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constraints on extended Higgs sectors taking into account the measured rates for the observed
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Constraining extended Higgs sectors with HiggsSignals

1. Introduction

http://higgsbounds.hepforge.org

2. Basics of HiggsSignals
H IGGS S IGNALS has been developed to work seamlessly together with its sister program, H IG GS B OUNDS [6]. H IGGS B OUNDS compares model predictions to exclusion limits from direct Higgs
searches at LEP, the Tevatron and the LHC. With the discovery of a Higgs-like state, complementary, and often more precise, constraints can be obtained by comparing to measurements of the
observed signal, rather than to exclusion limits. H IGGS S IGNALS therefore provides an essential
extension to this code. The basic model input used by H IGGS S IGNALS is the same as for H IG GS B OUNDS : the number of (neutral) Higgs bosons, their masses, production cross sections, total
widths, and branching ratios into various final states. Several options are available for specifying
the cross sections, which can be given as full hadronic cross sections, as partonic cross sections,
or in terms of effective couplings. In the latter case the model cross sections are approximated
by a simple rescaling of the corresponding SM quantities. One extension of the input made for
H IGGS S IGNALS is that theoretical uncertainties can be specified, both on the Higgs masses as well
as the different Higgs production processes and decays. This is important to get realistic results
for models where these differ from the SM case. For a user of H IGGS B OUNDS, the input format
is familiar, and it should be straightforward to get started with H IGGS S IGNALS. Several example
programs are also provided.
Together with the measured Higgs masses in different channels, the basic experimental quantity used in H IGGS S IGNALS is the signal strength modifier, µxx , which represents a measurement
of the signal rate in a particular final state, xx, normalized to the SM prediction. The measurement
can either be fully inclusive, or targeting a specific Higgs production mechanism. These measurements are performed both as a function of the Higgs mass, and for specific (interesting) values of
MH where a signal is observed, see Fig. 1. An obvious example of the latter is the observed LHC
signal around MH ∼ 125 GeV, but it should be stressed that H IGGS S IGNALS is completely general
and can work with data sets containing any number of measured “signals” in different experiments,
2
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Following the discovery of a Higgs-like boson by the LHC experiments ATLAS [1] and
CMS [2], there has been vivid activity both in the experimental and theory communities to fit
the measured properties of this new state—most notably its mass and the production times decay
rates—in various models. For a few examples of such analyses, see e.g. Refs. [3, 4].
The public computer code H IGGS S IGNALS [5] has been developed to provide a coherent
framework for comparing theoretical Higgs sector predictions of arbitrary models to this experimental data. Based on model input for the Higgs sector (supplied by the user) and published
experimental results from ATLAS, CMS, and the Tevatron experiments, H IGGS S IGNALS tests the
compatibility between data and theory for any model that fulfills a few basic assumptions (for
example that the narrow width approximation holds).
This paper serves as a brief introduction to the H IGGS S IGNALS program and demonstrates
some first applications. For a full account of the implemented physics, statistical procedure, and
practical user instructions, we refer to the manual [5]. The code can be obtained from the webpage:
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Figure 1: Example of the experimental results used in H IGGS S IGNALS: ATLAS signal strength modifier in
different channels at fixed Higgs mass, mH [3] (left), and in H → ZZ (∗) → 4` as a function of mH [7] (right).

including toy data. A number of different data sets are provided with the code. The default is
called latestresults and contains all the latest public results from ATLAS, CMS, and the Tevatron
experiments. New data sets can be specified by the user in a simple text format.
When using H IGGS S IGNALS, the experimental measurements of the signal strengths are stai . Here ω is the relative
tistically compared to the model predictions defined by µxx = ∑i ωi µxx
i
contribution to the signal from a particular Higgs production process i. The weights, which include the experimental efficiencies, are inferred from the published information about the analyses
i , for each production mode are calculated
(where available). The individual signal strengths, µxx
from the model input as
i
µxx
=

[σi (pp → H) × BR(H → xx)]model
.
[σi (pp → H) × BR(H → xx)]SM

(2.1)

To compare the theory predictions to the experimental measurements, H IGGS S IGNALS contains
two distinct statistical methods which use different types of data. The user can specify to run either
of these methods or to combine them.
The peak-centered χ 2 method uses data at fixed values of the Higgs mass, which are thought to
correspond to signals (or “peaks”), cf. Fig. 1 (left). These peak masses may however vary between
different experimental analyses. The test proceeds by assigning, for each peak, Higgs bosons that
have a mass in agreement with the peak position within the experimental resolution. Following the
assignment, a χ 2 measure is evaluated by comparing the signal strength measurement for the peak
to the predicted µ value. If a mass measurement is available1 the corresponding χ 2 contribution
from the comparison between the predicted and observed Higgs masses is added. In a situation
where multiple Higgs bosons contribute to one signal, and also in the (somewhat unlikely) case
where the same analysis displays multiple signals, an optimal assignment of the Higgs bosons to
the signals is achieved by minimizing the overall χ 2 function. The signal strengths of multiple
Higgs bosons are then added incoherently, which assumes interference is negligible.
The mass-centered χ 2 method on the other hand uses the µ(mH ) measurements, cf. Fig. 1 (right),
and performs a χ 2 evaluation of the model rate predictions against the data directly at the pre1 This

is so far the case for the high-resolution channels H → 4` and H → γγ.
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dicted value of the Higgs mass(es). This approach is therefore complementary to the peak-centered
χ 2 method, since it does not measure compatibility of the model with particular designated signals. Also here, H IGGS S IGNALS combines (incoherently) the signal strengths of multiple Higgs
bosons contributing in experimentally indistinguishable mass regions, see [5] for details. The masscentered χ 2 method is limited in applicability by the much fewer experimental results of this type
that are available.

3. Example applications
To demonstrate the use of H IGGS S IGNALS, we now show results from different fits produced
with the peak-centered χ 2 method. All the available data for the Higgs signal at ∼ 125 GeV from
ATLAS, CMS, and the Tevatron presented until the Moriond 2013 conference has been included.
As a first application, we consider a model with a single Higgs boson where scale factors are
allowed to modify the Higgs couplings. These scale factors, denoted by κi , are defined in Ref. [8]
to parametrize deviations from the SM. The normalization is such that the best available SM theory
prediction is recovered when ∀i : κi = 1. The results are presented for two different fits. In the first
case, a universal scaling is allowed for the Higgs couplings to fermions, κF , and to the weak gauge
bosons, κV (V = W, Z). The loop-induced couplings to gluons and photons are then calculated
from the indvidual contributions. The results are shown in Fig. 2 (left). We obtain the best fit
2 /ndf = 31.0/43. The combined data shows no significant
point (κV , κF ) = (0.92, 0.80) with χmin
deviation from the SM, and the solution with κF < 0 is disfavored by more than 2 σ . In the second
case, the loop-induced Higgs couplings to gluons and photons are allowed to be rescaled by κg and
κγ , respectively. This can be understood as an effective description of new physics contributions
entering only in the loop diagrams generating these couplings. The results from this fit are shown
2 /ndf = 29.7/43. Again,
in Fig. 2 (right). The best fit is found at (κγ , κg ) = (1.08, 0.83) with χmin
there is no significant deviation from the SM.
In a second H IGGS S IGNALS application, we start from the simple model with two coupling
scale factors, κV and κF , but allow in addition for a new, undetected, decay mode of the Higgs bo4
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Figure 2: Fit results using H IGGS S IGNALS with all available data after Moriond 2013 for the SM modified
with universal scale factors for Higgs couplings to fermions, κF , and vector bosons, κV (left); gluons, κg ,
and photons, κγ (right). The colours indicate levels of ∆χ 2 from the respective best fit points (green stars).
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Figure 3: H IGGS S IGNALS fit to universal coupling scale factors for fermions and vector bosons with the
possibility of undetected Higgs decay modes. The fit performed without restrictions on the Higgs total width
(upper), and taking into account constraints on BR(H → invisible) from ATLAS [9] (lower). The colours
indicate levels of ∆χ 2 from the respective best fit points (white stars).

son. This is described by an additional branching ratio BR(H → NP), and the resulting total Higgs
width can be written as ΓH = ΓSM
H /(1 − BR(H → NP)). Including this decay affects the fit results
quite dramatically, as can be seen in Fig. 3 (upper row). The presence of the new unconstrained
decay mode causes a degeneracy between an increased Higgs production in all modes (for κF  1,
κV  1), and a simultaneous increase of this new undetectable decay mode, such that the overall
rates in the observed channels are close to their SM values. This is a manifestation of the known
fact that the total decay width ΓH is not directly accessible to measurement at the LHC. With additional assumptions, this degeneracy can be broken. One example is when the new decay mode leads
to missing transverse energy, also known as an invisible decay, e.g. when the Higgs boson decays
to a pair of stable dark matter particles. In this case, there is a direct limit on BR(H → invisible)
from the Higgsstrahlung process [9] that can be applied. Using the likelihood information in [9] as
an additional contribution to the fit, we obtain the result shown in the lower row in Fig. 3. Here we
can again observe a more limited allowed region in (κV , κF ), which is very similar to the previous
result in Fig. 2. Fig. 3 (right) illustrates that the best fit point favors BR(H → NP) = 0 once this
constraint is included, but also that a large invisible decay fraction BR(H → invisible) ' 50% is
still allowed at the 2 σ level.
As a final example we consider the Minimal Supersymmetric Standard Model (MSSM) which
has two Higgs doublets. In the CP-conserving case this leads to two CP-even Higgs bosons, h and
H (with mh < mH ), one CP-odd Higgs boson, A, and a pair of charged Higgs bosons, H ± . Two
parameters are sufficient to specify the Higgs sector at tree-level: the mass of the CP-odd Higgs
5
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Figure 4: Example of H IGGS B OUNDS/H IGGS S IGNALS application to the updated mmax
h -scenario of the
MSSM. The hatched regions are excluded by different direct search limits (as indicated by the legend). The
colours indicate levels of ∆χ 2 from the best fit point (green star), and white contours are shown for the 1 σ
(solid) and 2 σ (dashed) regions.

boson, mA , and the ratio of vacuum expectation values of the two doublets, tan β . To calculate the
important radiative corrections to the Higgs masses and mixing, and to make phenomenological
predictions, we fix the remaining soft SUSY-breaking parameters at the electroweak scale using the
(updated) mmax
benchmark scenario [10]. The theory predictions are evaluated with F EYN H IGGS
h
[11] and a theory uncertainty of 2 GeV is assigned to mh . The results from a combined analysis of
the mmax
scenario with H IGGS B OUNDS/H IGGS S IGNALS are shown in Fig. 4. In this figure, LHC
h
exclusion limits (evaluated using H IGGS B OUNDS) are displayed as hatched regions, the colours
indicating exclusion at 95% CL from different searches. For example, the largest excluded region
in this scenario comes from the CMS combined MSSM search for h/H/A → ττ [12]. Negative
results from Higgs searches at LEP [13] are included as a contribution to the overall χ 2 , a new
feature of H IGGS B OUNDS-4, which leads to the extended area with high χ 2 at low tan β , where
mh < 114 GeV (indicated by a dotted gray line).
The overall best fit point is found for mA = 390 GeV, tan β = 5.3 and has χ 2 /ndf = 33.0/48.
Inside the 2 σ favoured region, it is always the lightest MSSM Higgs boson, h, which has the right
mass (∼ 125 GeV within uncertainties) to be assigned as the LHC signal. In the MSSM decoupling
limit (mA  mZ ), the couplings of the lightest Higgs boson approach those in the SM. Since the SM
is in good agreement with measurements, we expect this limit to give a good fit if also the predicted
Higgs mass is close to the measured value. The resulting preferred value is mA > 260 GeV, and
tan β in the decoupling limit lies in the range 4 < tan β < 10 (at 95% CL). Whereas a lower limit on
mA derived in the mmax
scenario is fairly robust [14], the preferred range for tan β is limited to the
h
precise benchmark scenario under discussion. More complete analyses of the low-energy MSSM
[15] show that a good fit to the Higgs mass and rates can be obtained over the whole allowed
(mA , tan β ) plane by varying the soft-breaking parameters. A first application of H IGGS S IGNALS
to constrained supersymmetric models has also been presented at this conference [16].

4. Conclusion
H IGGS B OUNDS is an established and convenient tool to apply exclusion limits from direct
Higgs searches to arbitrary models. As discussed here, its sister code H IGGS S IGNALS has now
6
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been published to take into account LHC/Tevatron measurements. H IGGS S IGNALS evaluates a
χ 2 measure to determine quantitatively the compatibility between data and theory. It has been
validated against official coupling fits, and we have presented first applications to a single Higgs
scenario with different coupling scale factors, including new decay modes, and to the MSSM in the
context of a particular benchmark scenario.
Our general strategy for the future development of H IGGS S IGNALS is to take all public information into account, and to keep the code up-to-date with the latest experimental results. It
will therefore continue to offer phenomenologists a flexible way to constrain models with extended
Higgs sectors from measurements at the Tevatron, LHC and future facilities. User feedback is
welcome!
We thank the other members of the H IGGS S IGNALS team: P. Bechtle, S. Heinemeyer and
G. Weiglein, for collaboration on this project.

