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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
different 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 different underlying physics.

In this project the nature of Higgs physics and electroweak symmetry breaking has been
probed in a joint effort 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 different interpretations of
the experimental results.

*Contribution to “Particles, String and the Early Universe — Research Results of the Collaborative Research
Centre SFB 676 in Hamburg”.
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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 (Mpy, < Mz) without
being in conflict 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 < My, < Mgz, 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 Mgsysy = 750 GeV (left column) and
Mgysy = 1 TeV (right column). Besides the SM ¢t 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 ¢t production has been investigated.
A set of simple cuts has been devised that turned out to be efficient for establishing the inclusive
SUSY signal. It should be noted that no specific knowledge about the background from SUSY
background from events without a Higgs in the cascades was assumed. Accordingly, besides
favoring events containing the light H; by selecting the combination minimizing AR(bb) in
configurations 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 bb mass spectrum according
to Fig. 1 opened up an opportunity for the discovery of a light Higgs boson already with 5
fb=! of LHC data at 7 TeV. In the considered scenario with rather light SUSY particles a
statistical significance for the H; mass peak of S/\/E ~ 4 was found for Msysy = 1 TeV at
Vs = 7 TeV (the gluino mass parameter was set to 1 TeV), which increased to S/vB ~ 8
for Msysy = 750 GeV at 7 TeV and reached a level of almost 30 for both values of Mgysy
at 14 TeV with the very modest integrated luminosity of just 5 fb~! for LHC running both
at 7 TeV and 14 TeV. The presented results are rather insensitive to the precise value of
M, . Since the production relies on the decay of heavier SUSY states, with branching ratios
largely independent of My, , the Higgs production rates remain similar for the whole mass range
]\4}[1 < My.

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 1: Invariant mass of b-jet pairs for SUSY signal (red), SUSY background (black) and
SM ¢t background (light gray) in the considered benchmark scenario with Mgysy = 750 GeV
(left column) and Mgusy = 1 TeV (right column) at 7 TeV (upper row) and 14 TeV (lower
row) for an integrated luminosity of 5 fb~!. Figures taken from Ref. [1].

2.2 Interpreting the LHC Higgs search results in the MISSM

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, A, and the the heavier CP-
even Higgs boson H, were investigated. It was demonstrated that also the somewhat exotic
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Figure 2: Left: Tree-level Higgs sector parameters (M 4, tan 3) for the case where the parameters
governing the higher-order corrections are chosen such that a maximum value for M}, is obtained
(mp®* 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
observation of an excess at the LHC. The green band shows the region where M), 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 (X;, Msusy) plane (left) and the (X;, m;, ) plane
(right) for M4 = 1 TeV, tan = 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 significant 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 m}'** benchmark scenario, which maximizes the upward
shift in M} as compared to the tree-level value. In this way conservative lower limits on the
parameters governing the M}, prediction at tree level, M4 and tan /3, 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 bounds M4 > 133 GeV
and tan 8 > 3.2 (for Msysy = 1 TeV). The bound on M4 translates directly into a lower limit
Mp+ > 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 M4 and tan 3 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 m; ~ 100 GeV was still compatible with the observed excess.
The bound on my, raises to mg, 2 250 GeV if one restricts to the negative sign of the stop
mixing parameter X; = A; — p/tan 8, which in general yields better compatibility with the
constraints from BR(b — sv).
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Concerning the interpretation of the observed excess in terms of the heavier CP-even Higgs
boson, a scan over M4, tan 8, Msysy and X; was performed, yielding an allowed area at low
M 4 and moderate tan 5. 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 p 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, M},
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 v
final 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
10fb™" collected at /s = 14TeV would be needed to reach a discovery significance of 50
for a Standard Model Higgs boson with a mass of 125GeV [4]. In fact, with about 4.8fb~"
collected at /s = 7TeV in 2011 and about 5.8fb~" collected at /s = 8 TeV, the observed
(expected) significance for an excess of events near 126 GeV was 4.50 (2.50) in the H — ~y
channel and 5.90 (4.9 0) after combination with the H — ZZ* — 4¢ and H — WW™* — 202v
decay channels in the ATLAS experiment [5]. When considering the look-elsewhere-effect,
the observed significance was reduced to 5.10. Very similar results were obtained by the
CMS experiment [6], finding an observed (expected) significance of 5.00 (5.8¢). 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 — vy 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, defining 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 effect 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 7 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 the H — ~~ discovery analysis. The weight
w; for events in category i is defined to be In(1+S;/B;), where S; is 90% of the expected signal
for mpg = 126.5 GeV, and B; is the integral in the smallest window containing S; signal events.
Figure taken from Ref. [5].

7 leptons. Evidence for the Higgs boson decay to 7 leptons was first established with LHC
Run 1 data, and the decay was then observed with statistical significance 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 7 leptons is
shown in Fig. 4.

3.2.2 Simplified 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 different Higgs pro-
duction processes performed in Run 1 when improved theoretical predictions become available.
In addition, the interpretation of the measurements would greatly benefit from more differential
information. This motivated the discussions and work to develop the Simplified Template Cross
Section (STXS) framework in a collaborative effort between theory and experiment [9,10]. The
framework defines kinematic regions for each production process (“bins”), in which the cross
section for the given production process will be measured. The definition 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 effects. Different “stages” are defined to allow for measurements with different
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 — 77 analysis. Figure taken from
Ref. [8].

Figure 5 (left) shows “merged stage-1” STXS measurements from H — ~v decays using
80 fb ™! collected with the ATLAS detector [12]. The categories defined to target ttH production
also contributed to the discovery of the t¢H production process [13]. Figure 5 (right) shows
“merged stage-1” STXS measurements obtained from a combination of results obtained in the
H — v and H — 4¢ decay channels using 36fb™" 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 off-shell effects [16,17], and to the determination
of Higgs-boson couplings [15,18,19].

Concerning the coupling determination, in general a modification 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 affect 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 different 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

SFB 676 — Particles, Strings and the Early Universe 237



PETER SCHLEPER, KERSTIN TACKMANN, GEORG WEIGLEIN

P R B A AR AR R _ e — T
ATLAS Preliminary fei Total (7 Stat. @ Syst. = SM 89-H (0-el) P-E-' ATLAS Preliminary
Vs=13TeV,79.8fb" o Vs=13TeV, 36.1 fbo"
Horr. Iy, <25 Total ( Stat Syst. ) 9gH (1-jt, pff <60 Ge) BB 11y and Hozz ot
9gF, 0j =] 092 0% (£047 01 ) 99—H m,, =125.09 GeV, |y |<2.5
. o o (1-jet, 60 < p* < 120 GeV) H vl
9ggF, 1j, 0<p!'<60 GeV = 1.23 '000 (£052 ) gg—H T
f EE_| B, /B
9gF, 1}, 60<p<120 GeV  j—=m=—| 0.89 0% (0w 02y (1-jet, 120 < p < 200 GeV) e
: " c0s5 1070 4040 H (> 2-jet, p¥ < 200 GeV
ggF, 1j, 120<p!'<200 GeV |_|E.E_|1451 e (ol s Q%jVB‘F_"k':) Py <200Ge .I—E—I FH'I
’ o6 o2
ogF, >= 2] pe— 0.65 0% (£047 0 ) 99K oy P! 2200 Gev) . F—Eo= i Ratc roimased to S
ag—Hqa, 0<p! <200 GeV == 140 0 (0% 0% + qq—Hqq (p;, =200 GeV) u
Measurement
0F + qq—Hqq, BSM-like |—=s=t— 0.76 1% (0% +023) 99-Hqq (¢, < 200 GeV) I = )
. ot oes Loz M Stat. uncertainty
VH, leptonic —===—1 1.38 ,Z: ( ,g:i ,222 ) 99/qq —HI/HIv |—E'—| Syst. uncertainty ||
p . . b
Top [ 113 Doz ( Zoas  Zoe ) - —fe— SMprediction [
ca v b b b b b b v L PP PArarar. AP BRI EPUPEPIT BRI SR S
_2 - 0 1 2 3 4 5 -1 0 1 2 3 4 5 6

(oxB)/(cxB) c, x B, normalized to SM

SM

Figure 5: STXS measurements using a “merged stage-1” scheme in the H — 7 decay channel
with 80fb™" (left), and obtained from combining measurements in H — yy and H — 4¢ with
36fb~" (right). Figures taken from Refs. [12] and [14], respectively.

into the production and decay contributions, ¢ - B(i - H — f) = o, - I'y/I'y, where o; is
the production cross section through the initial state ¢, B and I'y are the branching ratio and
partial decay width into the final state f, respectively, and I'y is the total width of the Higgs
boson; only modifications 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 x; were defined in such a way that the cross sections o; and the
partial decay widths I'; associated with the SM particle j scale with n? compared to the SM
prediction. By definition, the best available SM predictions for all o - B, including higher-order
QCD and electroweak corrections, are recovered when all x; = 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 different proposed benchmark scenarios correspond to different assumptions
on which of the couplings are fixed 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 significant
enhancement of the v+ 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 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 (¢ — 2), and BR(b — sv). The
left plot shows the partial decay width I'(h — ~7) in the MSSM, while the right plot shows
the branching ratio BR(h; — 77) 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 flavour physics,
as can be seen in Fig. 6. Mechanisms that can lead to an enhanced ~~ 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 bb decay mode results in an enhanced vy
rate. This suppression can either be caused by Higgs-boson propagator corrections entering the
effective mixing angle, or by non-decoupling SUSY corrections affecting 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 bb mode and an associated enhancement of the v 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
fits 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 fits 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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Figure 7: Mass predictions for the lightest and next-to lightest CP-even Higgs-states, mp,
(left), and mp, (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 fits have been carried out in close cooperation with
the B8 project of the SFB 676 on global fits.

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 A. One can see that the variation of A 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
identified 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-fit 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 MISSM 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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Figure 8: Results of a parameter scan in the NMSSM for the two lightest neutral Higgs bosons.
The regions that are preferred by the fit 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 modified version of the well-known mi'®* scenario, called m}*°4, where the light CP-
even Higgs boson can be interpreted as the LHC signal in large parts of the M —tan 8 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 vy at large tan (3,
and a 7-phobic Higgs scenario in which the lightest Higgs boson can have suppressed couplings
to down-type fermions have been defined. The importance of investigating different values of
both signs of the parameter p has been emphasized. For the default value of u = 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—Mp 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 effort 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 effort 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.

Tsee www. feynhiggs.de
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Figure 9: The M4-tan S plane in the m?o‘” 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 My = 125.5 4+ 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 (af + ayap, + o) 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 five different 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 M}, as a function of
tan S is compared in an mZ‘OdJ“—like scenario with the previous result including and excluding
the O (apas) terms that are known in the MSSM with real parameters. While the effect 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 tan
values. In the right plot the prediction for M}, is shown as function of the gluino phase ¢ay,.
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 fixed-order results and effective field 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 identified with the observed signal can be predicted from the other model parameters. This
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Figure 10: Prediction for the light Higgs-boson mass My, as a function of tan S (left) and as
a function of the gluino phase ¢az, (right). In the left plot the new result (solid) is compared
with the previous result (dashed) in an m**4*-like scenario for two values of . The dotted
line shows the case where the previous result is supplemented with the O (anas) 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 tan 8 = 50 for two values of |Mj3|. 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 different 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 effective field 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 fixed-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 different types of corrections. In this way for the first 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 fixed-order result
as a function of the SUSY scale, for two values of the parameter X, 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 effects for higher values of Mg.
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Figure 11: Prediction for the light Higgs-boson mass M}, as a function of the SUSY scale Mg for
X: = 0 (solid) and X;/Mg = 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 fixed-order result (“FH295”). Reprinted
figure 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

m
gus; = \@Tf

between the mass my of a fermion, the Higgs—fermion coupling gn rs, 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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Figure 12: Left: Weighted distribution of measured invariant masses of x4y~ pairs in compar-
ison to the sum of fits 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 — ff depend on g?{ff the only hope to probe this prediction for the other
generations are H — ¢¢ decays, where however the background from other processes is vast,
and H — p*p~ decays. For the latter case the background consists mostly of Drell-Yan events
with off-shell Z/~ and of leptonic decays of W+ W ~- and tt-pairs. This background is way lower
than for the c¢ case, but due to the expected small branching ratio B(H — ptp~) = 2.18 x10~*
still much larger than the signal process. For a search conducted by the CMS collaboration [43]
the excellent invariant mass resolution of the p™p~ pair is employed. Using observables un-
correlated to m,+,- 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 first time a Higgs coupling to second
generation fermions by including data from 2017 and 2018.

6.2 Search for lepton-flavour 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 flavour diagonal but allow for lepton
flavour violating decays such as H — 7tuT, H — 7%ef, H — preT (cf. references in
Ref. [44]). The emerging final 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 7 — u,
etc. In an early search for the most promising decay H — 7+ 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
7EuF. As the data for this larger sample agree with the background only expectation, an upper
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Figure 13: Left: Measured distribution of collinear masses for H — 7+ T with the 7 decaying
into an electron and neutrinos and two further jets to tag vector boson fusion processes. The
expected rate for H — 7% 4T is shown for a branching ratio of 10%. Close to the Higgs mass
the background is dominated by tt production. Right: Combining analysis for different Higgs
production and 7 decay modes the limit on the Higgs branching ratio is converted into a limit
on the Higgs couplings in the mixing matrix, Y,, and Y;,. The observed limit is about one
order of magnitude stronger than the one from indirect constraints (7 — p7). Figures taken
from Ref. [44].

limit on the branching ratio of B(H — 7*uT) > 0.25% was derived.

6.3 Search for decays to Z~

In the SM, the Higgs boson decay to Z~ proceeds through a loop process, similar to the
H — ~7 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 Z~ decay is predicted to be
(1.54 4 0.09) x 1073, comparable to that for the decay into two photons, but the number of
reconstructed events is significantly reduced by considering Z boson decays into electrons or
muons, to benefit 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 o(pp — H) - B(H — Z~) of
6.6 times the SM prediction at the 95% confidence level (CL) [47], corresponding to an upper
limit on the branching ratio of Higgs boson decays to Z~ of 1% when assuming SM Higgs boson
production. The expected 95% CL limit on o(pp — H)-B(H — Z~) assuming SM Higgs boson
decay to Zv was 5.2 times the SM prediction.

A future extension of this analysis is a search for the Higgs boson decays into v*+, which
is an experimentally more challenging signature since the two leptons have an invariant mass
different 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 Z~ (left) or vy (right). Figures taken from Refs. [47] and [48], respectively.

6.4 Search for heavy Higgs bosons decaying to Z+v or ~~

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(— £¢)v or ~y profits
from the good invariant mass resolution of these final 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 Zv or v at the 95% CL from the analyses performed
with the 201542016 dataset collected by the ATLAS experiment [47,48].

Should a new heavy resonance be found at the LHC, one of the first 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 final 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 < My < 350 GeV, i.e. above twice
the mass of the discovered Higgs boson (h with mj; = 125 GeV) and below twice the mass of
the top-quark, decays H — hh often have a large branching ratio. The subsequent final state
with one h decaying into h — bb and the other into o — 77 has the advantage of a rather
large combined branching ratio and well detectable b-quarks and 7-leptons. Furthermore this
final 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 fit was developed which in addition makes use of the known value of m; and of
transverse momentum balance in order to drastically improve the resolution for my [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 tan 3.
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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 different initial states. Reprinted figure
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 different 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 — 77) 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 (M 4,tan 3) plane. Typically, values of tan 3 above 60 are excluded
for M4 > 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 m}fo‘ﬂ'
benchmark scenario [29], see Sec. 4.2. A crucial ingredient to these measurements is the under-
standing of the 7 identification and momentum scale for hadronically decaying 7 leptons in the
kinematic phase space not accessible via the Z — 77 standard candle. Their measurement has
been done for 7 leptons with transverse momentum exceeding 100 GeV in the sample of highly
virtually W bosons decaying into 7 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 tan 8. 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 tan as a function of M, 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 p problem. In particular there are scenarios in which a light scalar
boson with M), < My 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 (M4, tan 8) plane of the MSSM for the m}"*" 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 final 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 < m, < 8 GeV, where the decay of a into a pair of tau
leptons dominates at high values of tan 8. 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 — 47), have been devised as a function of m, [57].

6.6 Impact of interference effects in the search for additional Higgs
bosons

As shown in Ref. [58], interference and mixing effects between neutral Higgs bosons in the MSSM
with complex parameters can have a significant 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 hi, hs, h3
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Figure 17: Exclusion bounds in the (Mpy+,tan) plane of the MSSM obtained with
HiggsBounds [27,28]. The left plot shows the results for the m!"*?* benchmark scenario [29]
with real parameters for y = 200 GeV (green) and p = 1 TeV (orange) as well as the exclusion
bound that would be obtained in the corresponding scenario with ¢4, = /4 and p = 1 TeV
for the incoherent sum of cross sections with 3 x 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 bb and the gg processes (red). For
illustration also the cases where the interference contribution is included only in the bb (black
line) and only in the gg (grey line) process are shown. Figures taken from Ref. [58].

and generate CP-violating interference terms. Both effects 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 mg‘°d+ benchmark scenario [29] by a non-zero
phase ¢4,, 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 7-leptons have
been obtained in Ref. [58]. While the resonant mixing increases the individual cross sections
for the two heavy Higgs bosons ho and hg, strongly destructive interference effects between the
contributions involving hs and hg leave a considerable parameter region unexcluded that would
appear to be ruled out if the interference effects 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
g =1TeV and $a, = 7/4 is compared with the m***" benchmark scenario [29] with real
parameters for ;4 = 200 GeV and p = 1 TeV in the left plot of Fig. 17.
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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 effort 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 field. 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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