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The discovery of a Higgs signal at the LHC marks the beginning of a new era of particle

physics. The prime goal now is to identify the underlying physics of the new state and to

determine the mechanism of electroweak symmetry breaking. Some of the results obtained

in this project are highlighted, covering both the period before and after the discovery.

In particular, the properties of the new state have been investigated in close cooperation

between experiment and theory and the possible interpretations of the observed signal

have been analysed. Confronting the experimental results on the signal as well as from the

search limits with model predictions, the resulting constraints on the parameter space of

di�erent models and their phenomenological implications have been demonstrated.∗

1 Introduction

Identifying the physics that is responsible for providing elementary particles with the property
of mass is one of the key issues in the quest for a better understanding of the fundamental
interactions of nature. Within the present experimental and theoretical uncertainties the prop-
erties of the signal that was detected in the Higgs searches at the LHC are compatible with
the predictions of the Standard Model (SM) of particle physics, but also with a wide variety of
other possibilities, corresponding to very di�erent underlying physics.

In this project the nature of Higgs physics and electroweak symmetry breaking has been
probed in a joint e�ort between experiment and theory. In the following a brief account of
some of the achieved results is given, comprising Higgs searches, property determinations, ap-
propriate model predictions, as well as the discrimination between di�erent interpretations of
the experimental results.

∗Contribution to �Particles, String and the Early Universe � Research Results of the Collaborative Research
Centre SFB 676 in Hamburg�.

SFB 676 � Particles, Strings and the Early Universe 231



Peter Schleper, Kerstin Tackmann, Georg Weiglein

2 Theoretical studies preceding the Higgs boson discovery

2.1 Light NMSSM Higgs bosons in SUSY cascade decays at the LHC

An interesting feature of the next-to-minimal supersymmetric extension of the Standard Model
(NMSSM) is that one or more Higgs bosons may be comparably light (MHi < MZ) without
being in con�ict with current experimental bounds. Due to a large singlet component, their
direct production in standard channels at the Large Hadron Collider (LHC) is suppressed. In
Ref. [1] good prospects for observing such a light Higgs boson in decays of heavy supersymmetric
(SUSY) particles at the LHC were demonstrated.

Considering an example scenario with 20 GeV < MH1 < MZ , it was shown that a large
fraction of cascade decays of gluinos and squarks would involve the production of at least one
Higgs boson. Performing a Monte Carlo analysis at the level of fast detector simulation, it was
demonstrated how the Higgs signal can be separated from the main backgrounds, see Fig. 1,
where the simulation has been done for SUSY scales of MSUSY = 750 GeV (left column) and
MSUSY = 1 TeV (right column). Besides the SM tt̄ background also SUSY background from
other SUSY processes has been taken into account. The impact of various kinematical variables
on discriminating between the inclusive SUSY signal (including events both with and without a
Higgs boson in the cascade) and the SM background from tt̄ production has been investigated.
A set of simple cuts has been devised that turned out to be e�cient for establishing the inclusive
SUSY signal. It should be noted that no speci�c knowledge about the background from SUSY
background from events without a Higgs in the cascades was assumed. Accordingly, besides
favoring events containing the light H1 by selecting the combination minimizing ∆R(bb) in
con�gurations with multiple b-jets, no particular cuts for suppressing the SUSY background
have been applied.

It was pointed out in Ref. [1] that the analysis of the resulting bb̄ mass spectrum according
to Fig. 1 opened up an opportunity for the discovery of a light Higgs boson already with 5
fb−1 of LHC data at 7 TeV. In the considered scenario with rather light SUSY particles a
statistical signi�cance for the H1 mass peak of S/

√
B ≈ 4 was found for MSUSY = 1 TeV at√

s = 7 TeV (the gluino mass parameter was set to 1 TeV), which increased to S/
√
B ≈ 8

for MSUSY = 750 GeV at 7 TeV and reached a level of almost 30 for both values of MSUSY

at 14 TeV with the very modest integrated luminosity of just 5 fb−1 for LHC running both
at 7 TeV and 14 TeV. The presented results are rather insensitive to the precise value of
MH1

. Since the production relies on the decay of heavier SUSY states, with branching ratios
largely independent ofMH1 , the Higgs production rates remain similar for the whole mass range
MH1 < MZ .

The observation of a light Higgs boson in this channel would give direct access to the Yukawa
coupling of the Higgs state to bottom quarks. While compared to the experimental situation
that was analysed in Ref. [1] the limits from SUSY searches have meanwhile become much
stronger, there is still ample room for one or more light Higgs bosons with suppressed couplings
to gauge bosons, as will be discussed in more detail below.

The phenomenological investigation carried out in Ref. [1] triggered an experimental activity
that is described in Sec. 6.5 below. It resulted in the CMS analysis of Ref. [2].
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Figure 11. Invariant mass of b-jet pairs for SUSY signal (red), SUSY background (black) and

SM tt̄ background (light gray) in the modified P4 scenario with MSUSY = 750 GeV (left) and

MSUSY = 1 TeV (right) at 7 TeV for an integrated luminosity of 5 fb−1.
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Figure 12. Invariant mass of b-jet pairs for SUSY signal (red), SUSY background (black) and

SM tt̄ background (light gray) in the modified P4 scenario with MSUSY = 750 GeV (left) and

MSUSY = 1 TeV (right) at 14 TeV for an integrated luminosity of 5 fb−1.

tics available in the low energy running, and the more coarse binning in Mbb̄ required to

observe the peak.

The number of signal and background events in the peak region is obtained by inte-

grating Mbb over the interval [MH − ∆MH ,MH + ∆MH ], corresponding to ±1σ of the

Gaussian distribution. As explained above, the combined background includes both the

events from SM tt̄ and the part of the inclusive SUSY sample containing no Higgs bosons

in the cascades. The event numbers are combined into the ratios of signal/background

(S/B) and S/
√

B given in table 7. We use S/
√

B as a simple illustration for the expected

significance and in particular for comparing between the four example cases we consider

here and with other theoretical studies using the same criterion. Clearly, claiming an

actual discovery would require a more sophisticated statistical treatment. We regard it

nevertheless as encouraging that a significance of S/
√

B > 5 is achieved for three of the

four cases considered in table 7. The only exception is the case MSUSY = 1 TeV for the
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Figure 1: Invariant mass of b-jet pairs for SUSY signal (red), SUSY background (black) and
SM tt̄ background (light gray) in the considered benchmark scenario with MSUSY = 750 GeV
(left column) and MSUSY = 1 TeV (right column) at 7 TeV (upper row) and 14 TeV (lower
row) for an integrated luminosity of 5 fb−1. Figures taken from Ref. [1].

2.2 Interpreting the LHC Higgs search results in the MSSM

In view of the excess observed at about 125 GeV in the Higgs searches at the LHC in December
2011, in Ref. [3] the implications of a possible Higgs signal were discussed within the context
of the minimal supersymmetric Standard Model (MSSM), taking into account previous limits
from Higgs searches at LEP, the Tevatron and the LHC. It was pointed out that the observed
excess with a mass of about 125 GeV was well compatible with the predictions of the MSSM,
while the observation of a SM-like Higgs boson with a mass above about 135 GeV would have
unambiguously ruled out the MSSM with TeV-scale SUSY particles (but would have been viable
in the SM and in non-minimal supersymmetric extensions of it). Interpreting the observed
excess as signal within the MSSM, the consequences for the remaining MSSM parameter space
were investigated. Under the assumption of a Higgs signal new lower bounds on the tree-level
parameters of the MSSM Higgs sector were derived. Both the possibilities of associating the
observed excess with the light CP-even Higgs boson of the MSSM, h, and the the heavier CP-
even Higgs boson H, were investigated. It was demonstrated that also the somewhat exotic
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Figure 1: Tree-level Higgs sector parameters (MA, tan β) for the case where the parameters govern-
ing the higher-order corrections are chosen such that a maximum value for Mh is obtained (mmax

h

benchmark scenario). The different colours correspond to the regions excluded by LEP (blue) and
Tevatron/LHC (red). The gray area is the allowed parameter space prior to the latest LHC results.
The green band shows the region where Mh is compatible with the assumed Higgs signal (see text).

including the bound from Eq. (1), and the green band corresponds to the mass interval compatible
with the assumed Higgs signal of 122 GeV < Mh < 128 GeV. The brighter green is for the central
value for mt, while including also the dark green band corresponds to a ±1σ variation of mt.

The assumed Higgs signal, interpreted as the lighter CP-even MSSM Higgs mass, implies in par-
ticular that Mh > 122 GeV (including theoretical uncertainties), which is significantly higher than the
limit observed for a SM-like Higgs at LEP of Mh > 114.4 [2]. From Fig. 1 it is therefore possible to
extract lower (one parameter) limits on MA and tan β from the edges of the green band. As explained
above, by choosing the parameters entering via radiative corrections such that those corrections yield
a maximum upward shift to Mh, the lower bounds on MA and tan β that we have obtained are general
in the sense that they (approximately) hold for any values of the other parameters. To address the
(small) residual MSUSY dependence of the lower bounds on MA and tan β, we extract limits for the
three different values MSUSY = {0.5, 1, 2} TeV. The results are given in Table 1, where for comparison
we also show the previous limits derived from the LEP Higgs searches [22], i.e. before the incorpora-
tion of the new LHC results reported in Ref. [10]. The bounds on MA translate directly into lower
limits on MH± , which are also given in the table. A phenomenological consequence of the bound

Limits without Mh ∼ 125 GeV Limits with Mh ∼ 125 GeV
MSUSY (GeV) tan β MA (GeV) MH± (GeV) tan β MA (GeV) MH± (GeV)

500 2.7 95 123 4.5 140 161
1000 2.2 95 123 3.2 133 155
2000 2.0 95 123 2.9 130 152

Table 1: Lower limits on the MSSM Higgs sector tree-level parameters MA (MH±) and tan β obtained
with and without the assumed Higgs signal of Mh ∼ 125 GeV, see Eq. (1). The mass limits have been
rounded to 1 GeV.

5

Figure 3: Constraints on the MSSM stop sector from the assumed Higgs signal. The allowed ranges
are shown in the (Xt, MSUSY) plane (left) and the (Xt, mt̃1

) plane (right) for MA = 1 TeV, tan β = 20.
The colour coding is as in Fig. 1.

and MSUSY ∼ 500 GeV for negative Xt (which is in general preferred by BR(b → sγ), see above).
The results on the stop sector can also be interpreted as a lower limit on the mass mt̃1

of the lightest
stop squark. This is shown in Fig. 3 (right). It is interesting to note from the figure that without
the assumed Higgs signal, there is essentially no lower bound on the lightest stop mass coming from
the Higgs sector. Taking the new results into account, we obtain the lower bounds mt̃1

> 100 GeV
(Xt > 0) and mt̃1

> 250 GeV (Xt < 0). These bounds can be compared to those from direct searches,

where the LEP limit mt̃1
>∼ 95 GeV is still valid [23]. Results from stop searches at the Tevatron

can also be found in this reference. No new stop limits have been established so far from the SUSY
searches at the LHC [16]. It should be noted that our stop mass bound is rather conservative, since
the low mass scales discussed here correspond to a gluino mass mg̃ = 0.8MSUSY < 300 GeV, which is
experimentally disfavoured [16, 23, 24]. Since the low gluino mass contributes towards a higher value
of Mh, a lower bound on mg̃ would lead to a stronger bound on mt̃1

. As an example, in a simplified
model consisting just of the gluino, the squarks of the first two generations and a massless lightest
supersymmetric particle, the ATLAS Collaboration has inferred a lower bound of about 700 GeV
on mg̃ [16]. Imposing such a bound on mg̃ in our analysis would shift the lower limit on mt̃1

to
mt̃1

! 200 GeV (mt̃1
! 350 GeV) for positive (negative) Xt. It should be noted, however, that in the

presence of a light stop decays of the gluino into a top and a scalar top would open up, g̃ → t̃1t, which
are expected to weaken the bound on mg̃ as compared to the analysis in the simplified model where
this decay mode is assumed to be absent.

A heavy CP-even SM-like Higgs boson

All results presented up until this point apply only if we interpret the assumed signal as corresponding
to the light CP-even MSSM Higgs h. We now discuss briefly the alternative possibility that the heavier
CP-even H has a mass MH ∼ 125 GeV (with the same experimental and theoretical uncertainties as
before, see Eq. (1)) and SM-like properties.

In order to investigate whether there is a region in the MSSM parameter space that admits this
solution we performed a scan over the relevant free parameters (MA, tan β, MSUSY, Xt), keeping

7

Figure 2: Left: Tree-level Higgs sector parameters (MA, tanβ) for the case where the parameters
governing the higher-order corrections are chosen such that a maximum value forMh is obtained
(mmax

h benchmark scenario). The di�erent colours correspond to the regions excluded by LEP
(blue) and Tevatron/LHC (red). The gray area is the allowed parameter space prior to the
observation of an excess at the LHC. The green band shows the region where Mh is compatible
with the observed excess. Right: Constraints on the MSSM stop sector from the assumed Higgs
signal. The allowed ranges are shown in the (Xt, MSUSY) plane (left) and the (Xt, mt̃1

) plane
(right) for MA = 1 TeV, tanβ = 20. The colour coding is as in the left plot. Figures taken
from Ref. [3].

possibility that the observed excess was in fact caused by the heavier CP-even Higgs boson
(while the lighter one escaped the search limits) was compatible with the data.

Results for the interpretation of the observed excess in terms of the light CP-even Higgs
boson of the MSSM are displayed in Fig. 2, showing that there is a signi�cant parameter space
of the MSSM compatible with this interpretation. In the left plot of Fig. 2 the parameters
that enter via the (in general) numerically large higher-order corrections in the MSSM Higgs
sector were set to their values in the mmax

h benchmark scenario, which maximizes the upward
shift in Mh as compared to the tree-level value. In this way conservative lower limits on the
parameters governing theMh prediction at tree level,MA and tanβ, could be obtained. Taking
into account conservatively estimated theoretical uncertainties from unknown higher orders as
well as the most important parametric uncertainties arising from the experimental error on the
top-quark mass, compatibility with the observed excess yields the lower boundsMA > 133 GeV
and tanβ > 3.2 (for MSUSY = 1 TeV). The bound on MA translates directly into a lower limit
MH± > 155 GeV, which restricts the kinematic window for MSSM charged Higgs production
in the decay of top quarks.

The approach followed in the right plot of Fig. 2 was to choose values for MA and tanβ in
the decoupling region and to investigate the constraints on the scalar top and bottom sector
of the MSSM from the required compatibility with the observed excess. It was found that a
lightest stop mass as light as mt̃1

∼ 100 GeV was still compatible with the observed excess.

The bound on mt̃1
raises to mt̃1

>∼ 250 GeV if one restricts to the negative sign of the stop
mixing parameter Xt ≡ At − µ/ tanβ, which in general yields better compatibility with the
constraints from BR(b→ sγ).
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Concerning the interpretation of the observed excess in terms of the heavier CP-even Higgs
boson, a scan over MA, tanβ, MSUSY and Xt was performed, yielding an allowed area at low
MA and moderate tanβ. A SM-like rate for production and decay of the heavier CP-even Higgs
in the relevant search channels at the LHC is possible for large values of µ and large mixing in
the stop sector. It is interesting to note that in the scenario where the assumed Higgs signal is
interpreted in terms of the heavier CP-even Higgs boson H the mass of the lighter Higgs, Mh,
always comes out to be below the SM LEP limit of 114.4 GeV (with reduced couplings to gauge
bosons so that the limits from the LEP searches for non-SM like Higgs bosons are respected).
It was pointed out that the fact that scenarios of this kind are phenomenologicall viable should
serve as a strong motivation for extending the LHC Higgs searches, most notably in the γγ
�nal states, also to the mass region below 100 GeV.

3 The discovery and properties of the Higgs boson

3.1 The discovery

Simulation studies performed before the start of data taking had estimated that more than
10 fb−1 collected at

√
s = 14 TeV would be needed to reach a discovery signi�cance of 5σ

for a Standard Model Higgs boson with a mass of 125 GeV [4]. In fact, with about 4.8 fb−1

collected at
√
s = 7 TeV in 2011 and about 5.8 fb−1 collected at

√
s = 8 TeV, the observed

(expected) signi�cance for an excess of events near 126 GeV was 4.5σ (2.5σ) in the H → γγ
channel and 5.9σ (4.9σ) after combination with the H → ZZ∗ → 4` and H → WW ∗ → 2`2ν
decay channels in the ATLAS experiment [5]. When considering the look-elsewhere-e�ect,
the observed signi�cance was reduced to 5.1σ. Very similar results were obtained by the
CMS experiment [6], �nding an observed (expected) signi�cance of 5.0σ (5.8σ). With these
results, the two experiments had discovered a new particle with properties consistent with those
expected from a SM Higgs boson.

The analysis in the H → γγ decay channel employed event categorisation, which improved
the sensitivity of the analysis by more than 20%. The categorisation was based on the kinematic
properties of the photon candidates, on whether or not the photon candidates were reconstructed
as converted photons, and on the event topology, de�ning also two categories with topology as
expected from vector boson fusion production. The event categorisation in Fig. 3 shows the
weighted invariant mass spectrum at the time of the discovery. The weighting gives a visual
representation of the e�ect of the categorisation on the analysis.

3.2 Property studies of the new particle

After the discovery, the focus turned to studies of the properties of the new particle to determine
whether or not they are consistent with the properties expected from the SM. This included
studies of the spin and CP properties, as well as measurements of cross sections and branching
ratios, which are sensitive to the coupling of the Higgs boson to SM particles.

3.2.1 Search for and discovery of Higgs boson decays to τ leptons

The discovery had been made in Higgs decays to two bosons, and one important outstanding
question was whether or not the mass of fermions is generated by Yukawa couplings. One
important channel to study the Higgs couplings to fermions is the Higgs boson decay to two
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Figure 3: Invariant diphoton mass distribution from theH → γγ discovery analysis. The weight
wi for events in category i is de�ned to be ln(1+Si/Bi), where Si is 90% of the expected signal
for mH = 126.5 GeV, and Bi is the integral in the smallest window containing Si signal events.
Figure taken from Ref. [5].

τ leptons. Evidence for the Higgs boson decay to τ leptons was �rst established with LHC
Run 1 data, and the decay was then observed with statistical signi�cance of 5.9 standard
deviations after combining Run 1 and Run 2 LHC data collected with the CMS detector [7,8].
The invariant di-tau mass distribution from the observation of the Higgs decay to τ leptons is
shown in Fig. 4.

3.2.2 Simpli�ed template cross sections � development and measurements

In the LHC Run 1, the production processes were measured inclusively, i.e. in the full phase
space, and as signal strengths, i.e. as the ratio of the measured and the predicted cross section.
It is virtually impossible to update the signal strength measurement of the di�erent Higgs pro-
duction processes performed in Run 1 when improved theoretical predictions become available.
In addition, the interpretation of the measurements would greatly bene�t from more di�erential
information. This motivated the discussions and work to develop the Simpli�ed Template Cross
Section (STXS) framework in a collaborative e�ort between theory and experiment [9,10]. The
framework de�nes kinematic regions for each production process (�bins�), in which the cross
section for the given production process will be measured. The de�nition of the bins is moti-
vated by the goals to reduce the theoretical uncertainties that are folded into the measurement,
and to provide measurements useful for reinterpretation, including bins that are particularly
sensitive to BSM e�ects. Di�erent �stages� are de�ned to allow for measurements with di�erent
granularity. In addition, schemes for the parametrisation of the theoretical uncertainties were
developed [11].
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Figure 4: Invariant di-tau mass distribution from the H → ττ analysis. Figure taken from
Ref. [8].

Figure 5 (left) shows �merged stage-1� STXS measurements from H → γγ decays using
80 fb−1 collected with the ATLAS detector [12]. The categories de�ned to target tt̄H production
also contributed to the discovery of the tt̄H production process [13]. Figure 5 (right) shows
�merged stage-1� STXS measurements obtained from a combination of results obtained in the
H → γγ and H → 4` decay channels using 36 fb−1 collected with the ATLAS detector [14].
With the dataset collected in Run 2 so far, several bins in jet multiplicity and Higgs boson
transverse momentum could be measured for gluon fusion production, as well as bins sensitive
to vector boson fusion production.

3.3 Property determinations (theory)

On the theory side, contributions were made to the determination of the spin and CP properties
of the detected state [15], to the analysis of o�-shell e�ects [16, 17], and to the determination
of Higgs-boson couplings [15,18,19].

Concerning the coupling determination, in general a modi�cation of a coupling with respect
to the SM prediction may give rise to a change of both the coupling strength and the tensor
structure of the coupling, where the latter will a�ect the CP properties of the coupling. Accord-
ingly, the tasks of determining the couplings and CP properties of the observed signal are in fact
closely related to each other. In order to reduce the complexity of the analyses for determining
coupling properties during Run 1, an �interim framework� has been introduced in Ref. [18]. It
was adopted by the LHC Higgs Cross Section Working Group [19] and used by the ATLAS and
CMS collaborations for their experimental analyses. The developed framework consists of a
parametrisation of small deviations from SM-like behaviour of the couplings for various bench-
mark scenarios, based on several simplifying assumptions, in particular: the signals observed in
the di�erent search channels are assumed to originate from a single resonance; the width of the
observed particle is neglected, so that the predicted rate for a given channel can be decomposed
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Figure 5: STXS measurements using a �merged stage-1� scheme in the H → γγ decay channel
with 80 fb−1 (left), and obtained from combining measurements in H → γγ and H → 4` with
36 fb−1 (right). Figures taken from Refs. [12] and [14], respectively.

into the production and decay contributions, σ · B(i → H → f) = σi · Γf/ΓH , where σi is
the production cross section through the initial state i, B and Γf are the branching ratio and
partial decay width into the �nal state f , respectively, and ΓH is the total width of the Higgs
boson; only modi�cations of coupling strengths are considered, while the tensor structure of
the couplings is assumed to be the same as in the Standard Model � this assumption implies in
particular that the observed state is assumed to be a CP-even scalar.

Coupling scale factors κj were de�ned in such a way that the cross sections σj and the
partial decay widths Γj associated with the SM particle j scale with κ2j compared to the SM
prediction. By de�nition, the best available SM predictions for all σ ·B, including higher-order
QCD and electroweak corrections, are recovered when all κj = 1. Since the LHC measurements
always involve a combination of Higgs couplings from the production and the decay processes
and since there is limited access to the total Higgs-boson width, without further theoretical
assumptions only ratios of couplings can be measured at the LHC rather than absolute values of
the couplings. The di�erent proposed benchmark scenarios correspond to di�erent assumptions
on which of the couplings are �xed to their SM values and for which of them deviations from
their SM strengths are considered.

4 Possible interpretations of the detected Higgs signal

4.1 Confronting supersymmetric models with the Higgs signal ob-
served at the LHC

In Ref. [20] the experimental information on the discovered new state was confronted with
the predictions in the MSSM and the NMSSM. Performing a scan over the relevant regions
of parameter space in both models it was analysed in particular to what extent a signi�cant
enhancement of the γγ rate of the new particle with respect to the SM prediction could occur
in the two models.

Enhancements of this kind are indeed possible in view of limits on the parameter space
arising from theoretical constraints as well as from the limits from direct searches for super-
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Figure 2: Results from the MSSM parameter scan for the partial widths Γ(h, H → γγ) of
h (left) and H (right), and the corresponding branching ratios. The full result of the scan
(all points allowed by the theoretical constraints and the direct search limits for sparticles)
is shown in grey. The blue points are compatible with the direct Higgs search limits (from
HiggsBounds 3.6.1, i.e. including LHC2011), while the black points in addition give a result
in agreement with (g − 2)µ and BR(b → sγ). The solid (red) curve shows the respective
quantities evaluated in the SM.

SM result with MHSM
set equal to the corresponding MSSM Higgs mass. It should be noted

that here (and in all the following plots) different densities of points appearing in different
regions have no physical meaning, as the point density is related to the specific procedure
chosen for the sampling of the SUSY parameter space.

We first focus on the light CP-even Higgs boson, h, decaying into two photons. The
extra particles in the MSSM yield additional loop contributions, which can both lower and
raise Γ(h → γγ) compared to the SM case. For Mh < 114.4 GeV6 most of the scenarios
where Γ(h → γγ) > Γ(HSM → γγ) are ruled out by the direct Higgs search limits, but we
also find allowed points in this region. For those h couples with about SM strength to gauge

6We neglect here, and in the following, the theory uncertainty of the Higgs boson mass evaluation, which
for the light Higgs boson should be roughly at the level of 2 − 3 GeV [24].
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Figure 7: Results from the NMSSM parameter scan (see text) for the partial widths Γ(hi →
γγ) and the corresponding branching ratios of h1 (left) and h2 (right). All points in the
figure fulfil the “theoretical” constraints defined in Sect. 3.4. In addition, the blue (dark)
points satisfy direct Higgs search limits from colliders (from HiggsBounds 3.6.1, i.e. including
LHC2011), while the black points are in agreement with all theoretical and experimental
constraints. The solid (red) curve shows the respective quantities evaluated in the SM.

mh1 close to the maximum. This, as well as other features with local under- (over-) density
of points in certain regions, can simply be viewed as sampling artefacts, i.e. the point density
has no physical meaning. For h2 we study the mass interval 120 GeV < mh2 < 170 GeV,
which means there is an overlap with the region considered for mh1. To go even higher in mh2

is not particularly interesting for our purposes, since when the two-body decay h2 → WW (∗)

is open the loop-induced h2 → γγ decay becomes suppressed (as is also clearly visible in the
figure).

Fig. 7 shows that Γ(hi → γγ) is always smaller than (or at most equal to) its SM value for
the points in our scan. This means in particular that our scan, for which we have fixed the
slepton masses to large values (see Eq. (25)), does not contain points with light staus (the
contribution of light staus was discussed in the MSSM context above). For mh2

>∼ 140 GeV,
the partial width does not reach the full SM value, which shows that this mass region is

25

Figure 6: Results from parameter scans in the MSSM (left) and the NMSSM (right) for the
decay of the lightest CP-even Higgs boson of the model into a pair of photons. The full result
of the scan (all points allowed by the theoretical constraints and the direct search limits for
sparticles) is shown in grey. The blue points are compatible with the direct Higgs search limits
at that time (from HiggsBounds 3.6.1, which included LHC results up to the year 2011), while
the black points in addition give a result in agreement with (g − 2)µ and BR(b → sγ). The
left plot shows the partial decay width Γ(h → γγ) in the MSSM, while the right plot shows
the branching ratio BR(h1 → γγ) in the NMSSM. The solid (red) curve shows the respective
quantities evaluated in the SM. Figures reprinted from Ref. [20] with kind permission of The
European Physical Journal (EPJ).

symmetric particles, from the Higgs searches at LEP, the Tevatron and the LHC (incorporating
the limits known at that time), from electroweak precision observables and from �avour physics,
as can be seen in Fig. 6. Mechanisms that can lead to an enhanced γγ rate in comparison to the
SM prediction have been analysed in the two models. Within the MSSM, besides the presence
of light scalar taus, in particular a suppression of the bb̄ decay mode results in an enhanced γγ
rate. This suppression can either be caused by Higgs-boson propagator corrections entering the
e�ective mixing angle, or by non-decoupling SUSY corrections a�ecting the relation between
the bottom quark mass and the bottom Yukawa coupling. Within the NMSSM the same mech-
anisms as in the MSSM can be realised. In addition, there exist mechanisms that are genuine
for the NMSSM. It was pointed out that in particular the doublet-singlet mixing can result in
a substantial suppression of the bb̄ mode and an associated enhancement of the γγ rate.

The possible interpretation of the discovered Higgs signal in terms of either the light or the
heavy CP-even Higgs boson of the MSSM has been investigated in detail in Refs. [21,22]. MSSM
�ts have been performed of the various rates of cross section times branching ratio as measured
by the LHC and Tevatron experiments under the hypotheses of either the light or the heavy
CP-even Higgs boson being the new state around 125 GeV, with and without the inclusion
of further low-energy observables. An overall good quality of the �ts has been found, in the
case of the interpretation in terms of the light CP-even Higgs even slightly better than for the
SM [21]. Besides the decoupling limit, also the possibility of alignment without decoupling has
been investigated. It has furthermore been demonstrated that also the heavy CP-even Higgs
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Mass of the lightest and next-to-lightest Higgs in the NMSSM: 

Variation of λ leads to cross-over behaviour between 
doublet-like and singlet-like state                                      
The case where the signal at 125 GeV is not the lightest 
Higgs arises generically in the NMSSM

The NMSSM: two Higgs doublets and a singlet
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Figure 1: Mass of the lightest and next-to lightest CP-even Higgs-states, mh1 (left) and
mh2 (right), at tree-level, one-loop and two-loop order. At one-loop order all corrections
of the NMSSM are included with their momentum-dependence. The two-loop corrections
are approximated by the MSSM-type contributions of O(–t–s, –b–s, –

2
t , –t–b) including the

resummation of the leading and next-to-leading logarithms (see text). The dotted line repre-
sents 125 GeV. The ⁄ values for which a cross-over behaviour between the masses occurs are
at the tree-level ⁄(0)

c ¥ 0.26, at one-loop order ⁄(1)
c ¥ 0.22 and at two-loop order ⁄(2)

c ¥ 0.23.

at equal footing, the SM-like state is most sensitive to genuine NMSSM-type contributions
in the region of the cross-over behaviour.

3.3 Numerically leading Contributions at the one-loop Level
For the prediction in the MSSM the top/stop sector contributions are numerically leading.
In the studied scenario, given in tab. 2, the genuine NMSSM-corrections are suppressed
w.r.t. the corresponding MSSM-like stop-corrections since ⁄ . 0.32 < Yt, see the discussion
in sect. 2.4. Thus, the genuine NMSSM corrections from this sector are expected to be
sub-leading.

In order to study the impact of the genuine NMSSM contributions we compare the ap-
proximation based on the leading MSSM-type one-loop corrections in the gauge-less limit of
O(Y 2

t ), labelled as “t/t̃-MSSM” in fig. 2, with the one where the genuine NMSSM correc-
tions of O(⁄Yt, ⁄

2) are incorporated. The di�erence between the mass predictions in the two
approximations is plotted as a function of ⁄ for mh1 and mh2 in the left plot of fig. 2.8 We
find that for the whole range of ⁄ in the plot the impact of the genuine NMSSM corrections
of O(⁄Yt, ⁄

2) remains less than 0.5 GeV. The largest di�erence between the two approxima-
tions occurs for the light singlet-like state h1 at large values of ⁄ close to the upper limit of
⁄ ¥ 0.32 shown in the plot. In fact, for mh1 the di�erence between the two approximations
is seen to rise sharply for increasing values of ⁄. On the other hand, at the ⁄ value where
the cross-over behaviour occurs, ⁄(1)

c , the di�erence between the two approximations is seen
to have a local maximum but remains small, below 0.1 GeV. For the doublet-like state,
which has a one-loop mass of more than 130 GeV (see fig. 1), the corrections from genuine

8The prediction for the heaviest CP-even state, mh3 , is not shown here since the di�erence between the
two approximations does not exceed 10 MeV in our sample scenario .
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NMSSM version of FeynHiggs                                                            

⇒

[P. Drechsel, L. Galeta, S. Heinemeyer, G. W. ’16]

Figure 7: Mass predictions for the lightest and next-to lightest CP-even Higgs-states, mh1

(left), and mh2
(right), of the NMSSM at tree-level, one-loop and two-loop order. Figures

taken from Ref. [23].

boson continues to be a viable candidate to explain the Higgs signal � albeit only in a highly
constrained parameter region, which is probed by LHC searches for the CP-odd Higgs boson
and the charged Higgs boson. The SUSY �ts have been carried out in close cooperation with
the B8 project of the SFB 676 on global �ts.

While as explained above the case where the signal at 125 GeV is not the lightest Higgs
boson in the spectrum is tightly constrained in the MSSM, it is important to notice that such
a scenario is a quite typical feature of many other extensions of the SM. For instance, in the
NMSSM an additional light Higgs boson arises generically if the mass scale of the singlet is
lower than the one of the doublets. Such a light Higgs boson is only very weakly constrained
by present experimental bounds. In Ref. [23] precise predictions for Higgs-boson masses of the
NMSSM were obtained. Figure 7 shows predictions for the masses of the lightest and next-to
lightest CP-even Higgs-states at tree-level, one-loop and two-loop order as a function of the
NMSSM parameter λ. One can see that the variation of λ gives rise to a �cross-over� behaviour
between the doublet-like and the singlet-like Higgs state.

Figure 8 shows results of a parameter scan in the NMSSM for the two lightest neutral
Higgs bosons [24]. The state at 125 GeV in Fig. 8 has a small singlet component and can be
identi�ed with the Higgs signal observed at the LHC. The model predicts an additional lighter
Higgs boson, which has a mass of about 105 GeV in this case, with a large singlet component
giving rise to suppressed couplings to the gauge bosons and fermions of the SM. The coloured
regions with the indicated best-�t points are in agreement with the experimental results on
the Higgs signal and with the limits from Higgs searches as implemented in the public tools
HiggsSignals [21, 25,26] and HiggsBounds [27, 28].

4.2 Benchmark scenarios for MSSM Higgs searches after the discov-
ery of a Higgs-like particle

In view of the discovered signal new low-energy benchmark scenarios have been proposed for
MSSM Higgs searches in Ref. [29]. Those benchmarks are over a wide parameter range com-
patible with the mass and production rates of the observed signal. The proposed scenarios also
exhibit interesting phenomenology for the MSSM Higgs sector. They comprise in particular a
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NMSSM interpretation of the observed signal

Extended Higgs sector where h(125) is not the lightest state: 
NMSSM with a SM-like Higgs at 125 GeV + a light singlet              
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in the particular configuration of Fig.4). Note that varying tan� (or the squark spectrum) displaces the
favoured region in the {, �} plane: indeed the magnitude of the mass-contribution, which originates
from the mixing among Higgs-states and optimizes the mass of the light doublet state with respect to the
LHC signals, changes accordingly. Another reason for the improved fit values in the presence of a light
singlet is associated with small deviations (at the percent level) from the standard values in the couplings
of the light doublet to SM particles: the mixing with the singlet results in an increased flexibility of the
doublet-composition of the state, which in turn allows for a possibly improved match with the measured
signals.

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

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

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

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

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

2
beyond the desirable

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

2
, is defined in the

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

10

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

Additional light Higgs with suppressed couplings to gauge 
bosons, in agreement with all existing constraints
⇒ Figure 5: Same scan as in Fig. 4 but showing the characteristics of the CP-even states (mass, singlet-

composition, relative squared coupling h1ZZ, mass-shift of the doublet-like h2).

the ⇠ 2.3� LEP excess4 in H ! bb̄ observed in this mass-range would be compatible with a Higgs-like
state, the squared coupling strength of which is reduced to ⇠ 10% of its SM value.

One can observe that (in this particular scan) the case where the lightest state is a doublet – repre-
sented by the limit S2

13 ! 0, mh0
1
! 125 GeV – yields a slightly worse fit than the scenario with a lighter

singlet: two factors are at work here. The first one is related to the value of the mass characterising
the doublet (‘would-be-observed’) state in this limit: it typically reaches ⇠ 121 � 123 GeV only – which
lies on the margin of the uncertainty-allowed window. Note in particular that the mixing-e↵ect tends to
push the mass of the ‘visible’ state (now h0

1) into the ‘wrong direction’ (to lower it) when the singlet is
heavier. Yet, for some of the points under consideration, mh0

1
reaches ⇠ 125 GeV, hence evades this first

argument: in this case, the main penalty with respect to the points involving a lighter singlet originates
from the details of the couplings of the ‘observed’ state to SM particles, hence of its production and
decay rates at the LHC. While both configurations – with a lighter singlet or a lighter doublet – provide
(doublet) couplings within a few percent of each other, and of those values that a SM Higgs boson at this
mass would take, small deviations can provide a closer match to the LHC data. In our particular scan,
for instance, the �� rate is slightly enhanced when the lighter state is dominantly singlet, resulting in an
improved agreement with the ATLAS measurement.

More generally, the e↵ects that the presence of a light singlet state may have on the couplings of
the light doublet are related to the increased flexibility inherent in the 3 ⇥ 3 Higgs-mixing matrix Sij

when compared to the case of a pure doublet 2 ⇥ 2 matrix. While one degree of freedom controls the
singlet-composition of the Higgs state at ⇠ 125 GeV – i.e. its ‘invisible’, for phenomenological reasons
subdominant, component –, the other two modulate the relative proportions amongst the two doublet
components Hu and Hd – which are fixed in the case of pure doublets: in the limit MA � MZ , the
corresponding Hd/Hu ratio would be ⇠ tan�1 � –, therefore granting room for small deviations (or not,
if the relative proportions are left unchanged) at the level of the couplings, with respect to the naive
SM-like case. While this mechanism would o↵er an interpretation for slightly non-SM couplings, should

4Local significance without taking into account the ‘look-elsewhere’-e↵ect.
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Figure 8: Results of a parameter scan in the NMSSM for the two lightest neutral Higgs bosons.
The regions that are preferred by the �t in the vicinity of the indicated best points are shown
in red. The plots show the singlet composition of the lightest two states (left) and the squared
coupling of the lightest Higgs state to gauge bosons, normalised to the SM value. Figures taken
from Ref. [24].

slightly modi�ed version of the well-known mmax
h scenario, called mmod

h , where the light CP-
even Higgs boson can be interpreted as the LHC signal in large parts of theMA�tanβ plane, see
Fig. 9. Furthermore, a light stop scenario leading to a suppression of the lightest CP-even Higgs
gluon fusion rate, a light stau scenario with an enhanced decay rate of h to γγ at large tanβ,
and a τ -phobic Higgs scenario in which the lightest Higgs boson can have suppressed couplings
to down-type fermions have been de�ned. The importance of investigating di�erent values of
both signs of the parameter µ has been emphasized. For the default value of µ = 200 GeV
sizeable branching ratios of the heavy Higgs bosons into charginos and neutralinos occur, see
Fig. 9. In addition to the scenarios where the lightest CP-even Higgs boson is interpreted as
the LHC signal, also a low�MH scenario has been proposed, where instead the heavy CP-even
Higgs boson corresponds to the new state around 125 GeV (see above). See Ref. [30] for a
recent update of the MSSM benchmark scenarios.

5 Precise predictions for Higgs physics in supersymmetric

models

A particular e�ort in the research activities has been devoted to precise predictions for Higgs
physics in supersymmetric models. In this context in particular the public code FeynHiggs† [31�
37] has been further developed, including an ongoing e�ort of extending the predictions from
the MSSM to the NMSSM [23,38,39]. In the following only a few examples of the accomplished
results will be mentioned.

5.1 Improved two-loop predictions in the MSSM with complex pa-
rameters

In Refs. [40] and [41] improved two-loop results for the Higgs-boson masses of the MSSM have
been obtained for the general case of arbitrary complex parameters. The corresponding self-
energies and their renormalization have been obtained in the Feynman-diagrammatic approach.

†see www.feynhiggs.de
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Figure 3: The MA–tanβ 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 = −1.9 MSUSY (FD calculation),

XMS
t = −2.2 MSUSY (RG calculation),

Ab = Aτ = At,

mg̃ = 1500 GeV,

Ml̃3
= 1000 GeV . (22)

Figure 3 shows the bounds on the MA–tanβ 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 β 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 tanβ. 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 different meaning.
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Figure 4: Upper row: The MA–tanβ 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 τ+τ− and bb̄ final states are significantly affected 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 β, leading to a corresponding reduction of the branching
ratios into τ+τ− and bb̄. In Fig. 4 we show again the mmod+

h (left) and mmod−
h (right)
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Figure 9: The MA�tanβ plane in the mmod+
h scenario. The excluded regions from LEP and

the LHC as obtained from HiggsBounds [27,28] at the time of writing [29] are indicated in blue
and red, respectively. In the left plot the favoured region Mh = 125.5 ± 2(3) GeV is shown in
green, while in the right plot the colour coding in the allowed region indicates the average total
branching ratio of H and A into charginos and neutralinos. Figures reprinted from Ref. [29]
with kind permission of The European Physical Journal (EPJ).

In Ref. [40] the corrections of O
(
α2
t + αtαb + α2

b

)
from the Yukawa sector in the gauge-less limit

have been calculated, while in Ref. [41] the complete two-loop QCD contributions to the mass
of the lightest Higgs boson in the MSSM have been obtained.

In the result of Ref. [41] the full dependence on the external momentum and all relevant
mass scales has been taken into account at the two-loop level without any approximation. The
evaluation of the involved two-loop two-point integrals with up to �ve di�erent mass scales
was carried out with numerical methods. The impact of the new contributions on the Higgs
spectrum can be seen in Fig. 10. In the left plot the prediction for Mh1

as a function of
tanβ is compared in an mmod+

h -like scenario with the previous result including and excluding
the O (αbαs) terms that are known in the MSSM with real parameters. While the e�ect of
the latter is small, the formally sub-leading two-loop contributions in our new result yield an
upward shift of about 0.85 GeV compared to the previous result over a wide range of tanβ
values. In the right plot the prediction for Mh1

is shown as function of the gluino phase φM3
.

The plot shows a sensitive dependence on the gluino phase, which enters at the two-loop level,
and again a sizeable upward shift of the new result as compared to the previous result.

5.2 Combination of �xed-order results and e�ective �eld theory meth-
ods for precise Higgs-mass predictions

The precisely measured experimental value of the detected Higgs state can be confronted with
models like supersymmetric extensions of the Standard Model where the mass of the state that
is identi�ed with the observed signal can be predicted from the other model parameters. This
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5.2 Scenario 1: mmod
h -like

In the following we further investigate the numerical impact of our results, including the effect of
non-zero phases of the complex parameters. We start with an mmod

h -like scenario. The MSSM model
parameters in this scenario are chosen as follows

mH± = 1.5 TeV, M2 = 500GeV, |M3| = 2.5 TeV,

m{t̃,b̃}L
= mQ̃3

= 2.1 TeV, m{t̃,b̃}R
= 2TeV, |Xt| = 1.3 mt̃R

, |Ab| = |At|,
m{q̃,l̃}{L,R}

= 2.5 TeV, A{q,l} = 0, q 2 u, d, s, c, l 2 e, µ, ⌧ . (5.3)

Compared to the original mmod
h scenario we choose larger bilinear soft-breaking parameters for the

sfermions, and also larger absolute values for µ (see below) and M2. Thereby mQ̃3
is slightly different

from m{t̃,b̃}R
in order to avoid numerical instabilities by degeneracies. However, the general feature

of this scenario is kept: it allows for a wide range of Xt = A⇤
t � µ/ tan� to be in agreement with

experimental bounds. With our choice of parameters, At and Ab are not expected to be affected by
constraints from charge- and color-breaking minima [132–139]. As A⌧ has negligible impact on the
Higgs mass prediction, we set it to zero.
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Figure 7: Prediction for the light Higgs-boson mass Mh1 (left) and the mass shifts �Mh1 , �M̃h1 (right, as
defined in Eq. (5.2)) as a function of tan� using mA as input mass for different values of µ. Parameters are as
described in (5.3).
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Figure 8: Prediction for the light Higgs-boson mass Mh1 (left) and the mass shifts �Mh1 , �M̃h1 (right, as
defined in Eq. (5.2)) as a function of tan� using mH± as input mass for different values of µ. The black lines
show the results of Fig. 7 for µ = �1500 GeV. The results of Fig. 7 for µ = 500 GeV are indicated by grey lines,
which are underneath the blue lines. Parameters are as described in Eq. (5.3).
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Figure 11. Variation of the light Higgs-boson mass Mh1 (left) and the light Higgs-boson mass shift �Mh1

(right) with the gluino phase �M3 and all other phases set to zero. Parameters are as described in (5.4).

Figure 12. Variation of the light Higgs-boson mass Mh1 (left) and the light Higgs-boson mass shift �Mh1

(right) with the phase �At for different �M3 and �Ab = 0. Parameters are as described in (5.4).

Figure 13. Variation of the light Higgs-boson mass Mh1 (left) and the light Higgs-boson mass shift �Mh1

(right) with the phase �Ab for different �M3 and �At = 0. Parameters are as described in (5.4).
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Sizeable shift compared to leading Yukawa corrections         
Sensitive dependence on gluino phase

⇒
Figure 10: Prediction for the light Higgs-boson mass Mh1

as a function of tanβ (left) and as
a function of the gluino phase φM3

(right). In the left plot the new result (solid) is compared
with the previous result (dashed) in an mmod+

h -like scenario for two values of µ. The dotted
line shows the case where the previous result is supplemented with the O (αbαs) terms that are
known in the MSSM with real parameters. In the right plot the new result (solid) is compared
with the previous result (dashed) in a scenario with tanβ = 50 for two values of |M3|. Figures
taken from Ref. [41].

confrontation of the experimental value with the model prediction yields sensitive constraints
on the parameter space of each model and plays a crucial role in the quest to discriminate
between di�erent models. A very high precision of the theoretical predictions is required in
order to exploit the high accuracy of the measured mass value. The relatively high value of
about 125 GeV of the detected Higgs signal together with the existing limits from direct searches
for SUSY particles has led to various investigations where some or all of the SUSY particles are
in the multi-TeV range or above. In case of large hierarchies between the electroweak and the
SUSY scale a resummation of large logarithmic contributions via e�ective �eld theory (EFT)
methods is necessary in order to obtain accurate theoretical predictions.

In Ref. [35] a �hybrid approach� improving the prediction for the SM-like state in the MSSM
has been developed. It combines the �xed-order result, comprising the full one-loop and leading
and subleading two-loop corrections, with a resummation of the leading and subleading loga-
rithmic contributions from the scalar top sector to all orders obtained from solving the two-loop
renormalisation group equations. Particular care was taken in this context to consistently match
these two di�erent types of corrections. In this way for the �rst time a high-precision prediction
for the mass of the light CP-even Higgs boson in the MSSM was obtained that is valid from
the electroweak scale up to the multi-TeV region of the relevant supersymmetric particles. The
results were implemented into the public code FeynHiggs. In Fig. 11 the pure �xed-order result
as a function of the SUSY scale, for two values of the parameter Xt controlling the mixing in
the scalar top sector, is compared with the result including the resummation of leading and
next-to-leading logarithmic contributions to all orders. Furthermore, the results of an analytic
solution of the renormalisation group equations at the 3-loop to 7-loop level are also shown.
While the impact of the higher-order logarithmic contributions is relatively small for SUSY
scales around 1 TeV, they give rise to large e�ects for higher values of MS .
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Figure 11: Prediction for the light Higgs-boson massMh as a function of the SUSY scaleMS for
Xt = 0 (solid) and Xt/MS = 2 (dashed). The full result including a resummation of logarithmic
contributions (�LL+NLL�) is compared with results containing the logarithmic contributions
up to the 3-loop, . . . , 7-loop level and with the previous �xed-order result (�FH295�). Reprinted
�gure with permission from Ref. [35]. Copyright (2014) by the American Physical Society.

The predictions obtained in the hybrid approach have been further improved by including
the full next-to-leading-logarithmic (NLL) and a partial next-to-NLL (NNLL) resummation
of the large logarithmic corrections. In Ref. [37] a detailed analytical comparison of the hy-
brid approach and the pure EFT approach has been carried out, and the numerical results of
FeynHiggs have been confronted with the ones of the EFT code SUSYHD [42]. The sources of
several discrepancies that were previously reported in the literature could be resolved, and the
remaining deviations were discussed.

6 Searches for rare and non-SM decays of the detected

Higgs boson and for non-SM Higgs bosons

6.1 Search for decays to two muons

The simple relation

gHff =
√

2
mf

v

between the mass mf of a fermion, the Higgs�fermion coupling gHff , and the vacuum expecta-
tion value v is one of the central assumptions of the Standard Model. Experimentally however,
this could be tested up to now only for the heavy fermions of the third generation. Since the
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shape of the high-mass DY distribution. A secondary contribution is induced by the single123

and pair production of top quarks, which have flatter profiles. Several analytic functions were124

considered for the background shape. The first set includes generic series, such as a sum of125

exponential functions or of Bernstein polynomials, which involve no prior assumption about126

the background shape. The second set includes modified versions of the Breit–Wigner Z-peak127

distribution, derived and validated by fitting FEWZ predictions of the DY invariant mass dis-128

tribution at NNLO. Both sets are summarized in Equations 1–4. In addition, FEWZ spectra129

templates multiplied by polynomial functions are considered.130
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In some categories, a variation on the modified Breit–Wigner distribution (Eq. 4) is used, mul-131

tiplying it by a Bernstein polynomial of up to degree 4.132

Due to differences in muon mass resolution and background composition, we select the back-133

ground functional form separately for each category. Figure 3 shows the dimuon mass spec-134

trum for the two most sensitive categories, category 14 (right) and 12 (left). The choice of the135

background function is based on minimizing the possible bias in the fitted signal yields.136
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To estimate the possible bias, all of the functions in Eq. 1–4, and some additional functional137

combinations and FEWZ spectra templates, are used to fit the data in each category. From138

each of these fits, pseudo-experiments are randomly generated to create thousands of pseudo-139

datasets, taking into account the uncertainty on the fit parameters. Each of the functions is140

then used to fit the pseudo-datasets generated from the other functions, with the measured141
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Figure 12: Left: Weighted distribution of measured invariant masses of µ+µ− pairs in compar-
ison to the sum of �ts of signal and background to all event categories. Right: Limit on the
cross section in relation to the Standard Model prediction. Figures taken from Ref. [43].

branching ratios H → ff̄ depend on g2Hff the only hope to probe this prediction for the other
generations are H → cc̄ decays, where however the background from other processes is vast,
and H → µ+µ− decays. For the latter case the background consists mostly of Drell-Yan events
with o�-shell Z/γ and of leptonic decays ofW+W−- and tt̄-pairs. This background is way lower
than for the cc̄ case, but due to the expected small branching ratio B(H → µ+µ−) = 2.18×10−4

still much larger than the signal process. For a search conducted by the CMS collaboration [43]
the excellent invariant mass resolution of the µ+µ− pair is employed. Using observables un-
correlated to mµ+µ− a boosted decision tree is used to classify events according to the Higgs
production topology. The resulting weighted event disctribution is shown in Fig. 12. In com-
bination with previous data obtained at lower centre of mass energy this search leads to an
observed (expected) limit on the cross section times branching ratio, which is a factor 2.92
(2.16) larger than the Standard Model prediction.

A future aim of this analysis is to measure for the �rst time a Higgs coupling to second
generation fermions by including data from 2017 and 2018.

6.2 Search for lepton-�avour violating decays

In many extensions of the Standard Model and in particular in classes of two-Higgs doublet
models the fermion�Higgs couplings do not have to be �avour diagonal but allow for lepton
�avour violating decays such as H → τ±µ∓, H → τ±e∓, H → µ±e∓ (cf. references in
Ref. [44]). The emerging �nal states have a striking signature at the LHC with low Standard
Model background, so that sensitivities to the corresponding couplings can be reached which are
much stricter than those obtained from searches for rare or forbidden decays such as τ → µγ,
etc. In an early search for the most promising decay H → τ±µ∓ using 7 TeV data from CMS,
a small excess was observed [45]. This triggered much theoretical work but also searches for
the other decay modes using much larger data sets at higher centre of mass energies [44,46].

In Fig. 13 the event distributions of the most recent data are shown in comparison to various
background sources and for a Higgs at a mass of 125 GeV with a branching ratio of 10% into
τ±µ∓. As the data for this larger sample agree with the background only expectation, an upper
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the background is dominated by tt̄ production. Right: Combining analysis for di�erent Higgs
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order of magnitude stronger than the one from indirect constraints (τ → µγ). Figures taken
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limit on the branching ratio of B(H → τ±µ∓) ≥ 0.25% was derived.

6.3 Search for decays to Zγ

In the SM, the Higgs boson decay to Zγ proceeds through a loop process, similar to the
H → γγ decay. As such, it is sensitive to contributions from physics beyond the SM that could
contribute to the loop. In the SM, the branching ratio for the Zγ decay is predicted to be
(1.54 ± 0.09) × 10−3, comparable to that for the decay into two photons, but the number of
reconstructed events is signi�cantly reduced by considering Z boson decays into electrons or
muons, to bene�t from a good invariant mass resolution. The search with the data collected
in 2015 and 2016 by the ATLAS experiment set an upper limit on σ(pp→ H) · B(H → Zγ) of
6.6 times the SM prediction at the 95% con�dence level (CL) [47], corresponding to an upper
limit on the branching ratio of Higgs boson decays to Zγ of 1% when assuming SM Higgs boson
production. The expected 95% CL limit on σ(pp→ H) ·B(H → Zγ) assuming SM Higgs boson
decay to Zγ was 5.2 times the SM prediction.

A future extension of this analysis is a search for the Higgs boson decays into γ∗γ, which
is an experimentally more challenging signature since the two leptons have an invariant mass
di�erent from the Z-boson mass.
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Figure 14: Limits on the cross section times branching ratio for heavy spin-0 particles decaying
into Zγ (left) or γγ (right). Figures taken from Refs. [47] and [48], respectively.

6.4 Search for heavy Higgs bosons decaying to Zγ or γγ

Many extensions of the SM introduce new heavy bosons, for example as extensions of the Higgs
sector. Searching for these potential new heavy bosons in decays to Z(→ ``)γ or γγ pro�ts
from the good invariant mass resolution of these �nal states, as well as moderate backgrounds.
Figure 14 shows the exclusion limits on the cross section times branching ratio for the production
of heavy spin-0 particles decaying into Zγ or γγ at the 95% CL from the analyses performed
with the 2015+2016 dataset collected by the ATLAS experiment [47,48].

Should a new heavy resonance be found at the LHC, one of the �rst questions to answer
would be whether it is produced in gluon or quark initial states. Good sensitivity to identify the
initial state can be achieved in a model-independent way by using a tight veto on hadronic jets
produced in association with a heavy resonance to divide the data into two mutually exclusive
samples, with and without hadronic jets [49], as can be seen in Fig. 15.

6.5 Search for further supersymmetric Higgs bosons

Additional Higgs particles are predicted for example by Two-Higgs-Doublet-Models such as the
Minimal Supersymmetric Standard Model (MSSM). Experimental searches for decays of such
Higgs particles into Standard Model particles are carried out in a variety of �nal states. Their
relative importance depends of course on the fundamental parameters of the underlying theory.

For heavy neutral Higgs particles (H) in the range 250 ≤ MH ≤ 350 GeV, i.e. above twice
the mass of the discovered Higgs boson (h with mh = 125 GeV) and below twice the mass of
the top-quark, decays H → hh often have a large branching ratio. The subsequent �nal state
with one h decaying into h → bb and the other into h → ττ has the advantage of a rather
large combined branching ratio and well detectable b-quarks and τ -leptons. Furthermore this
�nal state is kinematically overconstrained once the low mass to momentum ratio of the tau
leptons is employed to constrain the direction of the neutrinos in the tau decays. A dedicated
kinematic �t was developed which in addition makes use of the known value of mh and of
transverse momentum balance in order to drastically improve the resolution for mH [50]. The
analysis of the CMS data using this method actually was able to basically exclude heavy Higgs
particles in the MSSM in the stated mass range [51] for low tanβ.
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uū

cc̄

bb̄
gg

Figure 15: Ratio of the cross section of events produced without hadronic jets to the cross
section for events with at least one hadronic jet for di�erent initial states. Reprinted �gure
with permission from Ref. [49]. Copyright (2016) by the American Physical Society.

Of particular interest are also decay modes of neutral heavy Higgs bosons into pairs of tau
leptons. The background estimation techniques and analysis tools developed in the course of
the aformentioned studies of the discovered Higgs boson are applicable here as well. Searches
performed at di�erent centre of mass energies [52, 53] revealed no signal, and results of the
analyses have been used to set upper limits on the Higgs boson production cross section times
branching ratio B(H → ττ) as well as to put stringent constraints on the model parameters.
Within several MSSM benchmark scenarios, results of the search have been translated into
exclusion contours in the (MA, tanβ) plane. Typically, values of tanβ above 60 are excluded
for MA > 1.7 TeV in scenarios where the lightest scalar boson is compatible with the measured
properties of the discovered 125 GeV Higgs boson. Figure 16 shows the example of the mmod+

h

benchmark scenario [29], see Sec. 4.2. A crucial ingredient to these measurements is the under-
standing of the τ identi�cation and momentum scale for hadronically decaying τ leptons in the
kinematic phase space not accessible via the Z → ττ standard candle. Their measurement has
been done for τ leptons with transverse momentum exceeding 100 GeV in the sample of highly
virtually W bosons decaying into τ lepton and neutrino [54].

Searches for heavy neutral supersymmetric Higgs bosons dacaying into b-quarks have also
been performed. Since the inclusive search for this signature has low sensitivity because of
overwhelming QCD multijet background, Higgs boson production in association with further
b-quarks was investigated. This production mode is characterised by an enhanced rate at large
values of tanβ. The analysis has been facilitated by specialized multijet triggers. No signal
was found in the searches performed [55, 56]. The results are thus interpreted in a model-
independent way by placing upper limits on the product of signal production cross section and
branching ratio of decays into b-quarks on tanβ as a function of MA within several MSSM
benchmark scenarios. The study has yielded the best world sensitivity to date to the MSSM
Higgs bosons in the H → bb decay mode.

In the Next-to-Minimal Supersymmetric Standard Model (NMSSM) a further singlet is
assumed to solve the µ problem. In particular there are scenarios in which a light scalar
boson with Mh < MZ has a large singlet component so that its couplings to the SM particles
are suppressed. Therefore conventional present and past searches targeting either gluon-gluon
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Figure 16: Exclusion bounds from CMS searches for heavy Higgs bosons decaying into a pair
of tau leptons in the (MA, tanβ) plane of the MSSM for the mmod+

h benchmark scenario [29].
Figure taken from Ref. [53].

fusion or b-quark associated production at hadron colliders or Higgs-strahlug process at electron-
positron colliders, could miss such a state. Instead it was suggested to search for this light state
in cascade decays of coloured SUSY particles [1]. Experimentally the signal was searched for in
multijet �nal state with two b-quarks resulting from the decay of the searched light scalar boson,
and therefore exhibiting resonance structure in its invariant mass distribution. No signal was
found, and results of the analysis were translated into constraints on the NMSSM parameters.
The results of these studies have been presented in Ref. [2].

Also a search for a very light pseudoscalar Higgs boson produced in decays of the 125 GeV
boson and decaying into tau lepton pairs was performed. The study probed masses of the
pseudoscalar boson in the range 4 ≤ ma ≤ 8 GeV, where the decay of a into a pair of tau
leptons dominates at high values of tanβ. No evidence for a signal has been established, and
upper limits on the 125 GeV Higgs boson production cross section times branching ratio of the
searched decay, B(H → aa→ 4τ), have been devised as a function of ma [57].

6.6 Impact of interference e�ects in the search for additional Higgs
bosons

As shown in Ref. [58], interference and mixing e�ects between neutral Higgs bosons in the MSSM
with complex parameters can have a signi�cant impact on the interpretation of LHC searches
for additional supersymmetric Higgs bosons. Complex MSSM parameters introduce mixing
between the CP-even and CP-odd Higgs states h,H,A into the mass eigenstates h1, h2, h3
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Figure 17: Exclusion bounds in the (MH± , tanβ) plane of the MSSM obtained with
HiggsBounds [27, 28]. The left plot shows the results for the mmod+

h benchmark scenario [29]
with real parameters for µ = 200 GeV (green) and µ = 1 TeV (orange) as well as the exclusion
bound that would be obtained in the corresponding scenario with φAt

= π/4 and µ = 1 TeV
for the incoherent sum of cross sections with 3× 3 mixing but without the interference contri-
bution (blue). The blue area is the same in the right plot, where it is compared with the result
taking into account the interference contribution in both the bb̄ and the gg processes (red). For
illustration also the cases where the interference contribution is included only in the bb̄ (black
line) and only in the gg (grey line) process are shown. Figures taken from Ref. [58].

and generate CP-violating interference terms. Both e�ects are enhanced in the case of almost
degenerate states. Such a situation is typically realised in an extended Higgs sector with a SM-
like Higgs state at about 125 GeV, since in the decoupling limit the additional Higgs bosons
tend to be heavy and nearly mass-degenerate.

Employing as an example an extension of the mmod+
h benchmark scenario [29] by a non-zero

phase φAt
, the interference contributions for the production of neutral Higgs bosons in gluon-

fusion and in association with b-quarks followed by the decay into a pair of τ -leptons have
been obtained in Ref. [58]. While the resonant mixing increases the individual cross sections
for the two heavy Higgs bosons h2 and h3, strongly destructive interference e�ects between the
contributions involving h2 and h3 leave a considerable parameter region unexcluded that would
appear to be ruled out if the interference e�ects were neglected. This is shown in Fig. 17, where
the exclusion limits obtained from HiggsBounds [27,28] are compared with the result that would
be obtained if the interference contributions were neglected. The interference contributions give
rise to the unexcluded �fjord� in the right plot of Fig. 17 (red area). The chosen scenario with
µ = 1 TeV and φAt

= π/4 is compared with the mmod+
h benchmark scenario [29] with real

parameters for µ = 200 GeV and µ = 1 TeV in the left plot of Fig. 17.

250 SFB 676 � Particles, Strings and the Early Universe



Probing the Nature of Higgs Physics and Electroweak Symmetry Breaking

7 Conclusions

In this report we have summarized some of the results that have been obtained in the project
B9 of the SFB 676, in which the underlying physics of electroweak symmetry breaking has been
probed in a joint e�ort between experimental activities in ATLAS and CMS and theoretical
investigations. The presented results comprise theoretical studies preceding the Higgs boson
discovery, experimental contributions to the Higgs boson discovery, the determination of prop-
erties of the detected state in close interplay between experiment and theory, precise theory
predictions and possible interpretations of the detected Higgs signal, as well as experimental
and theoretical aspects of searches for physics beyond the Standard Model in the Higgs sector.

The quest to identify the dynamics that is responsible for the generation of the property
of mass of elementary particles is one of the most important goals of current fundamental
science. The discovery of a Higgs boson has opened up a new window to the exploration of
the mechanism of electroweak symmetry breaking and of the structure of the vacuum. In this
project, this unique window has been exploited, and a lot of progress has been made within this
vibrant �eld. Future data on searches and precision measurements that can be obtained at the
LHC and beyond together with corresponding activities on the theory side provide excellent
prospects for further breakthroughs in this area of research.
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