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Extended Higgs sectors: possible deviations from 
the Standard Model
SUSY as a test case: well motivated, theory predictions have been 
worked out to high level of sophistication 
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Higgs physics in Supersymmetry

“Simplest” extension of the minimal Higgs sector:

Minimal Supersymmetric Standard Model (MSSM)

Two doublets to give masses to up-type and down-type
fermions (extra symmetry forbids to use same doublet)

SUSY imposes relations between the parameters

! Two parameters instead of one: tan ! " vu
vd
, MA (or MH±)

! Upper bound on lightest Higgs mass, Mh:

Lowest order: Mh #MZ

Including higher-order corrections: Mh
<
$ 135GeV

Detection of a SM-like Higgs with MH
>
$ 135 GeV would have

unambiguously ruled out the MSSM, signal at $ 126 GeV is
well compatible with MSSM prediction

Physics prospects, Georg Weiglein, CMS Upgrade Week, DESY, 06 / 2013 – p. 30

Interpretation of the signal at 125 GeV within the MSSM?
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Extended Higgs sectors, case I: 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, ...

3



Extended Higgs sector theory (mainly SUSY), Georg Weiglein, Higgs Hunting 2014, Paris, 07 / 2014

Interpretation of the signal in terms of the light 
MSSM Higgs boson
• Detection of a SM-like Higgs with MH > 135 GeV would have 

unambiguously ruled out the MSSM (with TeV-scale masses)

• Signal at 125 GeV is well compatible with MSSM prediction

• Observed mass value of the signal gives rise to lower bound 
on the mass of the CP-odd Higgs:  

•                          : ``Decoupling region’’ of the MSSM, where the 
light Higgs h behaves SM-like

•      Would not expect observable deviations from the SM at the 
present level of accuracy
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MA > 200 GeV

) MA � MZ

)



Extended Higgs sector theory (mainly SUSY), Georg Weiglein, Higgs Hunting 2014, Paris, 07 / 2014

The quest for identifying the underlying physics

In general 2HDM-type models one expects % level 
deviations from the SM couplings for BSM particles in 
the TeV range, e.g. 
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⇒ Need very high precision for the couplings
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The quest for identifying the underlying physics

In general 2HDM-type models one expects % level 
deviations from the SM couplings for BSM particles in 
the TeV range, e.g. 

20

„Required“ accuracy 

Higgs physics at ILC K. Desch - Higgs physics at ILC 32 

choose this value as a reference point, then, for tan � = 5 and taking c ' 1, the h0

couplings are approximately given by
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At the lower end of the range, the LHC experiments should see the deviation in the
hbb or h⌧⌧ coupling. However, the heavy MSSM Higgs bosons can easily be as heavy
as a TeV without fine tuning of parameters. In this case, the deviations of the gauge
and up-type fermion couplings are well below the percent level, while those of the
Higgs couplings to b and ⌧ are at the percent level,
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In this large-mA region of parameter space, vertex corrections from SUSY particles
are typically also at the percent level.

More general two-Higgs-doublet models follow a similar pattern, with the largest
deviation appearing in the Higgs coupling to fermion(s) that get their mass from the
Higgs doublet with the smaller vev. The decoupling with mA in fact follows the same
quantitative pattern so long as the dimensionless couplings in the Higgs potential are
not larger than O(g2), where g is the weak gauge coupling.

2.2.3 New states to solve the gauge hierarchy problem

Many models of new physics are proposed to solve the gauge hierarchy problem by
removing the quadratic divergences in the loop corrections to the Higgs field mass
term µ2. Supersymmetry and Little Higgs models provide examples. Such models
require new scalar or fermionic particles with masses below a few TeV that cancel the
divergent loop contributions to µ2 from the top quark. For this to work, the couplings
of the new states to the Higgs must be tightly constrained in terms of the top quark
Yukawa coupling. Usually the new states have the same electric and color charge as
the top quark, which implies that they will contribute to the loop-induced hgg and
h�� couplings. The new loop corrections contribute coherently with the Standard
Model loop diagrams.
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For scalar new particles (e.g., the two top squarks in the MSSM), the resulting
e↵ective hgg and h�� couplings are given by
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Here F
1

, F
1/2

, and F
0

are the loop factors defined in [17] for spin 1, spin 1/2, and spin
0 particles in the loop, and mT is the mass of the new particle(s) that cancels the
top loop divergence. For application to the MSSM, we have set the two top squark
masses equal for simplicity. For fermionic new particles (e.g., the top-partner in Little
Higgs models), the resulting e↵ective couplings are
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For simplicity, we have ignored the mixing between the top and its partner. For
mh = 120–130 GeV, the loop factors are given numerically by F

1

(mW ) = 8.2–8.5
and F

1/2

(mt) = �1.4. For mT � mh, the loop factors tend to constant values,
F

1/2

(mT )! �4/3 and F
0

(mT )! �1/3.

Very generally, then, such models predict deviations of the loop-induced Higgs
couplings from top-partners of the decoupling form. Numerically, for a scalar top-
partner,
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and for a fermionic top-partner,
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A “natural” solution to the hierarchy problem that avoids fine tuning of the Higgs
mass parameter thus generically predicts deviations in the hgg and h�� couplings at
the few percent level due solely to loop contributions from the top-partners. These
e↵ective couplings are typically also modified by shifts in the tree-level couplings of
h to tt and WW .

The Littlest Higgs model [18,19] gives a concrete example. In this model, the one-
loop Higgs mass quadratic divergences from top, gauge, and Higgs loops are cancelled
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by loop diagrams involving a new vector-like fermionic top-partner, new W 0 and Z 0

gauge bosons, and a triplet scalar. For a top-partner mass of 1 TeV, the new particles
in the loop together with tree-level coupling modifications combine to give [20]

ghgg

ghSMgg

= 1� (5% ⇠ 9%)

gh��

ghSM��

= 1� (5% ⇠ 6%), (19)

where the ranges correspond to varying the gauge- and Higgs-sector model parame-
ters. Note that the Higgs coupling to �� is also a↵ected by the heavy W 0 and triplet
scalars running in the loop. The tree-level Higgs couplings to tt and WW are also
modified by the higher-dimension operators arising from the nonlinear sigma model
structure of the theory.

2.2.4 Composite Higgs

Another approach to solve the hierarchy problem makes the Higgs a composite bound
state of fundamental fermions with a compositeness scale around the TeV scale. Such
models generically predict deviations in the Higgs couplings compared to the SM due
to higher-dimension operators involving the Higgs suppressed by the compositeness
scale. This leads to Higgs couplings to gauge bosons and fermions of order

ghxx

ghSMxx

' 1±O(v2/f2), (20)

where f is the compositeness scale.

As an example, the Minimal Composite Higgs model [21] predicts [22]
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(21)

with ⇠ = v2/f2. Here MCHM4 refers to the fermion content of the original model
of Ref. [21], while MCHM5 refers to an alternate fermion embedding [23]. Again,
naturalness favors f ⇠ TeV, leading to
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⇒ Need very high precision for the couplings
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Possibility of a sizable deviation even if the couplings to gauge 
bosons and SM fermions are very close to the SM case

• If dark matter consists of one or more particles with a mass 
below about 63 GeV, then the decay of the state at 125 GeV 
into a pair of dark matter particles is kinematically open

• The detection of an invisible decay mode of the state at 125 
GeV could be a manifestation of BSM physics

• Direct search for H → invisible

• Suppression of all other branching ratios
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Simple example: common scale factor for all Higgs couplings, 
but no assumptions on undetectable / invisible decays

• Large range possible for scale factor ϰ and branching ratio into 
new physics final states without additional theoretical assumptions 
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[P. Bechtle, S. Heinemeyer, O. Stål, T. Stefaniak, G. W. ’14]
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(b) No assumptions. The blue and red contours indicate
current and prospective limits, respectively, on the total
width from o↵-shell Higgs production at the LHC [15,18].

Figure 2: Two-dimensional ��2 profiles for the fit parameters in the (,BR(H ! NP)) fit.

For a given upper limit of the total width scale factor, 2H,limit, we can thus infer the indirect bounds

  p
H,limit, BR(H ! NP) = 1 � �1

H,limit. (9)

For a current (prospective) upper limit of 2H,limit = 40 (10) at the (high-luminosity) LHC, this would
translate into   2.51 (1.78) and BR(H ! NP)  84% (68%). However, even when taking these
constraints into account there remains a quite large parameter space with possibly sizable BR(H !
NP). Hence, the LHC will not be capable to determine absolute values of the Higgs couplings in
a model-independent way. This is reserved for future e+e� experiments like the ILC, which will be
discussed in Sect. 4.2.

Returning to the current fit results displayed in Fig. 2, we can also infer from this fit a lower limit
on the total signal strength into known final states (normalized to the SM):

2 · [1 � BR(H ! NP)] � 0.81 (at 95% C.L.). (10)

Note, that this limit is irrespective of the final state(s) of the additional Higgs decay mode(s).

3.2 Couplings to gauge bosons and fermions

The next benchmark model contains one universal scale factor for all Higgs couplings to fermions, F ,
and one for the SU(2) gauge bosons, V (V = W,Z). This coupling pattern occurs, for example, in
minimal composite Higgs models [69], where the Higgs couplings to fermions and vector bosons can
be suppressed with di↵erent factors. The loop-induced coupling scale factors are scaled as expected
from the SM structure, Eqs. (4) and (5). Note that g scales trivially like F in this case, whereas �
depends on the relative sign of V and F due to the W boson-top quark interference term, giving a
negative contribution for equal signs of the fundamental scale factors. Due to this sign dependence
we allow for negative values of F in the fit, while we restrict V � 0. The assumption of universality

14

Common scale factor ϰ for all   
Higgs couplings

No assumptions on 
undetectable / invisible decays

⇒
• Constraints on total width, ϰH, are crucial!

ATLAS + CMS bounds:
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CP properties

While the current measurements disfavour a pure CP-odd 
state compared to a pure CP-even state, the bounds on a 
CP-mixed state are still very weak

8
Implications of the Higgs signal for BSM physics, Georg Weiglein, Planck 2014, Paris, 05 / 2014

CP properties

5

CP properties

CP-properties: more difficult situation, observed state can be
any admixture of CP-even and CP-odd components

Observables mainly used for investigaton of CP-properties
(H ! ZZ!,WW ! and H production in weak boson fusion)
involve HV V coupling

General structure of HV V coupling (from Lorentz invariance):

a1(q1, q2)g
µ! + a2(q1, q2)

!

(q1q2) g
µ! " qµ1 q

!
2

"

+ a3(q1, q2)!
µ!"#q1"q2#

SM, pure CP-even state: a1 = 1, a2 = 0, a3 = 0,

Pure CP-odd state: a1 = 0, a2 = 0, a3 = 1

However, in many BSM models a3 would be loop-induced and
heavily suppressed # Realistic models often predict a3 $ a1

– p. 20

However: in SUSY models (and many other BSM models) a3 
is loop-induced and heavily suppressed
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CP properties

Even a rather large CP-admixture would not lead to 
detectable effects in the angular distributions of                 
H → ZZ* → 4 l, etc. because of the smallness of a3

Channels involving only Higgs couplings to fermions could 
provide much higher sensitivity 

9
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Global analyses of the properties of h(125)

• Since the mass of the light Higgs state h is a crucial prediction of SUSY 
models, this observable plays an important role for constraining the 
parameter space when confronting theory and experiment

• Strong ongoing efforts to improve Higgs-mass predictions in the MSSM and 
beyond: new higher-order corrections, improved precision for the NMSSM, ..., 
improved predictions in the multi-TeV region of the stop masses, ...

• SUSY Higgs production: recent update of estimate of remaining theoretical 
uncertainties [E. Bagnaschi, R. Harlander, S. Liebler, H. Mantler, P. Slavich ’14]

• Constraints from Higgs search limits and properties of the signal at 125 GeV  
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Improved prediction for the mass of the light Higgs h 
of the MSSM for large stop masses
• Combination of fixed-order Feynman-diagrammatic result up to 

two-loop order with all-order resummation of leading and sub-
leading logarithmic contributions from top / stop sector (from 
two-loop RGEs for λ, ht, gs)

• Requires consistent merging of diagrammatic results in the on-
shell scheme with leading logarithmic contributions in the 
MSbar scheme:

• Results are implemented in the public code FeynHiggs
11

[T. Hahn, S. Heinemeyer, W. Hollik, H. Rzehak, G. W. ’14]

Here v ! 174 GeV denotes the vacuum expectation value of the SM. Three coupled RGEs,
the ones for

!, ht, gs (10)

are relevant for this evolution, with the strong coupling constant given as "s = g2s/(4 #). Since
SM RGEs are used, the relevant parameters are given in the MS scheme. We incorporate
the one-loop threshold corrections to !(MS) as given in Ref. [30],

!(MS) =
3 h4

t (MS)

8 #2

X2
t

M2
S

!

1"
1

12

X2
t

M2
S

"

, (11)

where as mentioned above Xt is an MS parameter. Furthermore, in Eq. (11) we have set
the SM gauge couplings to g = g! = 0, ensuring that Eq. (9) consists of the “pure loop
correction” and will be denoted (!M2

h)
RGE below. Using RGEs at two-loop order [46],

including fermionic contributions from the top sector only, leads to a prediction for the
corrections toM2

h including leading and subleading logarithmic contributions at n-loop order,

Ln and L(n"1), L # ln

#

MS

mt

$

, (12)

originating from the top/stop sector of the MSSM.
We have obtained both analytic solutions of the RGEs up to the 7-loop level as well as

a numerical solution incorporating the leading and subleading logarithmic contributions up
to all orders. In a similar way in Ref. [45] the leading logarithms at 3- and 4-loop order have
been evaluated analytically. Most recently a calculation using 3-loop SM RGEs appeared in
Ref. [47].

A particular complication arises in the combination of the higher-order logarithmic con-
tributions obtained from solving the RGEs with the fixed-order FD result implemented in
FeynHiggs comprising corrections up to the two-loop level in the OS scheme. We have used
the parametrisation of the FD result in terms of the running top-quark mass at the scale mt,

mt =
mpole

t

1 + 4
3!"s(m

pole
t )" 1

2!"t(m
pole
t )

, (13)

where mpole
t denotes the top-quark pole mass. Avoiding double counting of the logarithmic

contributions up to the two-loop level and consistently taking into account the di"erent
schemes employed in the FD and the RGE approach, the correction !M2

h takes the form

!M2
h = (!M2

h)
RGE(XMS

t )" (!M2
h)

FD,LL1,LL2(XOS
t ) ,

M2
h = (M2

h)
FD +!M2

h . (14)

Here (M2
h)

FD denotes the fixed-order FD result, (!M2
h)

FD,LL1,LL2 are the logarithmic contri-
butions up to the two-loop level obtained with the FD approach in the OS scheme, while
(!M2

h)
RGE are the leading and sub-leading logarithmic contributions (either up to a cer-

tain loop order or summed to all orders) obtained in the RGE approach, as evaluated via

4

Eq. (9). In all terms of Eq. (14) the top-quark mass is parametrised in terms of mt; the
relation between XMS

t and XOS
t is given by

XMS
t = XOS

t

!

1 + 2L

"

!s

"
!

3!t

16 "

#$

(15)

up to non-logarithmic terms, and there are no logarithmic contributions in the relation
between MMS

S and MOS
S .

Since our higher-order contributions beyond 2-loop have been derived under the assump-
tion MA " MZ , to a good approximation these corrections can be incorporated as a shift
in the prediction for the #2#2 self-energy (where !M2

h enters with a coe"cient 1/ sin2$). In
this way the new higher-order contributions enter not only the prediction for Mh, but also
consistently the ones all other Higgs sector observables that are evaluated in FeynHiggs,
such as the e#ective mixing angle !e! or the finite field renormalization constant matrix
Zn [20].

The latest version of the code, FeynHiggs 2.10.0, which is available at feynhiggs.de,
contains those improved predictions as well as a refined estimate of the theoretical uncertain-
ties from unknown higher-order corrections. Taking into account the leading and subleading
logarithmic contributions in higher orders reduces the uncertainty of the remaining unknown
higher-order corrections. Accordingly, the estimate of the uncertainties arising from correc-
tions beyond two-loop order in the top/stop sector is adjusted such that the impact of
replacing the running top-quark mass by the pole mass (see Ref. [10]) is evaluated only for
the non-logarithmic corrections rather than for the full two-loop contributions implemented
in FeynHiggs. First investigations using this new uncertainty estimate can be found in
Refs. [17, 48].

Further refinements of the RGE resummed result are possible, in particular

• extending the result to the case of a large splitting between the left- and right-handed
soft SUSY-breaking terms in the scalar top sector [36],

• extending the result to the case of small MA or µ (close to MZ),

• including the corresponding contributions from the (s)bottom sector.

Some details in these directions can be found in Ref. [47]. We leave those refinements for
future work.

4 Numerical analysis

In this section we review the analysis of the phenomenological implications of the improved
Mh prediction for large stop mass scales, as evaluated with FeynHiggs 2.10.0. Here and in
the following Xt denotes XOS

t (for MS the di#erence in the two schemes is negligible). The
other parameters are MA = M2 = µ = 1000 GeV, mg̃ = 1600 GeV (where M2 is the SU(2)
gaugino mass term, µ the Higgsino mass parameter and mg̃ the gluino mass) and tan$ = 10.

In Fig. 1 we show Mh(Xt/MS) for various values of MS (as indicated by di#erent colors),
evaluated with the full new result as implemented into FeynHiggs 2.10.0. It can be seen
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Here v ! 174 GeV denotes the vacuum expectation value of the SM. Three coupled RGEs,
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Numerical impact of new contributions

12
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Figure 1: Mh as a function of Xt/MS for various values of MS , obtained using the full result
as implemented into FeynHiggs 2.10.0.
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Figure 2: Mh as a function of MS for Xt = 0 (solid) and Xt/MS = 2 (dashed). The full
result (“LL+NLL”) is compared with results containing the logarithmic contributions up to
the 3-loop, . . . 7-loop level and with the fixed-order FD result (“FH295”).
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[T. Hahn, S. Heinemeyer, W. Hollik, H. Rzehak, G. W. ’14]

Full result ⟶

Fixed-order result ⟶

Sizable upward shift for       ≳ 2 TeV 
Large impact for confronting CMSSM, etc. with signal at 126 GeV  

mt̃⇒ [O. Buchmueller et al ’14]
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Work in progress

Comparison of recent results in the literature, improved estimate of remaining 
theoretical uncertainties from unknown higher-order corrections                        
[P. Draper, G. Lee, C. Wagner ’14], [S. Borowka, T. Hahn, S. Heinemeyer, G. 
Heinrich, W. Hollik ’14], [E. Bagnaschi, G. Giudice, P. Slavich, A. Strumia ’14], ...

Dedicated effort for Higgs mass prediction in the MSSM: KUTS Workshop 
series, second meeting: DESY, October 20-22, 2014, just before Hamburg 
Higgs workshop

13

Hamburg Workshop 
on Higgs Physics
Preparing for Higgs Boson Studies with Future LHC Data

22-24 October 2014 
DESY, Hamburg

For more information and registration go to:

www.terascale.de/higgs2014

Topics
- Properties of the state 
 at 125 GeV
- BSM Higgs searches
-  Overall picture from the available 
 data and consistent interpretation
- Requirements and strategies for Higgs 
 physics with 100/fb and beyond

Organising Committee: 
Rainer Mankel, Andreas B. Meyer, Alexei Raspereza, 
Jürgen Reuter, Thomas Schörner-Sadenius, Frank 
Tackmann, Kerstin Tackmann, Georg Weiglein   

Contact: anacen@desy.de 

Registration deadline: 1 October 2014 

Katharsis of Ultimate Theory Standards  > 

workshop-2014-10
KUTS workshop (II)

DESY Hamburg, 20.-22.10.2014

Preliminary program:
20.10. morning: arrival
           afternoon: review/overview about goals, status, calculations
21.10. morning: progress overview calculations
           afternoon: progress overview codes
           evening: workshop dinner
22.10. morning: identification of how to proceed
           afternoon: departure/DESY Higgs WS

https://sites.google.com/site/kutsmh/home
https://sites.google.com/site/kutsmh/home


Extended Higgs sector theory (mainly SUSY), Georg Weiglein, Higgs Hunting 2014, Paris, 07 / 2014

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*), ... to test BSM physics

14

⇒
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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

15
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Constraints on coupling scale factors from 
ATLAS + CMS + Tevatron data

16
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Figure 11: One-dimensional ��2 profiles for the parameters in the (V ,u,d,`,g,� ,BR(H !
inv.)) fit.

can be seen in Fig. 10. It is generated by the necessity of having roughly SM-like gg ! H ! �� signal
rates. The best fit point, which has �2

min/ndf = 82.6/78, is compatible with the SM expectation at
the 1� level, as can be seen in Fig. 10. The estimated P-value is ⇠ 33.9%. Note that BR(H ! inv.)
is much stronger constrained to  20% (at 95% C.L.) in this parametrization than in the previous
fits. The reason being that the suppression of the SM decay modes with an increasing BR(H ! inv.)
cannot be fully compensated by an increasing production cross sections since the tree-level Higgs
couplings are fixed. The partial compensation that is possible by an increased gluon fusion cross
section is reflected in the strong correlation between g and BR(H ! inv.), which can be seen in
Fig. 10.

3.6 General Higgs couplings

We now allow for genuine new physics contributions to the loop-induced couplings by treating g and
� as free fit parameters in addition to a general parametrization of the Yukawa sector as employed
in Sect. 3.4. This gives in total seven free fit parameters, V , u, d, `, g, � and BR(H ! inv.).
Note, that this parametrization features a perfect sign degeneracy in all coupling scale factors, since
the only derived scale factor, 2H , depends only on the squared coupling scale factors. For practical

23

[P. Bechtle, S. 
Heinemeyer, O. Stål, 
T. Stefaniak, G. W. 
’14]

HiggsSignalsATLAS + CMS + Tev:

Seven fit 
parameters

Significantly 
improved 
precision 
compared to 
ATLAS or CMS 
results alone

⇒
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Observables:

  ⇒ 𝛘2 reduced compared to the SM, (slightly) improved fit quality

µi =
(� ⇥ BR)i
(� ⇥ BR)SMi

HiggsSignals

SUSY interpretation of the observed Higgs signal: light Higgs h
Fit to LHC data, Tevatron, precision observables: SM vs. MSSM

[P. Bechtle, S. Heinemeyer, O. Stål, T. Stefaniak, G. W., L. Zeune ’14]

h ! WW ! !"!" (0/1 jet) [8 TeV]
h ! WW ! !"!" (2 jet) [8 TeV]

V h ! VWW [8 TeV]
h ! ZZ ! 4! (VBF/VH like) [8 TeV]

h ! ZZ ! 4! (ggH like) [8 TeV]
h ! ## (conv.cntr. high pTt) [8 TeV]
h ! ## (conv.cntr. low pTt) [8 TeV]
h ! ## (conv.rest high pTt) [8 TeV]
h ! ## (conv.rest low pTt) [8 TeV]

h ! ## (unconv.cntr. high pTt) [8 TeV]
h ! ## (unconv.cntr. low pTt) [8 TeV]
h ! ## (unconv.rest high pTt) [8 TeV]
h ! ## (unconv.rest low pTt) [8 TeV]

h ! ## (conv.trans.) [8 TeV]
h ! ## (high mass, 2 jet, loose) [8 TeV]
h ! ## (high mass, 2 jet, tight) [8 TeV]

h ! ## (low mass, 2 jet) [8 TeV]
h ! ## (1!) [8 TeV]

h ! ## (ETmiss) [8 TeV]
h ! ## (conv.cntr. high pTt) [7 TeV]
h ! ## (conv.cntr. low pTt) [7 TeV]
h ! ## (conv.rest high pTt) [7 TeV]
h ! ## (conv.rest low pTt) [7 TeV]

h ! ## (unconv.cntr. high pTt) [7 TeV]
h ! ## (unconv.cntr. low pTt) [7 TeV]
h ! ## (unconv.rest high pTt) [7 TeV]
h ! ## (unconv.rest low pTt) [7 TeV]

h ! ## (conv.trans.) [7 TeV]
h ! ## (2 jet) [7 TeV]

h ! $$ (boosted, hadhad) [8 TeV]
h ! $$ (boosted, lephad) [8 TeV]
h ! $$ (boosted, leplep) [8 TeV]
h ! $$ (VBF, hadhad) [8 TeV]
h ! $$ (VBF, lephad) [8 TeV]
h ! $$ (VBF, leplep) [8 TeV]

V h ! V bb (0!) [8 TeV]
V h ! V bb (1!) [8 TeV]
V h ! V bb (2!) [8 TeV]

ATLAS

! "4.36
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Best fit prefers enhanced 𝛾𝛾 rate from light staus

18

7.3. Results 157

Figure 7.21: Enhancement of the h ! !! partial width in the presence of light staus for
the light Higgs case. The left plot shows the result of the 2012 analysis, the right plot
shows the update.

Figure 7.22: Original 2012 analysis: Enhancement of the h ! !! partial width in the
presence of light staus for the heavy Higgs case.

and the GUT relation between M1 and M2. Relaxing these assumptions would allow
for a larger enhancement of !(h ! !!)/!(h ! !!)SM, as is clear from the sharp rise
of this rate seen in Fig. 7.21 for low m!̃1 . For m!̃1

>" 300 GeV a decoupling to the SM
rate is observed. Through the contributions of light scalar taus it is thus possible to
accommodate enhanced values of Rh

"" , while maintaining Rh
bb and Rh

V V at the SM level.
While the best fit point has m!̃ " 100 GeV, the most favoured region covers the entire
m!̃ range.

Also in the updated analysis (right plot of Fig. 7.21) the preference for light staus
is clearly visible. Since the latest bb̄ measurements restrict the Rh

bb to values close to
1, light staus are the dominant source of the Rh

"" enhancement. Even though Rh
"" " 1

belongs to the most favoured region, heavy staus (! 600 GeV) are less favoured by
the fit. This feature stems from the fit to (g # 2)µ, since in the updated fit we choose

[P. Bechtle, S. Heinemeyer, O. Stål, T. Stefaniak, G. W., L. Zeune ’14]

158 Chapter 7. Fitting the MSSM to the observed Higgs signal

Figure 7.23: Original 2012 analysis: Dependence of the rates RH
!! and RH

bb (VH) on the
stop mixing parameter Xt/Mq̃3 for the heavy Higgs case.

Figure 7.24: Original 2012 analysis: Correlation of the µ parameter to the value of MA

(left), and dependence of !b corrections on µ tan! (right), both in the heavy Higgs case.

MẼ1,2
= ML̃1,2

= Ml̃3
.

In the heavy Higgs case, on the other hand, as shown in the right plot of Fig. 7.22,
the favoured region is located close to one, and light staus do not contribute to a possible
enhancement of RH

!! .
Similarly to the light Higgs case, we investigate the dependence of the rates on the

stop sector parameters for the heavy Higgs case. The results are shown in Fig. 7.23. As
in Fig. 7.16, the favoured regions are given for large and positive Xt/Mq̃3, where we find
0.8 <! RH

!!
<! 1.6 and a corresponding suppression of 0.6 <! RH

bb
<! 1.0. The !b corrections

can also in this case be largely responsible for the suppression of the RH
bb̄ rate, as we show

in Fig. 7.24. Here one can see that in the heavy Higgs scenario only values of !b between
! 0.3 and ! 0.6 are favoured, which are realised for 10 TeV <! µ tan! <! 35 TeV, i.e.
smaller values than in the light Higgs case (of the original 2012 analysis).

In order to summarise the discussion on favoured MSSM parameter regions, we list in

≈20% enhancement of partial width
Fit assumes slepton mass universality: 
⇔ Also impact from gμ - 2

⇒

pre-ICHEP data
from ATLAS 
and CMS
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Interpretation of the signal at 126 GeV in terms of 
the light Higgs h of the MSSM

19

MSSM fit, preferred values for the stop masses:
[P. Bechtle, S. Heinemeyer, O. Stål, T. Stefaniak, G. W., L. Zeune ’14]

152 Chapter 7. Fitting the MSSM to the observed Higgs signal

Figure 7.14: Original 2012 analysis: Stop mixing parameter Xt/Mq̃3 vs. the light stop
mass (left), and the light vs. heavy stop masses (right) in the light Higgs case.

Figure 7.15: Updated analysis: Stop mixing parameter Xt/Mq̃3 vs. the light stop mass
(left), and the light vs. heavy stop masses (right) in the light Higgs case.

In the heavy Higgs case only values of the charged Higgs boson mass below the top
mass (MH± < mt) are found, which o!ers the possibility to test this scenario at the
LHC by searching for charged Higgs bosons in top quark decays. We therefore show in
Fig. 7.13 the fit results for BR(t ! bH+) as a function of MH± . The current upper limit
on this decay mode [55] (published after this analysis was performed) sets very stringent
constraints on this interpretation. Comparing the limit presented by ATLAS, which is
displayed in Fig. 4.6 (and which is additionally shown as a black line in Fig. 7.13) with
the favoured region obtained from the fit, one sees that the most favoured region (and
most of the favoured region) is excluded at the 95% CL. However there are still allowed
(blue) points not excluded by the limit of Ref. [55], for which the mass of the heavy
CP-even Higgs is close to the observed signal. We are currently working on an update to
investigate to what extent the interpretation of the signal in terms of the heavy CP-even
Higgs in the MSSM is still viable.

Large stop mixing required
Best fit prefers heavy stops beyond 1 TeV
But good fit also for light stop down to ≈300 GeV

⇒
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MasterCode, global SUSY fits: CMSSM, NUHM1, 
NUHM2, pMSSM10

20

Global fit of SUSY 

!  Mastercode today 
!  supergravity: CMSSM, NUHM1, NUHM2  

!  phenomenological: pMSSM10 

03/07/2014( Kees(Jan(de(Vries;(Mastercode;(ICHEP(2014(
2(

NEW(

NEW(

Experimental(
constraints(

SUSY(model(SUSY(model(SUSY(model(SUSY(model(

Mastercode(
(
(

compaIbility(

predicIons(

parameters(

�2 =
NmeasX

i

✓
Pi � µi

�i

◆

m0, m1/2, A0, tan�, (m2
Hu

, m2
Hd

)

meq12 , meq3 , mel, M1, M2, M3, A, MA, tan�, µ

[O. Buchmueller et al ’14]
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pMSSM fit: signal at 125 GeV interpreted as light 
Higgs h

21

Resolving tension (g-2) and LHC 

03/07/2014( Kees(Jan(de(Vries;(Mastercode;(ICHEP(2014(
11(

X2/ndof$ p1value$

CMSSM( 35.1/23( 5.1(%(

NUHM1( 32.7/22( 6.6(%(

NUHM2( 32.5/21( 5.2(%(

pMSSM10( 21.1/17( 22(%(

pMSSM10$resolves$the(
tension(between((g\2)(and(
LHC(constraints.(This(
significantly(improves(the(fit.((

doNed:(CMSSM(
dashed:(NUHM1(
solid:(NUHM2(
black:(pMSSM(

preliminary(

SM( measurement(

[O. Buchmueller et al ’14]
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Search for non-standard heavy Higgses

22

SUSY Higgs: non-standard heavy Higgses

"Typical" features of extended Higgs sectors:

A light Higgs with SM-like properties, couples with about
SM-strength to gauge bosons

Heavy Higgs states that decouple from the gauge bosons

For “non-standard” Higgs states:

! Cannot use weak-boson fusion channels for production

! Possible production channels: gg " H, bb̄H, . . .

Cannot use LHC “gold plated” decay mode H " ZZ " 4µ

! Search for heavy Higgs bosons H,A,H± is very different
from the SM case

Beyond the Standard Model (Higgs), Georg Weiglein, IMFP13, Santander, 05 / 2013 – p. 42

• A signal could show up in H → ZZ → 4 l as a small bump, very 
far below the expectation for a SM-like Higgs (and with a 
much smaller width)

• Particularly important search channel: H, A → 𝛕𝛕

• Non-standard search channels can play an important role:       
H → hh, H, A → 𝛘𝛘, ...

⇒
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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

23

Search for MSSM ��ττ 

@CMSexperiment @ICHEP2014 a.david@cern.ch 

87 

!  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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ATLAS analysis in the 2HDM, H →WW*

24

2HDM, Type-II:

h and H ``share’’ their couplings to gauge bosons

⇒The analysis is most sensitive in the parameter region of the model that is least 
compatible with the signal at 126 GeV!

[ATLAS Collaboration ’13]
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mhmod benchmark scenario

• 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) for rel. 
small tanβ possible 25

[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)

14

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.

13
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Complementarity between benchmark scenarios 
and cross section limits
• Cross-section limits for different search topologies:                                     

Fairly model-independent ⇒ test of different models                                    
Exclusion bounds can be tested channel by channel; combination? 

• Benchmark scenarios of specific models (in particular: models that 
have a Higgs state that is compatible with the signal at 125 GeV): 
full strength of experimental analysis can be exploited for specific 
benchmark scenario, combination of channels, etc., but difficult to 
interpret in other models or w.r.t. changes in the input parameters 
or the theoretical predictions

26

Analyses in benchmark scenarios are important for exploring 
possible Higgs phenomenology

Benchmark results are crucial for validating implementation of 
cross section limits

⇒
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Extended Higgs sectors, case II: signal interpreted as a state 
H of an extended Higgs sector that is not the lightest one

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. 27

⇒
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MSSM realisation: very exotic scenario, where all 
five Higgs states are light

Before charged Higgs results from ATLAS: global fit yielded acceptable fit 
probability 

28

MSSM interpretation in terms of heavy Higgs H:

where is the light Higgs h in this case?

[P. Bechtle, S. Heinemeyer, O. Stål, T. Stefaniak, G. W., L. Zeune ’12]

! Light Higgs with Mh " 70 GeV, in agreement with LEP limits
Beyond the Standard Model (Higgs), Georg Weiglein, IMFP13, Santander, 05 / 2013 – p. 77

Lightest Higgs: mass and couplings to gauge bosons (blue: HiggsBounds-allowed)
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MSSM scenario can directly be probed with 
charged Higgs searches

Low MH scenario: dedicated benchmark scenario for charged 
Higgs searches

29

MSSM interpretation in terms of heavy Higgs H:

preferred values for MH± and BR(t! H+b)

[P. Bechtle, S. Heinemeyer, O. Stål, T. Stefaniak, G. W., L. Zeune ’12]

" MSSM interpretation in terms of heavy Higgs H can
be probed by charged Higgs searches

Beyond the Standard Model (Higgs), Georg Weiglein, IMFP13, Santander, 05 / 2013 – p. 76
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NMSSM: extension of the MSSM by a singlet + 
superpartner
• The case that the signal at 125 GeV corresponds to a Higgs 

boson which is not the lightest one in the spectrum happens 
generically in the NMSSM if the singlet is light (singlet-doublet 
mixing → upward shift of the SM-like Higgs)

• Analysis of possible NMSSM phenomenology in view of the 
existing limits from the Higgs searches and the properties of 
the signal at 125 GeV (implemented via HiggsBounds and 
HiggsSignals)  [F. Domingo, G. W. ’14]

Other work in this context: [G. Belanger, U. Ellwanger, J. Gunion, Y. 
Jiang, S. Kraml, J. Schwarz ’13], [M. Badziak, M. Olechowski, S. Pokorski ’13], 
[J. Gunion, Y. Jiang, S. Kraml ’12], [N. Christensen, T. Han, S. Su ’13], ...

30
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Best fit point and preferred region in ϰ - λ plane

31

Figure 3: Scan in the {,�}-plane for a heavy doublet: tan� = 8, MA = 1 TeV, A 2 [�2, 0] TeV, µ 2
[120, 2000] GeV, 2M1 = M2 = 500 GeV, M3 = 1.5 TeV, mQ̃3

= 1 TeV, mQ̃1,2
= 1.5 TeV, At = �2 TeV,

Ab,⌧ = �1.5 TeV. The left plot shows the repartition of the �2 in the plane while the right plot identifies
the region with light singlet states.

light-doublet CP-even Higgs states may be written as
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13 ⇠ 0, which reaches only ⇠ 123 GeV (that is on the margin of the uncertainty-
allowed window). Note in particular that the mixing-e↵ect with the singlet tends to push this mass in
the wrong direction when the singlet is heavier. A few points of the scan reach mh0
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⇠ 125 GeV, however:

the main di↵erence with the points involving a lighter singlet here comes from variations in couplings
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channel is slightly smaller and farther from the ATLAS measurement. Finally, we note that the mass of
the singlet reaches as low as ⇠ 62 GeV without spoiling the fit. The case of states under ⇠ 62 GeV will
be treated in a separate section.

We complete this discussion with Fig.5, whose scan di↵ers from the previous one only by a lower
trilinear coupling |At| (which thus tends to decrease the corrections to the mass of the light doublet).
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Preferred region spans over wide range of ϰ and λ, coincides 
largely with region where singlet mass is below 125 GeV

⇒
Figure 3: Scan in the {,�}-plane for a heavy doublet: tan� = 8, MA = 1 TeV, A 2 [�2, 0] TeV, µ 2
[120, 2000] GeV, 2M1 = M2 = 500 GeV, M3 = 1.5 TeV, mQ̃3

= 1 TeV, mQ̃1,2
= 1.5 TeV, At = �2 TeV,

Ab,⌧ = �1.5 TeV. The left plot shows the repartition of the �2 in the plane while the right plot identifies
the region with light singlet states.
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Figure 4: Same scan as in Fig.3 but showing the characteristics of the CP-even states (mass, singlet-
composition, relative coupling h1ZZ, mass-shift of the doublet-like h2).

The situation is essentially comparable to the previous case (note that the overall fit to the Higgs data
is somewhat worse), except for the fact that larger uplifts of the mass of the doublet-like h0

2 (�mh0
2
⇠

3� 4 GeV) are now favoured. Larger singlet doublet mixings (hence larger squared couplings of the light
singlet to Z bosons) ⇠ 15� 20% are thus prefered around mh0

1
⇠ 100 GeV. With slightly heavier singlets

mh0
1
⇠ 110 � 115 GeV, we observe that extreme mixings, up to ⇠ 25% may appear. In the presence of

mixings so large, the singlet-like state should appear as a ‘miniature’ Higgs boson and would have good
chances to be detected in direct production. Note however that, as we saw before, smaller mixings would
equally well fit in the picture, spoiling the visibility of the singlet. An alternative strategy there would
be to look at Higgs pair productions [25].

In the last references of [23], it was stressed that the characteristics of a light singlet-like state close in
mass to ⇠ 100 GeV could be altered also at large tan� so that the bb̄ rate would be suppressed and other
decay-channels, e.g. cc̄, enhanced. We illustrate this possibility in Fig.6: with already large tan� = 12,
we observe that the bb̄ rate may be strongly suppressed, while the other rates (here cc̄) are enhanced,
together with acceptable fit values (although best-fitting points retain a ‘classical’ behaviour).

Note that points involving light singlets are quite common in the NMSSM parameter space. The only
di�culty consists in stabilizing the low singlet mass and keeping the singlet-doublet mixing under control
(a strong mixing pushes the squared mass of the lightest state towards negative values). The typical scale
entering the singlet mass is 

�µ, so that light singlets favour low ratios /�. As tan� increases, however,
the balance among terms entering the mixing of the light doublet and singlet CP-even states is disturbed,
such that the region with large � and low  becomes increasingly unstable. Failing to keep /� small,
one observes that µ tends to be driven to low values ⇠ 100 GeV (in order to keep the singlet mass at the
electroweak scale without relying too much on accidental cancellations). The tuning becomes even more
severe when � ⇠  becomes large: one then relies exclusively on the accidental cancellation in the singlet
diagonal and the singlet-doublet mixing mass-matrix entries. It is therefore most natural to consider the
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Large singlet component, strong suppression of the coupling 
to gauge bosons
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Conclusions
Extended Higgs sectors are a well-motivated alternative to the SM

Most obvious interpretation of the signal at 125 GeV: lightest Higgs in the spectrum

MSSM: Mh = 125 GeV implies MA >> MZ : decoupling region, SM-like Higgs; MSSM 
provides good fit to the data, slightly improved fit quality w.r.t. SM

Search for Higgs states of extended Higgs sector: need to test compatibility with 
signal at 125 GeV; MSSM: mhmod benchmark scenario

Extended Higgs sector where the second-lightest Higgs is identified with the signal 
at 125 GeV: additional light Higgs with suppressed couplings to gauge bosons; 
``exotic scenario’’ within the MSSM, can essentially be ruled out with charged Higgs 
searches; can be realised generically in the NMSSM

33

The fact that there is no clear indication yet of BSM Higgs physics is no 
surprise from the point of view of extended Higgs sectors                      
Need to push both on properties of h(125) and on Higgs searches!

⇒
⇒
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Total Higgs width: recent CMS analysis

• Recent CMS analysis exploits 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 < 4.2 at 95% C.L., where 
8.5 was expected

• Problem: assumes equality of on-shell and far off-shell 
couplings; 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)
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Test of spin and CP hypotheses 

36

21 

Combined Analysis 

Higgs Couplings 2013. Freiburg 14-16 October 2013.                                                     Yesenia Hernández  

0+ against 0- 

0+ against 1+/- 

Combined HZZ and HWW analysis 
excludes those hypotheses up to 99.7%  

HZZ analysis excludes the 0- hypothesis at 97.8% CLs 

The SM 0+ has been tested against 
different JP hypotheses using the 
three ATLAS discovery channels   

 1+ hypothesis has been excluded at 99.97% 

 1- hypothesis has been excluded at 99.7% 

[ATLAS Collaboration ’13]
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Test of spin and CP hypotheses 
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[ATLAS Collaboration ’13]
22 

Combined Analysis 

Higgs Couplings 2013. Freiburg 14-16 October 2013.                                                     Yesenia Hernández  

0+ against 2+ 

 All three analysis have excluded the 2+ model 
with different qq fractions in favour of SM 0+.  
 
 From the combination of all of them, the 2+ 
hypothesis is rejected up to 99.9% CLs for all 
fractions of qq.    
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MSSM fit: preferred region for MA and tanβ
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7.3. Results 149

Figure 7.10: Higgs sector tree-level parameters (MA, tan !) in the light Higgs case for
the original 2012 fit (left) and the updated fit (right).

light staus in the loop-induced h ! "" decay, as we already mentioned in the previous
chapter. This possibility, which is favoured by the current data, will be discussed in
more detail below.

Turning to Fig. 7.9, we show the rate correlations for the heavy Higgs case (original
analysis). Similar results as in the light Higgs case are visible in the heavy Higgs data,
with the notable di!erence in the #+#! rate, mainly due to the inclusion of the contri-
bution from the CP-odd Higgs A. The favoured regions are found at values for RH/A

!!

between 2 and 4, while RH
bb remains below 1.

We now briefly discuss what mechanisms can alter the branching ratios in the manner
observed, and what the consequences are for the favoured regions of the MSSM param-
eter space. In Fig. 7.10 we show the scan results for the light Higgs case in the plane of
the Higgs sector tree-level parameters (MA, tan!), where the results of the original (up-
dated) fit are shown in the left (right) plot. Starting with the left plot one can note the
region at low MA, high tan! which is excluded by direct MSSM Higgs searches (mainly
H/A ! #+#!). The excluded region appears smaller in this plane than the correspond-
ing results published by the experiments [246,281], since their results are shown only for
one particular benchmark scenario (the so-called mmax

h scenario [253]). We see that the
regions of very high tan ! ! 40, and also low tan ! " 8, are disfavoured by the fit. At
high tan ! this results from a poor fit to (g"2)µ and flavour observables, whereas for low
tan! the fit to the LHC Higgs observables becomes worse. For low tan! it also becomes
increasingly di"cult to fit the relatively high Higgs mass value. Low values of MA are
disfavoured by the fit results. The region in which we find points with Mh close to the
observed signal starts at MA ! 150 GeV. The preferred region starts at MA ! 170 GeV
(and the most favoured region at MA ! 230 GeV). Taking the rate information into
account therefore suggests somewhat higher mass scales for the MSSM Higgs sector than
what is required by the M̂H # 125.7 GeV Higgs mass measurement alone [48]. The rel-
atively large MA values imply that the MSSM is in the decoupling region (MA $ MZ),
where the light Higgs has (almost) SM-like couplings. Note that this is already a con-
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HL-LHC and ILC
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(b) Assume !V # 1.

Figure 19: Prospective model-dependent Higgs coupling determination at the ILC in comparison with
the (optimistic) HL-LHC scenario.

While the !Z scale factor can be probed already quite accurately at the early ILC stage at 250 GeV
due to the dominant Higgs-Strahlungsprocess, the !W determination is less precise, "!W ! 4.0%. This
picture changes at the later stages of the ILC with higher center-of-mass energies (denoted as ILC500
and ILC1000) where the W -boson fusion process becomes the dominant production mode. Here, all
scale factors in this parametrization except !! can be determined to a precision of ! 2.5% using only
ILC measurements. After the luminosity upgrade (denoted ILC1000 (LumiUp)), even the !! coupling
can be probed with an accuracy of ! 2.5% and the remaining couplings are determined at the ! 1%
level, using ILC measurements only. In the case where !V " 1 is imposed instead of assuming an
invisible Higgs decay, the upper limit on BR(H # NP) inferred from the fit improves significantly at
the ILC from 8.5% to 3.3% at the 95% C.L..

As stated earlier, the assumptions made in the previous fits are unnecessary at the ILC once the
total cross section measurement of the e!e+ # ZH process is taken into account. Therefore, model-
independent estimates of the Higgs coupling accuracies can be obtained, which are shown in Fig. 20(a)
and (b) for the ILC only and HL-LHC$ ILC combined measurements, respectively. The values are also
listed in Tab. 12. The estimates obtained for the ILC-only measurements in this model-independent
approach are only slightly weaker than obtained under additional model-assumptions, cf. Fig. 19. A
model-independent 95% C.L. upper limit on BR(H # NP) of ! 5.8% can be obtained at the early
ILC stage (ILC250), which improves to ! 4.1 % 4.4% at the later (baseline) ILC stages. The more
precise measurement of the e!e+ # ZH cross section with a luminosity upgrade at 250 GeV pushes
the limit further down, such that we have BR(H # NP) ! 2.2% at the ultimate ILC stage.
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Figure 21. Future precision of Higgs couplings using the ultimate HL-LHC measurements alone
and in combination with ILC measurements. In all scenarios, the total width is not constrained by
assumptions on the additional Higgs decay or limited scale factor ranges (e.g. !V ! 1). (TS: This
plot can easily be done also for the 8-dim. fit.)
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