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Constraining new physics with Higgs results"
Exclusion Limits  
Remains an important handle to  
constrain extended Higgs sectors 
 
 à HiggsBounds 
 
 
 
"
Signal measurements 
New physics models must also be  
compatible with the H(125) mass  
and rate measurements 
 
à HiggsSignals"

Bechtle, Brein, Heinemeyer, OS, Stefaniak, Weiglein, Williams 
[0811.4169], [1102.1898], [1311.0055]"

Bechtle, Heinemeyer, OS, Stefaniak, Weiglein, [1305.1933]"
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§  Like HiggsBounds, HiggsSignals is a public Fortran 90 code  
Its purpose is to test the compatibility of arbitrary models to current 
and future measurements of signals in Higgs searches 
"

§  HiggsSignals uses the same input structure as HiggsBounds (HB) 
-> Very easy to get started for users already familiar with HB 
"

§  Authors: P. Bechtle, S. Heinemeyer, O. Stål, T. Stefaniak, G. Weiglein 
"

     First release: 1.0.0 (May 2013) - Current version: 1.2.0 (March 2014) 
"
§  Detailed physics description and user manual published  

 
"

§  HiggsSignals can be downloaded from:"

HiggsSignals"

Bechtle, Heinemeyer, OS, Stefaniak, Weiglein, [1305.1933]"

h-p://higgsbounds.hepforge.org	  
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Brief Description"
§  HiggsSignals tests Higgs sector predictions (user input) against 

measured Higgs mass(es) and rates from the LHC/Tevatron 
(experimental input) by evaluating a χ2 value (output) 
 
"

§  The aim is to be  
 - as model-independent as possible  
   not by limiting studies to e.g. effective couplings, but by providing a  
   generic tool that can be used to test (any) specific model  
"

 "- as precise as possible  
   "  Primarily limited by the public information on experimental results"
"
§  HiggsSignals has been designed from the beginning to handle 

multiple Higgs bosons and multiple Higgs signals"
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Experimental data"
§  The basic quantity used in HiggsSignals is the signal strength 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
"
§  Experimental efficiencies (acceptance)     from  
  experimental publications. Default assumption:  
     "

2 Higgs signals in collider searches HiggsSignals User Manual
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(a) The best-fit signal strength µ̂ for the
LHC Higgs process (pp) → H → ZZ(∗) →
4!, given as a function of the assumed
Higgs mass mH . The cyan band gives the
68% C.L. uncertainty of the measurement.
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CMS Preliminary  = 125.8 GeVH m

(b) The signal strength of various Higgs channels
measured at a fixed hypothetical Higgs mass of mH =
125.8 GeV. The combined signal strength scales all
Higgs signal rates uniformly and is estimated to µ̂comb =
0.88± 0.21.

Figure 1. Measured signal strength modifiers by ATLAS in the search for H → ZZ(∗) → 4! [25]
(a), and the best fit rates (in all currently investigated Higgs decay channels) for a Higgs signal at
mH = 125.8 GeV according to CMS [27] (b).

measured rate. Since the signal strength modifier is measured relative to its SM value

(µ̂ = 1, displayed in Fig. 1 by a dashed line), this contains also the theory uncertainties on
the SM Higgs cross section and branching ratios [23, 24, 26]. As can be seen from Fig. 1,

the measured value of µ̂ is allowed to take on negative values. In the absence of sizable

signal-background interference—as is the case for the SM—the signal model would not

give µ̂ < 0. This must therefore be understood as statistical downward fluctuations of

the data w.r.t. the background expectation (the average background-only expectation is

µ̂ = 0). To keep µ̂ as an unbiased estimator of the true signal strength, it is however
essential that the full range of values is retained. As we shall see in more detail below, the

applicability of HiggsSignals is limited to the mass range for which measurements of µ̂

are reported. It is therefore highly desirable that experiments publish this information

even for mass regions where a SM Higgs signal has been excluded.

A second example of HiggsSignals input, this time from CMS, is shown in the right

plot of Fig. 1 (from [27]). This figure summarizes the measured signal strength modifiers
for all relevant Higgs decay channels at an interesting value of the Higgs mass, here

mH = 125.8 GeV. This particular value is typically selected to correspond to the maximal

significance for a signal seen in the data. It is important to note that, once a value for mH

has been selected, this plot shows a compilation of information for the separate channels

that is also available directly from the mass-dependent plots (as shown in Fig. 1(a)).

Again, the error bars on the measured µ̂ values correspond to 1σ uncertainties that
include both experimental (systematic and statistical) uncertainties, as well as SM theory

uncertainties.

The idea of HiggsSignals is to compare the experimental measurements of signal

5
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Experimental data"
§  The data format is easily accessible to the user (text files) 
   Observables can be added/edited/removed and organized in directories 
 
 
 
 
 
 
 
 
 
 
 
 
 
"
§  For the 99% of users who are not interested in this, we (try to)  
   maintain an up-to-date default set "

Experimental input

The user can directly add/remove/edit observables via text files:

# Published at Moriond 2013.
# Data read in from Fig. 25a.
# No efficiencies are given (for this inclusive result)
# Mass uncertainty contains 0.6 GeV (stat) and 0.5 GeV (syst) error.
#(Gauss: 0.8, linear: 1.1)
2013013101 201301301 1
ATL-CONF-2013-013
LHC, ATL, ATL
(pp)->h->ZZ->4l
8 25.3 0.036
1 1
1.1
124.3 124.3 0.1
4 -1
13 23 33 43

124.3 1.293 1.697 2.194

T. Stefaniak (Uni Bonn) HiggsSignals Alliance Workshop 2013 5 / 15
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Observables included in HiggsSignals-1.2.0

H ! WW ! `⌫`⌫ (0/1 jet) [8 TeV]
H ! WW ! `⌫`⌫ (2 jet) [8 TeV]

V H ! V WW [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

6.1!

10.44!

�1 0 1 2 3

H ! WW

H ! ��

H ! ⌧⌧

H ! bb

DØ
4.2!

�1 0 1 2 3

[8 TeV] H ! WW ! 2`2⌫ (0/1 jet)

[8 TeV] H ! WW ! 2`2⌫ (VBF)

[8 TeV] H ! WW! 2`2⌫ (VH)

[8 TeV] V H ! V WW (hadr. V )

[8 TeV] WH !WWW !3`3⌫

[8 TeV] H ! ZZ ! 4` (0/1 jet)

[8 TeV] H ! ZZ ! 4` (2 jet)

[8 TeV] H ! �� (untagged 0)

[8 TeV] H ! �� (untagged 1)

[8 TeV] H ! �� (untagged 2)

[8 TeV] H ! �� (untagged 3)

[8 TeV] H ! �� (2 jet, loose)

[8 TeV] H ! �� (2 jet, tight)

[8 TeV] H ! �� (ETmiss)

[8 TeV] H ! �� (e)

[8 TeV] H ! �� (µ)

[7 TeV] H ! �� (untagged 0)

[7 TeV] H ! �� (untagged 1)

[7 TeV] H ! �� (untagged 2)

[7 TeV] H ! �� (untagged 3)

[7 TeV] H ! �� (2 jet)

[8 TeV] H ! µµ

[8 TeV] H ! ⌧⌧ (0 jet)

[8 TeV] H ! ⌧⌧ (1 jet)

[8 TeV] H ! ⌧⌧ (VBF)

[8 TeV] V H ! ⌧⌧

[8 TeV] V H ! V bb

[8 TeV] ttH ! 2` (same sign)

[8 TeV] ttH ! 3`

[8 TeV] ttH ! 4`

[8 TeV] ttH ! tt(bb)

[8 TeV] ttH ! tt(��)

[8 TeV] ttH ! tt(⌧⌧)

CMS

4.25!

5.34!

5.3!

 �4.8

H ! WW

H ! ��

H ! ⌧⌧

V H ! V bb

ttH ! ttbbCDF

7.81!

9.49!

µ̂

80 signal rate + 4 mass measurements

Tim Stefaniak (Bonn University) Promotionskolloquium July 16, 2014 13 / 28

§  Public version (and this talk) contains results up to March 2014"
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User input"
§  To test a model, the user has to provide as input 
 

     The number of (neutral) Higgs bosons: 
 
                                           Higgs masses: 
 
                         Production cross sections: 
 
                                     Total decay widths: 
 
                              Decay branching ratios: 
       
      Optional: Model-specific theoretical uncertainties:      
"
§  A number of different options exist for the physics input: 
   hadronic cross sections, partonic cross sections, effective couplings 
"
§  … and also a number of technical interfaces to do it: 
   tabulated data files, SLHA (for MSSM/NMSSM), library of subroutines"

N, k = 1 . . . N

Mk

�tot

k

�i(pp ! Hk)

BR(Hk ! X)

�Mk ��i �BR
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χ2  Evaluation"

3.1 The peak-centered χ2 method HiggsSignals User Manual

correlated way. Schematically, the total χ2 is given by

χ2
tot = χ2

µ +
NH
∑

i=1

χ2
mi
, (5)

where NH is the number of (neutral) Higgs bosons of the model. The calculation of the
individual contributions from the signal strength modifiers, χ2

µ, and the Higgs masses,

χ2
mi
, will be discussed below.

The input data used in this method is based on the prejudice that a Higgs signal has

been observed at a particular Higgs mass value, which does not necessarily have to be

the exact same value for all observables. Technically, each observable is defined by a

single text file, which contains all relevant information needed by HiggsSignals. An
experimental dataset2 is then a collection of observables, whose text files are stored in a

certain subdirectory of the HiggsSignals distribution. Users may add, modify or remove

the experimental data for their own purposes, see Sect. 4.6 for more details.

Currently, an obvious and prominent application of the peak-centered χ2 method would

be the test of a single Higgs boson against the rate and mass measurements performed at

around 125–126 GeV in all channels reported by the experimental collaborations at the
LHC and Tevatron. This scenario will be discussed in detail in Sect. 5. However, Higgs-

Signals is implemented in a way that is much more general: Firstly, contributions from

other Higgs bosons in the model to the Higgs signals will be considered, and if relevant,

included in the test automatically. Secondly, the extension of this test to more Higgs

signals (in other mass regions) can simply be achieved by the inclusion of the proper

experimental data, or for a phenomenological study, the desired pseudo-data.

3.1.1. Signal strength modifiers

For N defined signal observables, the total χ2 contribution is given by

χ2
µ =

N
∑

α=1

χ2
µ,α = (µ̂− µ)TC−1

µ (µ̂− µ), (6)

where the observed and predicted signal strength modifiers are contained in the N -

dimensional vectors µ̂ and µ, respectively. Cµ is the signal strength covariance matrix.

The signal strength covariance matrix Cµ is constructed in the following way. The
diagonal elements (Cµ)αα (corresponding to signal observable α) should first of all

contain the intrinsic experimental (statistical and systematic) 1 σ uncertainties on the

signal strengths squared, denoted by (∆µ̂∗
α)

2. These will be treated as uncorrelated

uncertainties, since there is no information publicly available on their correlations. We

define these uncorrelated uncertainties by subtracting from the total uncertainty ∆µ̂α

(which is given directly from the 1 σ error band in the experimental data, cf. Fig. 1) the
luminosity uncertainty as well as the theory uncertainties on the predicted signal rate

2The most up-to-date experimental data is contained in the folder Expt tables/latestresults. A
summary of these observables, as included in the HiggsSignals-1.0.0 release, is given in Sect. 5, Fig. 2.

8

§  Summing over all observables α, a global χ2 function is determined for 
   the rates  
 
 
 
"
§  Correlations of major systematic uncertainties taken into account: 
     - Luminosity uncertainties (fully correlated within experiments)  
     - Theoretical rate uncertainties (fully correlated for same channels) 
       
    Other (exp.) correlations could be included similarly if they were  
    publicly available  
 "
§  Total χ2 with contribution from mass observables (γγ/ZZ) added:  
 
  
   Different Higgs mass pdfs (Gaussian, box, box+Gaussian) available"

�2

tot

= �2

µ + �2

m
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§  In a multi-Higgs theory, e.g. the MSSM, any neutral Higgs boson  
   could in principle be responsible for the observed signal(s) 
"
§  The theoretical prediction µ used for a particular observable  
   α is determined by assigning one or more Higgs bosons  
   to the signal, based on their masses: 
 
 
 

" " " " " " " " Λ is a tuning parameter of O(1) 
"
§  When multiple Higgs bosons are assigned to the same signal, the  
   rate is determined by an incoherent sum (interference neglected) 
 
 
"
§  Observables with no assigned Higgs bosons contribute a χ2 value  
   corresponding to the prediction µ = 0"

Multiple	  Higgs	  bosons	  

3.2 The mass-centered χ2 method HiggsSignals User Manual

signal cannot be explained by any of the Higgs bosons in the model.

For each Higgs search analysis the best Higgs boson assignment is found in the following

way: For every possible assignment η of a Higgs boson combination to the signal α

observed in the analysis, its corresponding tentative χ2 contribution, χ2
α,η, based on both

the signal strength and potentially the Higgs mass measurement, is evaluated. There are
two requirements the Higgs combination has to fulfill in order to be considered for the

assignment:

• Higgs bosons which have a mass mi close enough to the signal mass m̂α, i.e.

|mi − m̂α| ≤ Λ
√

(∆mi)2 + (∆m̂α)2, (15)

are required to be assigned to the signal α. Here, Λ denotes the assignment range,

which can be modified by the user, see Section 4.4 (the default setting is Λ = 1).

• If the χ2 contribution from the measured Higgs mass is deactivated for this signal,

combinations with a Higgs boson that does not fulfill Eq. (15) are not taken into

account for a possible assignment.

In the case where multiple Higgs bosons are assigned to the same signal, the combined

signal strength modifier µ is taken as the sum over their predicted signal strength
modifiers (corresponding to incoherently adding their rates). The best Higgs-to-signals

assignment η0 in an analysis is that which minimizes the lowest overall χ2 contribution,

i.e.

η0 = η, where

Nsignals
∑

α=1

χ2
α,η is minimal. (16)

Here, the sum runs over all signals observed within this particular analysis. In this

procedure, HiggsSignals only considers assignments η where each Higgs boson is not
assigned to more than one signal within the same analysis in order to avoid double

counting.

Finally, there is also the possibility to enforce that a collection of peak observables is

either assigned or not assigned in parallel. This can be useful if certain peak observables

stem from the same Higgs analysis but correspond to measurements performed for specific

tags or categories (e.g. as presently used in H → γγ analyses). See Section 4.6 for a
description of these assignment groups.

3.2. The mass-centered χ2 method

The mass-centered χ2 method is complementary to the peak-centered χ2 method, since

it allows for a more general test of the model against the experimental data without

reference to particular signals. This method uses the data where the measured best-fit
signal strength modifiers are published as a function of the Higgs mass over the (full)

investigated mass range, as shown in Fig. 1(a).3 A χ2 test can then be performed directly

at the predicted Higgs mass(es), mi, of the model if these fall within the experimentally

investigated mass range of an analysis a (denoted by Ga). For Higgs bosons that are

3This is sometimes referred to as the “cyan-band plot”, or alternatively the “µ̂ plot”.

12

µ↵ =
X

i

(µ↵)i
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Applications"
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Coupling scale factors"
§  Fit of universal coupling scale factors, κi (SM: κi = 1) 
   Assumes single Higgs boson, SM coupling structure  
"
§  Official ATLAS/CMS coupling fits used  
   to validate HiggsSignals procedure  
    
 
 
 
 
 
"

5 Validation with official fit results. . . HiggsSignals User Manual
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Figure 6. Comparison of fit results for the universal scale factors for the production cross sections of
gluon-gluon fusion (ggf) and top quark pair associated Higgs production (ttH), µggf+ttH, and of vector
boson fusion (qqH) and vector boson associated Higgs production (VH), µqqH+VH, using the individual
Higgs search channel results from ATLAS [in (a)] and CMS [in (b)]. The 68% (95%) C.L. regions are
shown as deep colored, solid (dashed) and faintly colored, dotted (fine-dotted) contours for the Higgs-

Signals results and official ATLAS/CMS result, respectively. The best fit points are given by the
asterisk [plus sign] for the HiggsSignals [official] result.

(seen in the tilt of the ellipses). However, our reproduced ellipse is shifted towards

lower values of µqqH+VH. In order to investigate the influence of correlated experimental
systematic uncertainties, we introduced a tunable degree of correlation among the VBF-

tagged H → γγ categories. A much better agreement between HiggsSignals and the

official result is obtained when around 30% of the measured relative signal strength

uncertainty of the VBF-tagged categories is treated as a fully correlated uncertainty.

This indicates that including this type of (not public) information could potentially lead

to an improvement of the HiggsSignals methodology in certain channels. A similar effect
from correlations of experimental systematics may lead to the differences observed in the

H → ττ ellipses. The H → ZZ ellipse can only be roughly reproduced using the publicly

available data for the two H → ZZ observables. Even after adjusting their production

mode efficiencies, cf. Tab. 11, differences remain due to the Gaussian approximation and

possibly further (publicly unavailable) information on the VBF-likeness of the observed

signal events [32].
Using the results in Fig. 6, we can estimate the typical differences between the official

results from ATLAS and CMS and the HiggsSignals implementation. We classify the

difference in two ways: first, the ∆χ2 in our fit between the official best fit point from

the collaboration and the best fit point from HiggsSignals, and second, the distance

between the two best fit points in the parameter space relative to the 1σ uncertainty in

the direction spanned by these two best-fit points.
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Figure 22. One-dimensional �2 profiles of the fitted Higgs coupling scale factors
V ,u,d,`,g,� using only the CMS Moriond 2013 results [5]. The CMSH ! �� measurements
were rescaled to a Higgs boson mass of 125.7 GeV and include correlations of some experimental
systematic uncertainties. The blue curves show the original fit result obtained by CMS [5].

In order to evaluate the impact of the calculation of uncertainties and correlations on the

�2, we investigate the P-value of a SM-like Higgs boson modified by a global scale param-

eter . It is tested against the latest rate measurements from ATLAS, CMS, CDF and

DØ, see Appendix A for details. Using a toy Monte Carlo technique the P-value is then

evaluated from the HiggsSignals calculated �2 for sets of pseudo-measurements thrown

around the best fit point and according to the covariance matrix, which we obtain at the

best fit point. The exact P-value based on the full likelihood distribution can of course

only be calculated by the experimental collaborations. However, no combination of the

experiments at LHC and the Tevatron is available, such that an approximate calculation

is of interest.

The default treatment of uncertainties in HiggsSignals suggests a deviation from the

ideal �2 distribution in both the signal strength part, �2
µ, and the Higgs mass part, �2

m.

Therefore, the P-value can only approximately be extracted from the observed �2 at the

best fit point and the number of degrees of freedom (ndf) assuming an ideal �2 distribution.

Instead, toy measurements have to be employed to take into account the following e↵ects

in the P-value evaluation:

1. The usage of asymmetric (upper and lower) uncertainties in the rate measurements

instead of averaged (symmetric) uncertainties. The choice for the observed rate

uncertainty entering the �2 evaluation, �µ̂, is dependent on the relative position of

– 53 –

CMS-‐PAS-‐HIG-‐13-‐005	  

ATL-‐CONF-‐2013-‐034	  

LHC Higgs XS WG 
[1209.0040], [1307.1347]"
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Results

The SM gives �2/ndf = 84.3/80 (P-value = 35.0%).

Consider the following scenarios:

Fit I: universal  Fit II: V , F Fit III: W , Z , F

Fit IV: V , u, d , ` Fit V: g , � Fit VI: V , u, d , `, g , �

Fit W Z u d ` g � BR95%CL
H!inv �2/ndf P-value

I 1.01 1.01 1.01 1.01 1.01 1.01 1.01 < 37% 84.3/79 32.2%

II 1.02 1.02 0.95 0.95 0.95 0.95 1.04 < 37% 84.0/78 30.1%

III 1.00 1.06 0.93 0.93 0.93 0.93 1.02 < 36% 83.7/77 28.2%

IV 1.00 1.00 0.84 0.84 0.99 0.84 1.04 < 39% 82.8/76 27.8%

V 1.00 1.00 1.00 1.00 1.00 0.92 1.14 < 20% 82.6/78 33.9%

VI 1.00 1.00 1.42 0.86 1.05 0.88 1.09 < 39% 79.9/74 29.9%

= = = =

= = =
= =

=

= = = =

=

) Best-fit values are very close to the SM (i ⌘ 1).

) No modification yields a better fit than the SM!

Tim Stefaniak (Bonn University) Promotionskolloquium July 16, 2014 17 / 28

Coupling scale factors"

§  Best fit values are very close to unity 
"
§  Invisible branching ratio < 40% (at 95% CL) 
"
§  None of the deformations yield a fit quantitatively better than the SM"

Bechtle, Heinemeyer, OS, Stefaniak, Weiglein, [1403.1582]"

§  Full data from ATLAS/CDF/CMS/D0 used simultaneously (80 observables)"

SM: χ2/ndf = 84.3/80, P = 35.0%"
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Most general kappa fit"
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Figure 11. One-dimensional ��2 profiles for the parameters in the (V ,u,d,`,g,� ,BR(H !
inv.)) fit.

The fit results are shown as one- and two-dimensional��2 profiles in the fit parameters

in Fig. 9 and 10, respectively. The (1D) preferred parameter values are also provided in

Tab. 5. In this scenario, the best fit indicates a slight suppression of the Higgs-gluon

coupling, g = 0.92, with a simultaneous enhancement in the Higgs-photon coupling, � =

1.14. The anti-correlation of these two parameters 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 with 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

– 24 –
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MSSM"
§  We now consider the MSSM with all soft parameters specified at  
   low scale (pMSSM) 
"
§  Higgs spectrum, cross sections, and decay branching ratios are  
   evaluated directly in the full model using FeynHiggs 
 
   -> No simplifications, effective coupling frameworks or analytic 
       approximations are necessary! 
"
§  Higgs Constraints (parts I and II) 
   HiggsSignals χ2 information on the H(125) signal + 
   LEP χ2 information (light Higgs) +  
   HiggsBounds Direct search limits (95% C.L.) 
"
§  Low-energy observables (part II only)  
   Flavor constraints ( " "    ,                    ,                ) " "      SuperIso  
   g-2 muon " " " " " " " " " " " " " 
   MW " " " " " " " " " " " " " ""

B ! Xs� Bs ! µ+µ� B ! ⌧⌫⌧

Hahn, Heinemeyer, Hollik, Rzehak, Weiglein 
[1312.4937]"

Mahmoudi, [0710.2067]"

Heinemeyer, Hollik, Weiglein, Zeune, [1311.1663]"
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Mh-max scenario"
§  One of several benchmark scenarios for MSSM Higgs searches at LHC  
  Maximizes light Higgs mass through large stop mixing"
"

 100  200  300  400  500  600  700  800  900  1000
MA / GeV

 5

 10
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 25

ta
n`
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 25

 30
6r2 

h excl.
h/H/A A oo excl.

H+ excl.
h LEP excl.
68.3% C.L.
95.5% C.L.

HiggsSignals-1.2.0 (updated) mh
max scenario (MSSM)

�2/ndf = 84.9/83

Xt = At � µ cot� = 2MS MS = 1TeV
Carena, Heinemeyer, OS, Wagner, Weiglein, [1302.7033]"
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Mh-mod+ scenario"
§  Modified stop mixing to yield Mh compatible with signal over large  
  parts of the parameter space"
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HiggsSignals-1.2.0 mh
mod+ scenario (MSSM)

�2/ndf = 85.2/83
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Global pMSSM analysis"
§  Analysis of individual benchmark scenarios indicate: 
   - decoupling limit strongly favored -> SM-like rates 
   - MA > 400 GeV (68% C.L.), > 320 GeV (95% C.L.) 
  Does this picture persist in a global scan of the (TeV-scale) pMSSM?  
 
 
 
 
 
 
 
 
 
 
 
"
§  Higgs constraints as before (HB+HS), low-energy observables (LEO) 
   included into total χ2 "

Parameter Minimum Maximum

MA [GeV] 90 1000

tan� 1 60

µ [GeV] 200 4000

MQ̃3
[GeV] 200 1500

M˜̀ [GeV] 200 1500

Af [GeV] -3MQ̃3
3MQ̃3

M1 [GeV] 100 M2

M2 [GeV] 200 500

MQ̃1,2
= mg̃ = 1500 GeV
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pMSSM Global Analysis: Results"
All points: 120 < Mh < 130 GeV  
Allowed by direct limits (HB) 
Best fit point"
��2 < 2.30

��2 < 5.99

§  SM and MSSM provide similar quality of fit for the Higgs observables, 
  MSSM does better with low-energy data included  
"
§  Decoupling scenario of benchmarks reproduced:  
   MA > 250 GeV (95% C.L.), MA > 400 GeV (68% C.L.) 
   Wide range of tan β allowed"

6.2 Interpretations within the phenomenological MSSM

LHC only LHC+Tevatron LHC+LEO LHC+Tevatron+LEO
‰2/‹ ‰2

‹ P ‰2/‹ ‰2
‹ P ‰2/‹ ‰2

‹ P ‰2/‹ ‰2
‹ P

SM 27.6/34 0.81 0.77 31.0/37 0.84 0.74 41.6/39 1.07 0.36 45.3/42 1.08 0.34
h 23.3/28 0.83 0.72 26.8/31 0.86 0.68 26.7/33 0.81 0.77 30.4/36 0.84 0.73
H 26.0/28 0.93 0.57 33.1/31 1.07 0.37 35.5/33 1.08 0.35 42.4/36 1.18 0.21

Table 6.3: Original 2012 analysis: Global ‰2 results with ‹ degrees of freedom from the fits of the SM
and the MSSM with either h or H as the LHC signal, the reduced ‰2

‹ © ‰2/‹, and the corresponding
P-values. The number of degrees of freedom are evaluated naively as ‹ = nobs ≠ nparam.

LHC+Tevatron LHC+Tevatron+LEO
‰2/‹ ‰2

‹ P ‰2/‹ ‰2
‹ P

SM 87.5/83 1.05 0.35 102.8/88 1.17 0.17
h 84.3/77 1.09 0.27 87.2/82 1.06 0.33

Table 6.4: Updated analysis: Global ‰2 results with ‹ degrees of freedom from the fits of the SM and
the MSSM light Higgs case, the reduced ‰2

‹ © ‰2/‹, and the corresponding P-values.

6.2.4 Results

We now turn to the discussion of the fit results. We discuss the results from the original analysis
and the updated analysis in parallel. Typically, each part starts with the original 2012 results
for the light Higgs case, followed by the updated results for this interpretation. Afterwards we
discuss the original 2012 results for the heavy Higgs case, for which we have not updated the
analysis yet.

In Tab. 6.3 we present the results of the original 2012 fits in terms of total ‰2 values (with ‹
degrees of freedom), the reduced ‰2

‹ © ‰2/‹, and the corresponding P-values. Since ‹ is derived
via the naive counting, the absolute numbers of the P-values should not be overinterpreted; the
relative numbers, however, give a good impression of the relative goodness of the fits. For
each MSSM intrepretation (the cases of either h or H as the 125.7 GeV signal) we present
four di�erent fits: one taking the complete dataset (LHC+Tevatron+LEO) into account, one
where the low-energy observables (LEO) are left out, one where the Tevatron data are left
out, and finally the fit where only LHC observables are considered. When the fit is performed
using only the high-energy collider data, both with and without the Tevatron results, the
obtained ‰2 values of the best fit points are quite similar between the SM and the two MSSM
interpretations, where the fit in the heavy Higgs case becomes slightly worse after the inclusion
of the Tevatron data. When low energy observables are included, the SM and the heavy Higgs
case fits become somewhat worse. In the latter case this can be understood from the potentially
larger contributions of light Higgs bosons to B-physics observables. For the SM fit the reason lies
in the fact that the SM prediction for (g ≠ 2)µ di�ers by more than 3 ‡ from the experimental
value. Still we find that the SM provides a good fit to the full dataset, with PSM = 0.34.
On the other hand, concerning the MSSM it should be kept in mind that we did not fit the
second generation slepton masses, which could potentially further improve the aµ fit. For the
complete fit, the corresponding P-values in the MSSM cases are Ph = 0.73 (PH = 0.21) for the
h (H) interpretations, respectively, which are both acceptable P-values. Thus the light Higgs

157



2014-‐07-‐21	   SUSY2014	   20	  

Best fit point"
6.2 Interpretations within the phenomenological MSSM

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

V h ! V WW [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

6.1!

10.44!
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Figure 6.6: Updated analysis: Comparison of the observed Higgs signal strength modifiers with those
predicted by the best fit point found in the updated analysis of the light Higgs interpretation in the
MSSM. The experimental data is shown as black dots (with error bars). The red solid squares indicate
the prediction of the best fit point obtained in the full fit (LHC+Tevatron+LEO).

LEO Oi ‰2
h Pull

BR(B æ Xs“) ◊ 10

4
3.55 0.03 0.18

BR(Bs æ µ+µ≠
) ◊ 10

9
3.66 0.77 0.88

BR(Bu æ ·‹· ) ◊ 10

4
0.78 2.00 ≠1.41

”aµ ◊ 10

9
2.76 0.09 ≠0.29

MW [GeV] 80.382 0.01 ≠0.10

Table 6.6: Updated analysis: Best fit results (for the complete fit) with corresponding ‰2 contributions
and pulls for the low-energy observables (LEO).

161

§  Overall results is very SM-like, the ~10% enhancement of γγ from light 
  staus also gives better fit to (g-2)µ due to assumed slepton universality"
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Implications for the stop sector"

6 Implications of the Higgs Boson Discovery for Supersymmetry

Figure 6.17: 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 6.18: 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.

charged Higgs bosons in top quark decays. We therefore show in the right plot of Fig. 6.16
the results for BR(t æ bH+) as a function of MH± . The currently most stringent upper limit
on this decay mode10, shown in Fig. 3.3 and published by ATLAS [261] after this analysis
was performed, is overlaid as a black line in the Fig. 6.16 (right). This limit sets very stringent
constraints on this interpretation, excluding the most favored region at the 95% C.L.. However,
as can be seen from the figure, there still remain unexcluded parameter points with charged
Higgs masses MH± & 145 GeV within this interpretation. Hence, it remains to be seen within
a future update of this analysis, whether the heavy CP-even Higgs interpretation of the MSSM
is still viable in the light of updated observables and constraints from LHC Higgs searches.

The most relevant parameters for higher-order corrections in the MSSM Higgs sector are
the soft SUSY-breaking parameters in the stop sector. As it was shown in Ref. [270], light
scalar top masses down to 150 GeV are in agreement with a light CP-even Higgs mass around
≥ 125 GeV, provided the mixing in the scalar top sector is su�ciently strong. Here we show the

10 Note, that the displayed exclusion limit assumes BR(H+ æ ·+‹· ) = 1.

170

§  Xt = 0 strongly disfavored (unless stops multi-TeV) 
"
§  Both signs of Xt allowed in the most favored region  
"
§  Lower limit on lightest stop mass from Higgs physics (                         ) 
   complementary to limits from direct searches"

mt̃1 & 300GeV
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Conclusions"
§  The public code HiggsSignals makes use of LHC/Tevatron measurements 
   to evaluate a χ2 function comparing Higgs data <-> theory for BSM models   
"
§  Our general strategy for this code is to  
    - be model-independent (allow testing different explicit BSM models) 
    - be as precise as possible (using public information) 
    - keep it up-to-date with latest results 
  "
§  The procedure and code is validated against official CMS/ATLAS fits 
"
§  Rescaling of SM Higgs couplings was analyzed (six scenarios) 
   – no indication in the combined result of deviations from κi = 1  
"
§  MSSM benchmark scenarios show best fit in decoupling region, 
   rates for lightest Higgs very close to SM -> Lower limit on MA 
   More detailed results will follow from the global pMSSM fit – stay tuned!"

http://higgsbounds.hepforge.org"
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Backup"
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Mass-‐Centered	  χ2	  method	  

2 Higgs signals in collider searches HiggsSignals User Manual
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 4l→ (*) ZZ→H 

(a) The best-fit signal strength µ̂ for the
LHC Higgs process (pp) → H → ZZ(∗) →
4!, given as a function of the assumed
Higgs mass mH . The cyan band gives the
68% C.L. uncertainty of the measurement.

SMσ/σBest fit 
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 ZZ→H 

 WW (VH tag)→H 

 WW (VBF tag)→H 

 WW (0/1 jet)→H 

 (VBF tag)γγ →H 

 (untagged)γγ →H 

 (VH tag)ττ →H 

 (VBF tag)ττ →H 

 (0/1 jet)ττ →H 

 bb (ttH tag)→H 

 bb (VH tag)→H 

-1 12.2 fb≤ = 8 TeV, L s  -1 5.1 fb≤ = 7 TeV, L s

CMS Preliminary  = 125.8 GeVH m

(b) The signal strength of various Higgs channels
measured at a fixed hypothetical Higgs mass of mH =
125.8 GeV. The combined signal strength scales all
Higgs signal rates uniformly and is estimated to µ̂comb =
0.88± 0.21.

Figure 1. Measured signal strength modifiers by ATLAS in the search for H → ZZ(∗) → 4! [25]
(a), and the best fit rates (in all currently investigated Higgs decay channels) for a Higgs signal at
mH = 125.8 GeV according to CMS [27] (b).

measured rate. Since the signal strength modifier is measured relative to its SM value

(µ̂ = 1, displayed in Fig. 1 by a dashed line), this contains also the theory uncertainties on
the SM Higgs cross section and branching ratios [23, 24, 26]. As can be seen from Fig. 1,

the measured value of µ̂ is allowed to take on negative values. In the absence of sizable

signal-background interference—as is the case for the SM—the signal model would not

give µ̂ < 0. This must therefore be understood as statistical downward fluctuations of

the data w.r.t. the background expectation (the average background-only expectation is

µ̂ = 0). To keep µ̂ as an unbiased estimator of the true signal strength, it is however
essential that the full range of values is retained. As we shall see in more detail below, the

applicability of HiggsSignals is limited to the mass range for which measurements of µ̂

are reported. It is therefore highly desirable that experiments publish this information

even for mass regions where a SM Higgs signal has been excluded.

A second example of HiggsSignals input, this time from CMS, is shown in the right

plot of Fig. 1 (from [27]). This figure summarizes the measured signal strength modifiers
for all relevant Higgs decay channels at an interesting value of the Higgs mass, here

mH = 125.8 GeV. This particular value is typically selected to correspond to the maximal

significance for a signal seen in the data. It is important to note that, once a value for mH

has been selected, this plot shows a compilation of information for the separate channels

that is also available directly from the mass-dependent plots (as shown in Fig. 1(a)).

Again, the error bars on the measured µ̂ values correspond to 1σ uncertainties that
include both experimental (systematic and statistical) uncertainties, as well as SM theory

uncertainties.

The idea of HiggsSignals is to compare the experimental measurements of signal

5

§ 	  Compares	  model	  predicQon	  to	  measured	  data	  directly	  
	  	  	  at	  the	  predicted	  Higgs	  mass	  values	  
	  
§ 	  Combines	  rate	  predicQons	  for	  	  
	  	  	  Higgs	  bosons	  that	  are	  “nearby”	  	  
	  	  	  in	  mass	  (within	  exp.	  resoluQon)	  
	  
§ 	  Applicability	  of	  this	  method	  is	  
	  	  	  currently	  limited	  by	  available	  	  
	  	  	  exp.	  results,	  e.g.	  MH	  <	  200	  GeV	  
	  
	  
	  
§ 	  Can	  be	  used	  simultaneously	  with	  peak-‐centered	  method	  	  
	  	  	  for	  Higgs	  bosons	  that	  have	  not	  been	  assigned	  to	  any	  signal	  
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3.1.1 Scaling of the VBF cross section
κ2VBF refers to the functional dependence of the VBF2 cross section on the scale factors κ2W and κ2Z:

κ2VBF(κW, κZ,mH) =
κ2W · σWF (mH) + κ2Z · σZF (mH)

σWF (mH) + σZF (mH)
(19)

TheW- and Z-fusion cross sections, σWF and σZF , are taken from Refs. [65,66]. The interference term
is < 0.1% in the SM and hence ignored [67].

3.1.2 Scaling of the gluon fusion cross section and of theH → gg decay vertex
κ2g refers to the scale factor for the loop-induced production cross section σggH. The decay width Γgg is
not observable at the LHC, however its contribution to the total width is also considered.

Gluon fusion cross-section scaling
As NLO QCD corrections factorize with the scaling of the electroweak couplings with κt and κb, the
function κ2g(κb, κt,mH) can be calculated in NLO QCD:

κ2g(κb, κt,mH) =
κ2t · σ

tt
ggH(mH) + κ2b · σbb

ggH(mH) + κtκb · σ
tb
ggH(mH)

σtt
ggH(mH) + σbb

ggH(mH) + σtb
ggH(mH)

(20)

Here, σtt
ggH, σ

bb
ggH and σtb

ggH denote the square of the top-quark contribution, the square of the
bottom-quark contribution and the top-bottom interference, respectively. The interference term (σtb

ggH) is
negative for a light mass Higgs, mH < 200 GeV. Within the LHC Higgs Cross Section Working Group
(for the evaluation of the MSSM cross section) these contributions were evaluated, where for σbb

ggH and
σtb
ggH the full NLO QCD calculation included in HIGLU [68] was used. For σ

tt
ggH the NLO QCD result

of HIGLU was supplemented with the NNLO corrections in the heavy-top-quark limit as implemented
in GGH@NNLO [69], see Ref. [61, Sec. 6.3] for details.

Partial width scaling
In a similar way, NLOQCD corrections for theH → gg partial width are implemented in HDECAY [70–
72]. This allows to treat the scale factor for Γgg as a second order polynomial in κb and κt:

Γgg

ΓSMgg (mH)
=

κ2t · Γ
tt
gg(mH) + κ2b · Γ

bb
gg (mH) + κtκb · Γtb

gg(mH)

Γtt
gg(mH) + Γbb

gg (mH) + Γtb
gg(mH)

(21)

The terms Γtt
gg, Γbb

gg and Γtb
gg are defined like the σggH terms in Eq. (20). The Γii

gg correspond to the
partial widths that are obtained for κi = 1 and all other κj = 0, j "= i. The cross-term Γtb

gg can then be
derived by calculating the SM partial width by setting κb = κt = 1 and subtracting Γtt

gg and Γbb
gg from it.

Effective treatment
In the general case, without the assumptions above, possible non-zero contributions from additional
particles in the loop have to be taken into account and κ2g is then treated as an effective coupling scale
factor parameter in the fit: σggH/σSMggH = κ2g. The effective scale factor for the partial gluon width
Γgg should behave in a very similar way, so in this case the same effective scale factor κg is used:
Γgg/ΓSMgg = κ2g. As the contribution of Γgg to the total width is <10% in the SM, this assumption is
believed to have no measurable impact.

2Vector Boson Fusion is also called Weak Boson Fusion, as only the weak bosonsW and Z contribute to the production.

6

Derived	  scale	  factors	  

3.1.3 Scaling of theH → γγ partial decay width
Like in the previous section, κ2γ refers to the scale factor for the loop-induced H → γγ decay. Also for
the H → γγ decay NLO QCD corrections exist and are implemented in HDECAY. This allows to treat
the scale factor for the γγ partial width as a second order polynomial in κb, κt, κτ, and κW:

κ2γ (κb, κt, κτ, κW,mH) =

∑

i,j κiκj · Γ
ij
γγ(mH)

∑

i,j Γ
ij
γγ(mH)

(22)

where the pairs (i, j) are bb, tt, ττ,WW,bt,bτ,bW, tτ, tW, τW. The Γii
γγ correspond to the partial

widths that are obtained for κi = 1 and all other κj = 0, (j "= i). The cross-terms Γij
γγ , (i "= j) can then

be derived by calculating the partial width by setting κi = κj = 1 and all other κl = 0, (l "= i, j), and
subtracting Γii

γγ and Γ
jj
γγ from them.

Effective treatment
In the general case, without the assumption above, possible non-zero contributions from additional par-
ticles in the loop have to be taken into account and κ2γ is then treated as an effective coupling parameter
in the fit.

3.1.4 Scaling of theH → Zγ decay vertex
Like in the previous sections, κ2(Zγ) refers to the scale factor for the loop-induced H → Zγ decay. This
allows to treat the scale factor for the Zγ partial width as a second order polynomial in κb, κt, κτ, and
κW:

κ2(Zγ)(κb, κt, κτ, κW,mH) =

∑

i,j κiκj · Γ
ij
Zγ(mH)

∑

i,j Γ
ij
Zγ(mH)

(23)

where the pairs (i, j) are bb, tt, ττ,WW,bt,bτ,bW, tτ, tW, τW. The Γij
Zγ are calculated in the same

way as for Eq. (22). NLO QCD corrections have been computed and found to be very small [73], and
thus ignored here.

Effective treatment
In the general case, without the assumption above, possible non-zero contributions from additional parti-
cles in the loop have to be taken into account and κ2(Zγ) is then treated as an effective coupling parameter
in the fit.

3.1.5 Scaling of the total width
The total width ΓH is the sum of all Higgs partial decay widths. Under the assumption that no additional
BSM Higgs decay modes (into either invisible or undetectable final states) contribute to the total width,
ΓH is expressed as the sum of the scaled partial Higgs decay widths to SM particles, which combine to
a total scale factor κ2H compared to the SM total width ΓSMH :

κ2H(κi,mH) =
∑

j = WW(∗),ZZ(∗),bb, τ−τ+,
γγ,Zγ, gg, tt, cc, ss, µ−µ+

Γj(κi,mH)

ΓSMH (mH)
(24)

7

§ 	  Interim	  framework	  proposed	  by	  LHCXSWG	  for	  fibng	  (small)	  
	  	  	  deviaQons	  from	  the	  SM	  Higgs	  couplings	  
	  
§ 	  Assumes	  structure	  of	  couplings	  unchanged	  from	  SM,	  	  
	  	  	  only	  coupling	  strengths	  modified	  
	  
§ 	  Large	  deviaQons	  from	  the	  SM	  should	  be	  interpreted	  with	  care	  
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Higgs	  coupling	  scale	  factors	  

Production modes
σggH
σSMggH

=

{

κ2g(κb, κt,mH)
κ2g

(3)

σVBF
σSMVBF

= κ2VBF(κW, κZ,mH) (4)

σWH

σSMWH

= κ2W (5)

σZH
σSMZH

= κ2Z (6)

σttH

σSM
ttH

= κ2t (7)

Detectable decay modes
ΓWW(∗)

ΓSM
WW(∗)

= κ2W (8)

ΓZZ(∗)

ΓSM
ZZ(∗)

= κ2Z (9)

Γbb

ΓSM
bb

= κ2b (10)

Γτ−τ+

ΓSM
τ−τ+

= κ2τ (11)

Γγγ

ΓSMγγ
=

{

κ2γ (κb, κt, κτ, κW,mH)
κ2γ

(12)

ΓZγ

ΓSMZγ
=

{

κ2(Zγ)(κb, κt, κτ, κW,mH)

κ2(Zγ)
(13)

Currently undetectable decay modes
Γtt

ΓSM
tt

= κ2t (14)

Γgg

ΓSMgg
: see Section 3.1.2

Γcc

ΓSMcc
= κ2t (15)

Γss

ΓSMss
= κ2b (16)

Γµ−µ+

ΓSM
µ−µ+

= κ2τ (17)

Total width
ΓH

ΓSMH
=

{

κ2H(κi,mH)

κ2H
(18)

Table 2: LO coupling scale factor relations for Higgs boson cross sections and partial decay widths relative to the
SM. For a givenmH hypothesis, the smallest set of degrees of freedom in this framework comprises κW , κZ , κb ,
κt, and κτ. For partial widths that are not detectable at the LHC, scaling is performed via proxies chosen among
the detectable ones. Additionally, the loop-induced vertices can be treated as a function of other κi or effectively,
through the κg and κγ degrees of freedom which allow probing for BSM contributions in the loops. Finally, to
explore invisible or undetectable decays, the scaling of the total width can also be taken as a separate degree of
freedom, κH, instead of being rescaled as a function, κ2H(κi,mH), of the other scale factors.
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Parameter	  values	  for	  MSSM	  benchmark	  scenarios	  
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6.2 Interpretations within the phenomenological MSSM

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

V h ! V WW [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
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Figure 6.6: Updated analysis: Comparison of the observed Higgs signal strength modifiers with those
predicted by the best fit point found in the updated analysis of the light Higgs interpretation in the
MSSM. The experimental data is shown as black dots (with error bars). The red solid squares indicate
the prediction of the best fit point obtained in the full fit (LHC+Tevatron+LEO).

LEO Oi ‰2
h Pull

BR(B æ Xs“) ◊ 104 3.55 0.03 0.18
BR(Bs æ µ+µ≠) ◊ 109 3.66 0.77 0.88
BR(Bu æ ·‹· ) ◊ 104 0.78 2.00 ≠1.41
”aµ ◊ 109 2.76 0.09 ≠0.29
MW [GeV] 80.382 0.01 ≠0.10

Table 6.6: Updated analysis: Best fit results (for the complete fit) with corresponding ‰2 contributions
and pulls for the low-energy observables (LEO).
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6.3 Summary of the Chapter

Light Higgs case Light Higgs case Heavy Higgs case
Original 2012 analysis Updated analysis Original 2012 analysis

Parameter Best fit Best fit Best fit

MA [GeV] 300 669 860 398 858 (1000) 120.5 124.2 128.0
tan — 15 16.5 26 9.8 29 (60) 9.7 9.8 10.8

µ [GeV] 1900 2640 (3000) 845 2128 3824 1899 2120 2350
Mq̃3 [GeV] 450 1100 (1500) 637 1424 1481 580 670 740
Ml̃3

[GeV] 250 285 (1500) 230 356 463 (200) 323 (1500)
Af [GeV] 1100 2569 3600 1249 2315 3524 1450 1668 1840
M2 [GeV] (200) 201 450 (200) 229 (500) (200) 304 370

Mh [GeV] 122.2 126.1 127.1 124.6 125.5 126.4 63.0 65.3 72.0
MH [GeV] 280 665 860 386 858 (1000) 123.9 125.8 126.4

MH± [GeV] 310 673 860 405 858 (1000) 136.5 138.8 141.5

Table 6.7: Best fit parameter values (in the respective middle column) and (1‡) ranges for �‰2
h,H < 1.

Values in parentheses indicate that the limit of the scan range has been reached.

the case after reanalyzing the heavy Higgs case with updated observables and constraints in a
future update.

6.3 Summary of the Chapter
In this chapter we analyzed the compatibility of the Minimal Supersymmetric Standard Model
(MSSM) with the recent Higgs boson discovery at the LHC. The extended Higgs sector of the
MSSM allows — at least in principle — to interpret the discovered Higgs state as the light
or the heavy CP-even MSSM Higgs boson, and we considered both cases. We studied the
real phenomenological MSSM (pMSSM) in two steps: First, we investigated three of the two-
dimensional MSSM Higgs benchmark scenarios proposed in Ref. [246]. Second, we performed
a detailed analysis of the seven-dimensional pMSSM (pMSSM–7) parameter space, where the
chosen parameters are regarded as the most relevant ones for the Higgs and flavor phenomeno-
logy. The computer codes HiggsBounds and HiggsSignals (albeit, not in the original analysis
of the pMSSM–7), which have been discussed in Chapter 4, formed an essential ingredient of
these studies.

The two considered MSSM benchmark models with the light CP-even Higgs boson considered
as explanation of the discovered Higgs state, namely the mmax

h and mmod+
h scenario, yield a very

good fit (comparable to the SM) to the current mass and signal strengths measurements of the
Higgs boson at ≥ 125.7 GeV. While the preferred region in the mmax

h scenario is found only for
restricted values of tan — ≥ 4.5≠7 due to the predicted Higgs mass, a much larger range of tan —
is allowed in the mmod+

h scenario. Both scenarios show a strong preference for the decoupling
limit, where the light Higgs boson has nearly SM-like couplings. We find MA & 400 GeV for
the most favored region in both scenarios.

As a third MSSM benchmark model we considered the low-MH scenario, where the heavy
CP-even Higgs boson is interpreted as the discovered Higgs boson at ≥ 125.7 GeV. Taking into
account both the signal strength measurements from Tevatron and LHC experiments as well as

177

pMSSM	  fit	  


