgs singlet is light                      
Strong suppression of the coupling to gauge bosons⇒

Example: NMSSM with a light Higgs singlet
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NMSSM interpretation of the observed signal

Extended Higgs sector where h(125) is not the lightest state: 
NMSSM with a SM-like Higgs at 125 GeV + a light singlet              

14
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mass states are ordered with increasing mass. One observes that significant singlet-doublet mixing up
to ⇠ 20% can be reached in the vicinity of mh0

1
⇠ 100 GeV, although best-fitting points show a mixing

under ⇠ 5%. This latter fact is related to the size of the mass-shift optimizing the mass of the doublet-like
state mh0

2
within the window of the LHC-signal (larger mixing would lead to mh0

2
beyond the desirable

⇠ 125 GeV range in the present configuration).
This mass-shift of the doublet state via its mixing with the light singlet, �mh0

2
, is defined in the

following fashion: regarding the heavy doublet sector as essentially decoupled, the squared-mass matrix

10

Best fit values 
[F. Domingo, G. W. ’15]

Additional light Higgs with suppressed couplings to gauge 
bosons, in agreement with all existing constraints
⇒
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Are LHC searches sensitive to a low-mass Higgs 
with suppressed couplings to gauge bosons?

15

ATLAS h → 𝛾𝛾 searches in the low-mass region: [ATLAS Collaboration ’14]

Example: MSSM, H(125) case: BR(h1 → 𝛾𝛾) = 8.5 10-7, three orders 
of magnitude below BR for a SM-like Higgs of this mass (65 GeV)
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Light NMSSM Higgs: comparison of gg →h1 → 𝛾𝛾 
with the SM case and the ATLAS limit on fiducial σ

16

[F. Domingo, G. W. ’15]

⇒ Limit starts to probe the NMSSM parameter space                     
But: best fit region is far below the present sensitivity


Such a light Higgs could be produced in a SUSY cascade, e.g.                 

Figure 11: On the left: gluon-gluon-fusion cross-section for the mostly-singlet state, then decaying into
a pair of photons, for a center of mass energy of 8 TeV, in the scan of Fig.9; the corresponding value
for a SM Higgs boson is given by the green curve. On the right, a reproduction of the ATLAS limit on
the fiducial cross-section for a light Higgs state (in the presence of the ⇠ 125 GeV one) decaying into
photons.

points of the scan. Unconventional decay rates also appear as a possibility when the singlets are beyond
⇠ 125 GeV (blue points), even though maximal diphoton rates remain below ⇠ 1%.

In Fig.11, we study how the Higgs production cross-section at 8 TeV compares to the ATLAS limits
on the fiducial cross-section for the diphoton decay channel [43]. We estimated the cross-section for the
light Higgs states of the scan of Fig.9 in the following way: we multiplied the SM gluon-gluon-fusion
cross-section delivered by SusHi [45] by the squared e↵ective coupling of h0

1 to gluons, relative to its
SM value at the same mass, and the diphoton branching ratio of h0

1. We observe that the cross-section
may almost reach the order of magnitude probed experimentally, both when the singlet is heavier or
lighter than 125 GeV (note that in the immediate vicinity of 125 GeV, comparing the cross-section of the
mostly-singlet state with the ATLAS limit has limited sense, due to the possibly large mixing between
singlet and doublet states), although the best-fitting points tend to cluster around much smaller values
– at or below the 1 fb range. Further searches in the low-mass region, in the diphoton but also in the
fermionic channels, would be an interesting probe and place limits on the light-singlet scenario.

In Fig.12, we vary tan� and � somewhat so as to modulate the strength of the F-term contribution to
the tree-level doublet Higgs mass. As a result, larger singlet-doublet mixings are favoured: the two-state
mixing uplift can indeed compensate the decreased tree-level contribution and thus help maintain the
mass of the light doublet state in the vicinity of ⇠ 125 GeV. In agreement with our discussion in section
4, we observe that large singlet-doublet mixing, up to ⇠ 25%, may be achieved for a singlet mass in the
range [90� 100] GeV, with excellent fit-values to the Higgs measurement data. Therefore, this low tan�
regime also motivates the search for a light singlet state, possibly responsible for the ⇠ 2.3 � excess in
the LEP e+e� ! h! bb̄ channel. The magnitude of the mass uplift for the doublet state in this region
may again reach up to 6� 8 GeV, as we observe on the plot on the bottom left-hand side of Fig.12.

Concerning the prospects of discovery of the light state in pair production, the Higgs-to-Higgs cou-
plings in the scan of Fig.12 are displayed on the right-hand side of this figure. The typical magnitude
would be close to 10�40% of gSM

H3 for h2�h1�h1, 0�30%, for h2�h2�h1, and 85�100%, for h2�h2�h2

(in the region where the lightest state is a singlet). The impact of the singlet-doublet couplings on the
apparent Higgs pair production cannot be simply estimated as the latter depends on several interfering
diagrams. We see however that the typical couplings reach ⇠ 30% of the pure-doublet value.

Although all these observations are essentially similar to our discussion in section 4, the crucial point
rests upon the fact that such a Higgs phenomenology is also achievable in this low tan� / large �
regime, without relying on large radiative corrections to the Higgs masses. This provides a motivation
for relatively-light supersymmetric spectra (at least, as far as the third generation is concerned). In the
(ever less likely) case where the search for stops at the LHC would crown this configuration, deviations
of the Higgs couplings from the SM expectations could be generated at the loop level and be considered

18

Would such a light Higgs be detectable at the LHC

and / or the ILC?

LHC:

Not in decays of the state at ∼ 126 GeV if mass of
lightest Higgs >

∼ 63 GeV

So far there are no LHC searches for light Higgses in
this mass range

In case of SUSY, such a light Higgs could be produced
in a SUSY cascade, e.g. χ̃0

2 → χ̃0
1h; could be similar for

other types of BSM physics

ILC:

Pair production, e.g. SUSY case: e+e− → hA
+ tt̄h production, . . .

Beyond the Standard Model (Higgs), Georg Weiglein, IMFP13, Santander, 05 / 2013 – p. 78

[O. Stål, G. W. ’11] [CMS Collaboration ’15]
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Heavy non-standard Higgses: application of CMS result 
in 𝛕𝛕 channel

• CMS has published 
likelihood information for 
searches for a narrow Higgs 
resonance in 𝛕𝛕 channel as 
function of the two 
production channels gluon 
fusion and b associated 
production


• Simple algorithm for mapping 
arbitrary models with several 
Higgses to narrow resonance 
model, incorporation into 
HiggsBounds

17

III Likelihood reconstruction for extended Higgs sectors
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of m� = 125 GeV.
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FIG. 1. Results for the observed exclusion likelihood, qobsµ , from the CMS � ! ⌧⌧ analysis [15], assuming
a narrow resonance mass, m�, of 125 GeV (a) and 300 GeV (b). The solid (dashed) lines are obtained at
qobsµ = 2.28 (5.99) and indicate the approximate 68% (95%) C.L. allowed regions of a Higgs boson signal.
The gray asterisk indicates the location of the global maximum of the likelihood. In (a) the yellow hollow
diamond indicates the prediction of a Higgs boson at 125 GeV with SM signal strength.

sum of the signal rates of the individual Higgs bosons in the cluster,

�(gg ! hI ! ⌧⌧) =
X

k

�(gg ! hk) · BR(hk ! ⌧⌧), (6)

�(gg ! bb̄hI ! ⌧⌧) =
X

k

�(gg ! bb̄hk) · BR(hk ! ⌧⌧). (7)

The cluster mass, mI , is determined by a signal strengths weighted mass average

mI =

P
k

⇥
�(gg ! hk) + �(gg ! bb̄hk)

⇤
· BR(hk ! ⌧⌧) ·mkP

k

⇥
�(gg ! hk) + �(gg ! bb̄hk)

⇤
· BR(hk ! ⌧⌧)

. (8)

The sums in Eqs. (6)–(8) run over all Higgs bosons hk combined in the cluster. In case

there is no hj that fulfills Eq. (5) for a given hi, the cluster is formed solely by the Higgs

boson hi. It should be noted that taking the incoherent sum of the contributions of the

di↵erent Higgs bosons involves an approximation. While it is exact in the case of two

di↵erent CP eigenstates, e.g. A and H in the MSSM, in general interference contributions

can be important [18, 19]. An extension of HiggsBounds that enables the implementation

7

[P. Bechtle, S. Heinemeyer, O. Stål, 
T. Stefaniak, G. W. ’15]

[CMS Collaboration ’14]
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Validation: comparison with exclusion limit from 
dedicated CMS analysis in mhmax benchmark scen.

18

IV Validation
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FIG. 2. Exclusion likelihood evaluated with HiggsBounds in the (MA, tan�) plane of the MSSM mmax
h

scenario.

if multiple Higgs bosons with di↵erent masses each give a non-negligible contribution to the signal

yield. Furthermore, due to the simple criterion used in HiggsBounds for including/excluding the

contributions of additional Higgs bosons, the considered rates in HiggsBounds may change quite

abruptly in a transition region, where the selection of the tested Higgs boson combination changes.

The single resonance approximation is expected to work best when the signal can be described as a

single resonance formed by one or several Higgs bosons, while contributions of other Higgs bosons

besides those associated with the resonance are negligible.

For predictions in the MSSM benchmark scenarios we employ the (MA, tan�) grids of Higgs

production cross sections and branching fractions for the MSSM benchmark scenarios provided

by the LHC Higgs Cross Section Working Group (LHCHXSWG) [23].3 For the gg ! bb̄(h/H/A)

production process we employ Santander-matching of the 4- and 5-flavor scheme (FS) cross sec-

tions [52].

3 The LHCHXSWG cross section and branching fraction grids for the MSSM benchmark scenarios are based on the

following set of tools and calculations, that we list here for completeness: HIGLU [24], SusHi [25], FeynHiggs [26–31],

ggH@NNLO [32], HDECAY [33, 34], Prophecy4f [35, 36], bbh@NNLO(5FS) [37], bbh@NLO (4FS) [38, 39], ggH

NLO massive [40], ggH NNLO for scalar Higgs [41, 42], ggH NNLO for pseudoscalar Higgs [43, 44], EW corrections

from light fermions [45, 46], (N)NLO (S)QCD corrections for h/H/A [47–51].

10

Likelihood distribution and excl. limits:           Signal combinations (incoherent sum): 

[P. Bechtle, S. Heinemeyer, O. Stål, T. Stefaniak, G. W. ’15]

Good agreement with dedicated CMS analysis in the benchmark 
scenario (proper combination of channels possible)

⇒
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Application to the mhalt benchmark scenario: 
``alignment without decoupling’’

19

Likelihood distribution from H, A → 𝛕𝛕:           Likelihood from Higgs signal rates: 
[P. Bechtle, S. Heinemeyer, O. Stål, T. Stefaniak, G. W. ’15]

V Example application: “Alignment without decoupling”
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FIG. 5. Constraints from LHC Higgs searches in the alignment benchmark scenario malt
h (with µ = 3MQ):

(a) Distribution of the exclusion likelihood from the CMS � ! ⌧⌧ search and observed 95% C.L. exclusion
line as obtained from HiggsBounds. For comparison, also the corresponding 95% C.L. exclusion line given in
Ref. [64] (green, solid) and the 95% C.L. exclusion line in the mmod+

h scenario with µ = 200 GeV obtained
from HiggsBounds (gray, dashed) are shown. (b) Likelihood distribution, ��2

HS, obtained from testing the
signal rates of the light Higgs boson h against a combination of Higgs rate measurements from the Tevatron
and LHC experiments, obtained with HiggsSignals. The minimal �2 is found at the gray asterisk.

a sizable reduction of the H/A ! ⌧⌧ branching fractions and therefore to a smaller excluded re-

gion. In the alignment scenario µ is very large, leading to a negligible Higgsino component in the

light neutralinos and chargino. The branching fractions for the Higgs decays to neutralinos and

charginos are therefore essentially absent. In addition, the heavy Higgs decays to gauge bosons,

H ! W+W� and H ! ZZ, are also suppressed, as the responsible coupling / cos(��↵) vanishes

in the alignment limit. As a result, the H/A ! ⌧⌧ branching fraction is significantly higher in the

alignment scenario than in the mmod+
h scenario, which leads to a much larger excluded region in

the alignment scenario, see also the discussion in Ref. [64].

In order to illustrate the complementarity between the constraints from the CMS � ! ⌧⌧ search

and the constraints obtained from the signal rate measurements of the discovered Higgs boson, we

show in Fig. 5(b) the likelihood distribution, ��2
HS, obtained from a �2 test of the light Higgs boson

signal rates against a combination of the latest rate measurements from the LHC [65–73] and the

Tevatron [74, 75], using the public computer code HiggsSignals-1.3.0 [8] (see also Refs. [14, 76]).

The 95% C.L. preferred region lies within the orange contours in Fig. 5(b). It is given by the �2

di↵erence with respect to the minimal �2 value (located in the alignment region and indicated as

16

Alignment without decoupling: h in the MSSM behaves SM-like even for 
small values of MA, mhalt scen. [M. Carena, H. Haber, I. Low, N. Shah, C. Wagner’15]
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Combination of likelihood information from the 
Higgs signal rates and the search for heavy Higgses

20

[P. Bechtle, S. Heinemeyer, O. Stål, T. Stefaniak, G. W. ’15]

Large impact on parameter space of the model                             
Lower limit on MA from searches for heavy Higgses!

⇒

V Example application: “Alignment without decoupling”
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FIG. 6. Combination of constraints from the CMS � ! ⌧⌧ search and the latest Higgs rate measurements
in the MSSM alignment scenario (with µ = 3MQ): The global �2 function, ��2

tot, based on the likelihoods
provided by HiggsBounds and HiggsSignals, is shown in color; The contours indicate the 1�, 2� and 3�
allowed regions.

gray asterisk in Fig. 5(b)), ��2
HS ⌘ �2

HS � �2
HS,min  5.99. It can be seen that the �2 distribution

becomes independent of MA at around tan� ⇡ 10, indicating that the couplings of the light Higgs

become SM-like independently of the decoupling of the heavier Higgs states.

Since we now have the exclusion likelihood qobsMSSM from the CMS � ! ⌧⌧ search available, we

can perform a statistical combination with the constraints from the Higgs rate measurements by

constructing the global �2 function �2
tot = qobsMSSM+�2

HS. The resulting ��2
tot distribution

7 is shown

in Fig. 6. The constraints from the � ! ⌧⌧ searches at the LHC are highly complementary to

the rate measurements, since they are particularly sensitive at higher values of tan� where the

production process gg ! bb̄� is enhanced. In the malt
h scenario with µ = 3MQ, the combination

of both constraints yields a lower limit of MA & 350 GeV at the 95% C.L. Thus, alignment of

the light Higgs boson occurring without the simultaneous decoupling of the heavier Higgs states is

ruled out for this scenario. The alignment without decoupling limit can be pushed to lower values of

tan� in this scenario, where the constraints from the � ! ⌧⌧ searches are less significant, only by

choosing even more extreme values of µAt/M
2
Q, which potentially leads to problems with vacuum

stability [77].

7 Again, ��2

tot

is the �2 di↵erence with respect to the minimal �2 value (obtained at MA = 500 GeV, tan � = 4,

i.e. in the lower right corner of Fig. 6), now based on the global likelihood �2

tot

.

17

Public tools 
HiggsBounds 
and 
HiggsSignals
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Search for heavy Higgs bosons at the LHC: impact 
of interference effects

21

10.4 Summary and outlook: CP-violating interference in LHC Higgs
searches

effect is most significant in Fig. 10.4(c). Furthermore, the exclusion bounds are slightly
weakened in the high-MH± range.

Figure 10.6.: Parameter regions excluded by HiggsBounds for µ = 1000GeV, �At = ⇡/4
without the interference term (blue) and including the interference term (red)
by modifying the input data for HiggsBounds with ⌘ (see text).

10.4. Summary and outlook: CP-violating interference
in LHC Higgs searches
In this chapter, we have investigated the impact of the phase �At on the cross section
�(b¯b ! ⌧+⌧�) via Higgs exchange, both in the full propagator calculation and in the
approach of Breit-Wigner propagators and have found very good agreement between these
two methods. A complex phase does not only give rise to a CP-violating interference
term, but it also affects for example masses, widths and the mixing structure. The effect
of �At is amplified by a large value of µ, which we evaluated for different combinations of
µ and �At .

In a second step, we disentangled the overall phase effect from the genuine interference
effect. By exploiting the formalism of the Breit-Wigner propagators in the mass basis to
treat each resonance separately, we calculated the difference between the coherent and
incoherent sum of the contributions of three neutral MSSM Higgs bosons. We found
very large, negative interference effects in the Mmod+

h scenario with µ = 1000GeV and

145

[E. Fuchs, G. W. ’15]Exclusion limits from neutral Higgs searches in 
the MSSM with and without interference effects:

CP-violating case,

ɸAt = π / 4

H, A are nearly 
mass degenerate: 
large mixing 
possible in CP-
violating case!


Incoherent sum is 
not sufficient!

⇒ Large CP-violating interference effects between H, A possible 

mhmod+  scenario,

μ = 1000 GeV
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2 Relation of the Higgs mass and width to the complex pole

of the propagator

Before we start our discussion of off-shell effects in H → V V (∗) in the subsequent section,
we shortly elaborate on the relation between the mass and total width of the Higgs boson
and the complex pole of the propagator. Denoting with m0 the tree-level Higgs mass and
with Σ̂ the renormalized self-energy of the Higgs propagator, the complex pole is obtained
through the relation M2 −m2

0 + Σ̂(M2) = 0, where the complex pole can be written in the
form M2 = m2

H
− imHΓH . Therein mH is the physical Higgs mass and ΓH the total width of

the Higgs boson. Expanding the inverse propagator around the complex pole yields

p2 −m2
0 + Σ̂(p2) ≃ (p2 −M2)

{

1 + Σ̂′(M2)
}

(1)

in the vicinity of the complex pole. Accordingly, the Higgs propagator in the vicinity of the
complex pole can be expressed in the well-known form of a Breit-Wigner propagator with
constant width ΓH ,

∆H(p2) =
i

p2 −M2
=

i

p2 −m2
H
+ imHΓH

. (2)

Away from the pole, i.e. in the far off-shell region with p2 ≫ m2
H
, the Higgs width is not of

relevance. For the specific processes that are considered in this paper our choice is equivalent
to the complex-mass scheme [41, 42], which is known to provide gauge-independent results.
Differences with respect to the scheme defined in Refs. [43–45] are expected to be small, in
particular since the constant width ΓH is close to the width therein [45]. For our subsequent
discussion we fix mH = 125GeV and ΓSM

H
= 4.07 · 10−3 GeV, the latter in accordance with

the prescription of the LHC Higgs cross section working group (LHC-HXSWG) [9–11].

3 Off-shell contributions in H → ZZ(∗) and H → W±W∓(∗)

Given the two dominant production processes for a Higgs bosonH at a linear collider, e+e− →
ZH and e+e− → νν̄H, we discuss the validity of the zero-width approximation (ZWA) for
the Higgs decays H → WW (∗) and H → ZZ(∗) within this section. The relevant Feynman
diagrams are presented in Fig. 1. Our discussion follows Refs. [12–14], which are specific to
the dominant production process at the LHC, gluon fusion.

e+

e−

Z

V

V (∗)

H

e+

e−

ν̄
V (∗)

V

ν

W

W H

(a) (b)

Figure 1: Feynman diagrams for (a) e+e− → ZH → ZV V (∗); (b) e+e− → νν̄H → νν̄V V (∗).

Supplementing the ZWA for the production and the decay part of the process with a
Breit-Wigner propagator, the differential cross section e+e− → ZH → ZV V can be written

3

Sensitivity to the small signal of an additional heavy 
Higgs boson in a Two-Higgs-Doublet model (2HDM) 
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[S. Liebler, G. Moortgat-Pick, G. W. ’15]

ILC: Potential sensitivity beyond the kinematic reach of Higgs pair 
production

⇒
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√
s = 1TeV

Pol(e+, e−) = (0.3,−0.8)
2HDM, sβ−α = 0.95
mh = 125GeV, mH = 400GeV

200 400 600 800 1000

101

102

103
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Figure 15: Event rates for e+e− → e+e−uūdd̄ for
√
s = 1TeV and

∫

Ldt = 500 fb−1 after the
cut pT,4j > 75GeV as a function of the invariant mass of the 4 jets muūdd̄ in the context of
a type II 2HDM with tan β = 1 for different values of (a,b) sβ−α := sin(β − α) = 0.95; (c,d)
sβ−α = 0.98 and (e,f) sβ−α = 0.99 and the two mass scenarios (a,c,e) mH = 400GeV and
(b,d,f) mH = 600GeV.
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Figure 13: 95% CL exclusion contours in the 2HDM (a) Type-I and (b) Type-II models for mH = 200 GeV, shown
as a function of the parameters cos(� � ↵) and tan �. The red hashed area shows the observed exclusion, with the
solid red line denoting the edge of the excluded region. The dashed blue line represents the expected exclusion
contour and the shaded bands the 1-� and 2-� uncertainties on the expectation. The vertical axis range is set such
that regions where the light Higgs couplings are enhanced by more than a factor of three from their SM values are
avoided.

also not directly comparable with the recent results published by the CMS Collaboration [8] for similar
reasons.

34

23

[ATLAS Collaboration ’15]

LHC: sensitivity to an additional heavy Higgs boson 
of a Two-Higgs-Doublet model (2HDM) 

Recent ATLAS analysis:


Interference effects of heavy 
Higgs with background and light 
Higgs contribution neglected


[N. Greiner, S. Liebler, G. W. ’15] 
(work in progress)                     
Analysis of gg → e+e-μ+μ-  and 
gg → llνν including signal, 
background and H-h, H-
background interference 
contributions using              
GoSam [G. Cullen et al. ’14]  and 
MadEvent [F. Maltoni, T. Stelzer ’02]

tanβ = 2 
used as 
example 
in some  
plots on 
the next 
slides
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Sample diagrams for gg → e+e-μ+μ- 
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Figure 7: Sample diagrams for double resonant diagrams, i.e. where the final state leptons
directly come from the decay of massive gauge bosons.
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Figure 8: Sample diagrams for single- and non-resonant diagrams for the three types of
subprocesses under consideration.

can be measured. If one is interested in a heavy Higgs boson that will decay into the four
leptons via two intermediate electroweak gauge bosons a sensible choice is to consider the
transverse mass of the underlying two boson system. In our case the two boson system can
be ZZ as well as WW . We therefore define a general transverse mass via

m2
V V,T = (ET,ll + ET,⌫⌫)

2 � |~pT,ll + ~pT,⌫⌫ |2 , (5)

with

ET,ll =
q
p2ll + |~pT,ll|2 , and Emiss

T = ET,⌫⌫ = |~pT,⌫⌫ | . (6)

As we are interested in the heavy Higgs and its interference with the background we put an
additional cut on the invariant mass. For the scenarios where the heavy Higgs is 400 GeV,
we require m4l > 350 GeV for the muonic process, for the neutrino process we apply the
same cut but on m2

V V,T . For the scenarios where the heavy Higgs is 200 GeV, the invariant

mass cut is m4l > 100 GeV or m2
V V,T > 100 GeV respectively. For the other employed cuts

we refer to Section 3.
As in the previous Section 4.1 we start the discussion of the numerical results with sce-

nario S2. Fig. 9 shows the invariant mass distribution of the four leptons for gg ! e+e�µ+µ�

and the transverse mass distribution using the definition in Eq. (5) for the processes involving
final state neutrinos. In this plot and in the following we distinguish four di↵erent contribu-
tions. In red, denoted with ’All’, we plot all contributions that lead to the given final state in
the considered scenario. In green, we only plot the contribution from the heavy Higgs boson,
whereas in blue we also add the interference of the heavy Higgs boson with the background
and the light Higgs boson. The contribution |h+B|2, plotted in black, contains besides the
contributions without any Higgs also contributions of the light Higgs as well as the interfer-
ence contributions of the light Higgs boson with non-Higgs diagrams.
In the invariant mass plot of gg ! e+e�µ+µ�, see Fig. 9 (a), the two Higgs boson peaks at
m4l = 125 and 200GeV can be clearly seen. Due to the very small width of the heavy Higgs
boson there is no distortion of the Breit-Wigner shape visible, and also the impact of the
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can be measured. If one is interested in a heavy Higgs boson that will decay into the four
leptons via two intermediate electroweak gauge bosons a sensible choice is to consider the
transverse mass of the underlying two boson system. In our case the two boson system can
be ZZ as well as WW . We therefore define a general transverse mass via

m2
V V,T = (ET,ll + ET,⌫⌫)

2 � |~pT,ll + ~pT,⌫⌫ |2 , (5)

with

ET,ll =
q

p2ll + |~pT,ll|2 , and Emiss
T = ET,⌫⌫ = |~pT,⌫⌫ | . (6)

As we are interested in the heavy Higgs and its interference with the background we put an
additional cut on the invariant mass. For the scenarios where the heavy Higgs is 400 GeV,
we require m4l > 350 GeV for the muonic process, for the neutrino process we apply the
same cut but on m2

V V,T . For the scenarios where the heavy Higgs is 200 GeV, the invariant

mass cut is m4l > 100 GeV or m2
V V,T > 100 GeV respectively. For the other employed cuts

we refer to Section 3.
As in the previous Section 4.1 we start the discussion of the numerical results with sce-

nario S2. Fig. 9 shows the invariant mass distribution of the four leptons for gg ! e+e�µ+µ�

and the transverse mass distribution using the definition in Eq. (5) for the processes involving
final state neutrinos. In this plot and in the following we distinguish four di↵erent contribu-
tions. In red, denoted with ’All’, we plot all contributions that lead to the given final state in
the considered scenario. In green, we only plot the contribution from the heavy Higgs boson,
whereas in blue we also add the interference of the heavy Higgs boson with the background
and the light Higgs boson. The contribution |h+B|2, plotted in black, contains besides the
contributions without any Higgs also contributions of the light Higgs as well as the interfer-
ence contributions of the light Higgs boson with non-Higgs diagrams.
In the invariant mass plot of gg ! e+e�µ+µ�, see Fig. 9 (a), the two Higgs boson peaks at
m4l = 125 and 200GeV can be clearly seen. Due to the very small width of the heavy Higgs
boson there is no distortion of the Breit-Wigner shape visible, and also the impact of the
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Diagrams with two resonant W/Z bosons:

Diagrams with single-resonant W/Z bosons and non-resonant diagrams:
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leptons via two intermediate electroweak gauge bosons a sensible choice is to consider the
transverse mass of the underlying two boson system. In our case the two boson system can
be ZZ as well as WW . We therefore define a general transverse mass via

m2
V V,T = (ET,ll + ET,⌫⌫)

2 � |~pT,ll + ~pT,⌫⌫ |2 , (5)

with

ET,ll =
q
p2ll + |~pT,ll|2 , and Emiss

T = ET,⌫⌫ = |~pT,⌫⌫ | . (6)

As we are interested in the heavy Higgs and its interference with the background we put an
additional cut on the invariant mass. For the scenarios where the heavy Higgs is 400 GeV,
we require m4l > 350 GeV for the muonic process, for the neutrino process we apply the
same cut but on m2

V V,T . For the scenarios where the heavy Higgs is 200 GeV, the invariant

mass cut is m4l > 100 GeV or m2
V V,T > 100 GeV respectively. For the other employed cuts

we refer to Section 3.
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As in the previous Section 4.1 we start the discussion of the numerical results with sce-
nario S2. Fig. 9 shows the invariant mass distribution of the four leptons for gg ! e+e�µ+µ�

and the transverse mass distribution using the definition in Eq. (5) for the processes involving
final state neutrinos. In this plot and in the following we distinguish four di↵erent contribu-
tions. In red, denoted with ’All’, we plot all contributions that lead to the given final state in
the considered scenario. In green, we only plot the contribution from the heavy Higgs boson,
whereas in blue we also add the interference of the heavy Higgs boson with the background
and the light Higgs boson. The contribution |h+B|2, plotted in black, contains besides the
contributions without any Higgs also contributions of the light Higgs as well as the interfer-
ence contributions of the light Higgs boson with non-Higgs diagrams.
In the invariant mass plot of gg ! e+e�µ+µ�, see Fig. 9 (a), the two Higgs boson peaks at
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gg → e+e-μ+μ-, invariant mass distribution
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Pronounced h and H signal peaks ⇒

sin(β-α) = -0.995, MH = 200 GeV, tanβ = 2 (ATLAS scenario for 13 TeV): 
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leptons via two intermediate electroweak gauge bosons a sensible choice is to consider the
transverse mass of the underlying two boson system. In our case the two boson system can
be ZZ as well as WW . We therefore define a general transverse mass via

m2
V V,T = (ET,ll + ET,⌫⌫)

2 � |~pT,ll + ~pT,⌫⌫ |2 , (5)

with

ET,ll =
q
p2ll + |~pT,ll|2 , and Emiss

T = ET,⌫⌫ = |~pT,⌫⌫ | . (6)

As we are interested in the heavy Higgs and its interference with the background we put an
additional cut on the invariant mass. For the scenarios where the heavy Higgs is 400 GeV,
we require m4l > 350 GeV for the muonic process, for the neutrino process we apply the
same cut but on m2

V V,T . For the scenarios where the heavy Higgs is 200 GeV, the invariant

mass cut is m4l > 100 GeV or m2
V V,T > 100 GeV respectively. For the other employed cuts

we refer to Section 3.
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p
s = 13TeV.

As in the previous Section 4.1 we start the discussion of the numerical results with sce-
nario S2. Fig. 9 shows the invariant mass distribution of the four leptons for gg ! e+e�µ+µ�

and the transverse mass distribution using the definition in Eq. (5) for the processes involving
final state neutrinos. In this plot and in the following we distinguish four di↵erent contribu-
tions. In red, denoted with ’All’, we plot all contributions that lead to the given final state in
the considered scenario. In green, we only plot the contribution from the heavy Higgs boson,
whereas in blue we also add the interference of the heavy Higgs boson with the background
and the light Higgs boson. The contribution |h+B|2, plotted in black, contains besides the
contributions without any Higgs also contributions of the light Higgs as well as the interfer-
ence contributions of the light Higgs boson with non-Higgs diagrams.
In the invariant mass plot of gg ! e+e�µ+µ�, see Fig. 9 (a), the two Higgs boson peaks at
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⇒

sin(β-α) = -0.995, MH = 200 GeV, tanβ = 2 (ATLAS scenario for 13 TeV): 

gg → llνν, contributions from both WW and ZZ

Higher statistics, worse mass resolution
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For the SM with a cut on the invariant mass of 350GeV we observe a peak coming from
the Z-boson decay followed by a smoothly falling distribution, see Fig. 13 (a,c). Reducing the
cut to 100GeV changes the shape of the distribution significantly. In case of the scenarios
S1, S3, S4 and S6 we observe a substantial deviation from the Standard Model prediction for
the intermediate region 50� 200GeV, which is caused by the e↵ects of the additional heavy
Higgs boson. For the cases of the scenarios S2 and S5 the e↵ects are much less pronounced.
This is partially due to the decreased importance of the heavy Higgs boson but also due to
the inclusion of the light Higgs in these cases, which makes the heavy Higgs also relatively
less important. For the neutrino final state one does not observe a peak in the transverse
momentum distribution in the low pT -region, which can be explained by the additional cut
on the missing ET of the neutrinos and by the additional presence of the W -pair processes
plus the increased number of Feynman diagrams to o↵-shell contributions.
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Figure 13: Transverse momentum distribution of the hardest electron (electron or positron)
for (a,b) gg ! e+e�µ+µ� and for (c,d) gg ! e+e�⌫l⌫̄l at

p
s = 13TeV. Due to the di↵erent

cuts on the invariant mass of the four leptons, the scenarios S1, S3, S4 and S6 (a,c) are
plotted separately from S2 and S5 (b,d).

Another interesting class of observables are angular correlations. In Fig. 14 we show
the R-separation between the electron and the positron. Also here we have split the plots
according to the di↵erent cuts in the same way as described above.

For gg ! e+e�µ+µ� we observe a peak of the distribution at ⇡ which stems from Z-boson
decays at rest where the leptons are in a back-to-back configuration. Adding an additional
heavy Higgs boson leads to Z-bosons that are boosted, which means that in the lab frame the
distance between the same flavor leptons is reduced. The presence of a heavy Higgs therefore
tends to shift the R-separation from back-to-back configuration towards smaller values. For
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⇒

gg → llνν, transverse momentum distribution of the 
hardest electron / positron

Kinematic distributions differ from SM case; larger differences 
are possible for other scenarios

ATLAS 
scenario
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Hadronic gg → ZZ cross sections, impact of 
interference contributions (ATLAS scen., tanβ = 2)

Interferences are small in the region where the ATLAS search was sensitive


Sizable interference effects possible, not necessarily correlated with a 
large width


Larger interference effects possible for higher values of tanβ

⇒

Total width of heavy Higgs H:
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Figure 3: Scenario S2 (a,c,e) and scenario 5 (b,d,f) as a function of c2��↵ showing (a,b) Higgs

width �H in GeV; (c,d) inclusive cross section �X in pb within mI
ZZ (black: X = |H|2; red,

dashed: X = |H|2 + 2Re(H · h); blue, dotdashed: X = |H|2 + 2Re(H · h) + 2Re(H · B));
(e,f) relative ratio of cross sections �X/�|H|2 within mI

ZZ . We show d�X/dmZZ at the three
marked values of c2��↵ in (c,e) in Fig. 4.
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Hadronic gg → ZZ cross sections, impact of 
interference contributions for larger values of tanβ

Interference effects provide enhanced sensitivity to heavy Higgs H⇒

contribution to gg ! H ! ZZ with the top-quark contribution to gg ! h ! ZZ, however
the total inclusive cross section is diminished slightly below 10�2 pb. Ref. [45] is not pointing
out the relevance of the interference of the heavy Higgs signal with the light Higgs signal
for large values of tan�, however emphasizes the importance of the bottom-quark loop in
gg ! H ! ZZ for what concerns the interference with the background. Lastly we comment
on the influence of the heavy Higgs boson mass. Below the threshold of the H ! hh decays,
i.e. mH < 250GeV, the size of interference with the light Higgs in gg ! ZZ is also dimin-
ished due to the increase of �|H|2 . However the negative interference with the background gets
sizeable and reduces the cross section by about 50%. Above mH > 2mh however �X/�|H|2

always significantly di↵ers from 1.
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Figure 5: Scenario S1 (S6) as a function of t� showing (a) Higgs width �H in GeV; (b) inclusive
cross section �X in pb within mI0

ZZ (black: X = |H|2; red, dashed: X = |H|2 + 2Re(H · h);
blue, dotdashed: X = |H|2 + 2Re(H · h) + 2Re(H · B)); (c) relative ratio of cross sections
�X/�|H|2 within mI0

ZZ . The partonic XS d�X/dmZZ in arbitrary units is shown as a function
of mZZ in GeV in (d) for scenario S6 (S1 with t� = 20).

In total we conclude that in particular for large values of t� or vanishing gHt interferences
can get of importance for future experimental analysis. In the first case the interference of the
heavy Higgs contribution with the light Higgs can be significantly enhanced, in the second

11

sin(β-α) = 0.990, MH = 400 GeV:

tanβ = 20
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Conclusions
Discovered signal is so far compatible with a SM-like Higgs, but variety of 
interpretations possible ⇔ very different underlying physics


Extended Higgs sector where second-lightest Higgs is identified with signal 
at 125 GeV: additional light Higgs with suppressed couplings to gauge 
bosons; can be realised generically in the NMSSM: NMSSM fit prefers 
singlet-like light Higgs


Heavy Higgs searches: new result from CMS allows to combine likelihood 
information from the Higgs signal with the one from the H, A → 𝛕𝛕 searches 
(and from the LEP searches). Large interference effects between heavy 
Higgs contributions possible in the CP-violating case


Off-shell effects and interference contributions can be important for Higgs 
physics despite the small width of a SM-like Higgs at 125 GeV             
Search for heavy Higgs in 2HDM: interference effects in the region probed 
so far by ATLAS are small; interference effects could enhance sensitivity to 
small signal of additional heavy Higgs
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Higgs mass measurement: the need for high precision
Measuring the mass of the discovered signal with high 
precision is of interest in its own right


But a high-precision measurement has also direct implications 
for probing Higgs physics


MH: crucial input parameter for Higgs physics


BR(H → ZZ*), BR(H → WW*): highly sensitive to precise 
numerical value of MH 


A change in MH of 0.2 GeV shifts BR(H → ZZ*) by 2.5%! 


Need high-precision determination of MH to exploit the 
sensitivity of BR(H → ZZ*), ... for testing BSM physics

32

⇒


