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Abstract

The run-1 data taken at the LHC in 2011 and 2012 have led to strong constraints on the allowed
parameter space of the MSSM. These are imposed by the discovery of an approximately SM-like
Higgs boson with a mass of 125.09 + 0.24 GeV and by the non-observation of SUSY particles
or of additional (neutral or charged) Higgs bosons. For low values of the parameter tan /3, the
direct bounds on the masses of the additional Higgs bosons are still relatively weak, but very
heavy SUSY particles are required to reproduce the observed mass of the SM-like Higgs boson.
In this document we discuss and compare two approaches for predicting the properties of the
Higgs bosons in the region with low tan 8 and heavy SUSY. We also make recommendations for
the sets of parameters to be used by the ATLAS and CMS collaborations in the analysis of such
scenarios.



1 Introduction

In contrast to the SM, the minimal supersymmetric standard model (MSSM) requires the intro-
duction of two complex Higgs doublets, H,, and Hg, to provide masses for up- and down-type
fermions via the spontaneous breaking of the SU(2)r x U(1)y gauge symmetry. If the MSSM
Lagrangian does not contain new sources of C'P violation, the presence of two complex Higgs
doublets implies the existence of two charged Higgs bosons, H*, and three neutral Higgs bosons:
a CP-odd (i.e., pseudoscalar) state A, and two C'P-even (i.e., scalar) states, h and H, with
myp < mp. At the tree level in the MSSM, the masses of these five Higgs bosons and their
mixing can be expressed in terms of the gauge-boson masses myy and myz plus two additional
parameters, which can be chosen as the pseudoscalar mass m4 and the ratio of the vacuum
expectation values of the neutral components of the two Higgs doublets,

C(HY) v
tan 8 = <H3> = (1)

The tree-level mass of the charged states is given by mzi = m?4 + m%/v. The tree-level mass
matrix for the neutral C' P-even states reads:
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This is diagonalized by an angle o given by
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tana = , (3)
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leading to the tree-level mass eigenvalues

1
m%H =3 <m?4+m22 ¥ \/(m124+m22)2—4m124m2z 008226> ) (4)

In the MSSM the role of the SM Higgs boson is shared between the scalars h and H. In
particular, the couplings of the neutral scalars to pairs of massive vector bosons (VV') and of
SM fermions (uu, dd and ¢¢), relative to the corresponding SM couplings, are:

gvv Guu gdd.ee
A 0 cot 3 tan 3

H cos(f—a«) sina/sinff  cosa/cosf

h  sin(f—a) cosa/sinf —sina/cosf

In addition, there are non-SM couplings of the neutral scalars to ZA and to W*HT . These are
proportional to cos(f — «) in the case of h and to sin( — «) in the case of H, while the ZAA
coupling vanishes and the W*HT A coupling does not depend on a or . Also relevant for our
discussion is the trilinear coupling of one heavy scalar to two light scalars, whose tree-level value
reads, in units of m% /v where v = (v2 + v2)Y/2 ~ 246 GeV,

AHhh, tree = 2 sin2a sin(f + a) — cos2a cos(f + «) . (6)
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Figure 1: Tree-level values of the masses of the charged scalars, mpy+, and of the neutral scalars,
Mk, given as a function of the pseudoscalar mass m 4, for two different values of tan 3.

The tree-level dependence of my, my and mpy+ on my, for two different values of tan g,
is illustrated in Figure In the decoupling limit, m4 > myz, the mixing angle in the CP-
even sector simplifies to @ ~ [ — 7/2. As a result, the tree-level mass of the light neutral
scalar h becomes approximately constant, my ~ my | cos 23|, and its couplings to gauge bosons,
quarks and leptons in Eq. become SM-like. The masses of H and H* become approximately
degenerate with m 4, the couplings of H to two massive gauge bosons vanish, the couplings of
H to two up-type (down-type) SM fermions are suppressed (enhanced) for large tan 3, and the
coupling of H to two light neutral scalars is suppressed for large tan 5. Therefore, in this limit,
the Higgs sector of the MSSM reduces to a SM-like Higgs boson with tree-level mass m;, < myz,
and a heavy and mass-degenerate multiplet (H, A, H) with vanishing couplings to two massive
gauge bosons. In contrast, for low values of my4 there is a crossing point where H and h swap
their roles, i.e. the heavy neutral scalar is the one whose mass is independent of m4 and whose
couplings approach SM strength.

Figure (1| shows that, for tan 5 2 10, the decoupling behavior of the tree-level scalar masses
is rather sharp, with a clear crossing point around ma =~ my. In contrast, for lower values of
tan 5 the onset of the decoupling behavior at m4 > myz (or myg < myz) is delayed to larger (or
smaller) values of m 4. Indeed, for tan 8 = 3 a heavy scalar H of mass around 300 GeV can still
have non-negligible couplings to two massive gauge bosons (as well as to two light scalars, due
to the reduced tan 8 suppression). However, for low tan 3 the upper bound on the tree-level
mass of the light scalar can be considerably lower than my, with tan 8 = 1 corresponding to a
vanishing tree-level mass.

As is well known, the tree-level predictions for the masses of the MSSM Higgs bosons are
subject to substantial radiative corrections, which can lift the lightest-scalar mass well above
the tree-level bound and introduce a dependence on several other parameters of the MSSM.
The dominant one-loop contribution to the lightest-scalar mass arises from loops of top quarks
and their scalar superpartners, the top squarks (stops), and in the decoupling limit takes the



approximate form

i 3mi m X? X}
(Am%)i{zop ~ 2 72 t2 <10g SUQSY + 2 : o 12 4t ) (7)
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where msysy = /My, my, is an average scale for the stop masses, and X; = Ay — pcot 3 is

the stop mixing term, where A; is the soft SUSY-breaking Higgs-stop coupling and g is the
higgsino mass parameter. It is easy to see that the one-loop top/stop contribution to my, is
maximized for large values of mgysy (due to the logarithmic term) and for the mazimal mizing
condition |X;| = v/6 msyusy. A smaller negative contribution from sbottom loops, not shown in
the equation above, can be relevant only for large values of tan 5. Full one-loop calculations of
the MSSM Higgs masses, supplemented with partial two-loop corrections and even the leading
three-loop corrections, have become available over the past quarter-century.

The run-1 data taken at the LHC in 2011 and 2012 have led to strong constraints on the
allowed parameter space of the MSSM. E| These constraints are imposed by (i) the discovery
of a scalar particle with a mass of 125.09 + 0.24 GeV [IH3] and couplings compatible with the
predictions for the SM Higgs boson within an experimental accuracy of £(10—20)% [4], [B]; (ii)
the non-observation so far of additional neutral or charged Higgs bosons in direct searches [6HI];
and (iii) the non-observation so far of SUSY particles.

Within the MSSM, the newly discovered particle is usually interpreted as the light neutral
scalar h, while the interpretation as the heavy neutral scalar H is disfavored by the data [8], @].
For the set-up and testing of benchmark scenarios, the light-scalar mass is usually treated as a
constraint on the unknown SUSY parameters, with the requirement

mp, =125+ 3 GeV (8)

where the £3 GeV variation corresponds to a rough estimate of the theoretical uncertainty of
the MSSM prediction for my,, due to the unknown effect of higher-order corrections [10} 11].

For tan8 2 10 and m4 in the decoupling region, the tree-level mass of the light scalar
saturates the bound my < my ; values of mgysy around one TeV are then necessary to reproduce
the observed my in the maximal mixing case, whereas multi-TeV stop masses are necessary for
smaller |X;|. However, the tan S-enhancement of the couplings of the heavy Higgs bosons to
bottom quarks and to 7 leptons leads to significant constraints on the (m4,tan ) plane from
direct searches by ATLAS and CMS [6H9]. For example, the situation in a typical benchmark
scenario described in Ref. [12] is shown in Figure 2| In this scenario, values of tan 8 2 10 (20)
are directly excluded for m4 < 300 (500) GeV. For the run-2 LHC the allowed parameter space
is expected to shrink further, unless a discovery is made.

For lower values of tan 3, heavy Higgs bosons with masses as low as 200 GeV are not yet
excluded by direct searches at the LHC. Moreover, thanks to the delayed approach to the
decoupling limit and to the reduced tan S-suppression of the three-scalar coupling, the decays

H— WW, H— 77, H — hh, A= Zh, (9)

may still have significant branching ratios, especially below the threshold for the decay to a
top-quark pair (see, e.g., Refs. [13, [14]). However, as mentioned above, lower values of tan /3
imply a reduced tree-level mass for the lightest scalar, and hence require larger values of mgusy

! Additional constraints on the MSSM parameter space arise, e.g., from cold dark matter density, (g — 2) » and
B-physics observables. In particular, the latter can exclude regions of the (ma,tan ) plane in scenarios where
all SUSY contributions decouple. However, such indirect constraints are independent from — and complementary
to — those arising from Higgs phenomenology at the LHC, and will not be discussed further in this note.
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Figure 2: Regions of the (m4,tan ) plane excluded by the ATLAS and CMS collaborations
in direct searches for neutral and charged Higgs bosons decaying to 7 leptons [6H9], in the
benchmark MSSM scenario m/"™** T described in Ref. [12].

entering the radiative corrections to satisfy the mass constraint in Eq. . For tan 8 in the low
single digits, the required hierarchy between mgysy and m; is so large that a fixed-order result
such as the one in Eq. @) would be inadequate even if extended to two- or three-loop accuracy,
because the un-computed higher-order corrections contain higher powers of the large logarithm
of mgusy/mq¢. In this case, the large logarithmic corrections to the Higgs masses should be
resummed to all orders via an effective-field-theory (EFT) approach: the heavy SUSY particles
are integrated out at the scale mgysy, where appropriate boundary conditions, free of logarithmic
enhancements, are imposed on the quartic Higgs couplings; the latter are evolved down to the
weak scale with the corresponding renormalization group equations (RGE); finally, the Higgs
masses are computed from the quartic Higgs couplings, including the radiative corrections due
to the contributions of the remaining light particles at the weak scale.

An EFT calculation of the MSSM Higgs masses in scenarios where all the SUSY particles
(except possibly charginos and neutralinos) are far above the TeV scale, while all Higgs bosons
are below it, is being completed [15], extending the earlier work in Ref. [16] to the case of two
light Higgs doublets. The boundary conditions on the quartic couplings are computed at two
loops, and the RG evolution is performed at two or three loops (the latter only in the region
where the relevant effective theory is the SM). However, no public code implementing the re-
sults of such a calculation is currently available. For the analysis of low-tan 8 scenarios by
ATLAS and CMS, this limitation has been circumvented in two ways: (i) in the phenomeno-
logical “hMSSM” approach of Refs. [I7HI9], which will be briefly described in section the
experimental knowledge of my, can be traded — under certain assumptions — for the calculation
of the radiative corrections, and used to predict the remaining masses and couplings of the
MSSM Higgs bosons; (ii) in an alternative approach [20], the accurate fixed-order calculation of
the MSSM Higgs masses provided by the code FeynHiggs [10], 21H23] has been supplemented
with a partial resummation of the large logarithmic corrections [24], and used to produce a new
benchmark scenario with ms < 500 GeV, tan 8 < 10 and sufficiently heavy SUSY particles,



whose predictions for my, are compatible with the requirement of Eq. . This scenario, referred
to as “low-tb-high”, will be briefly described in section

In this document, the two above-mentioned approaches to the study of MSSM scenarios with
low tan 3, light Higgs bosons and heavy SUSY are described. Each approach is introduced with
its underlying assumptions and main features, and its applicability over the MSSM parameter
space is discussed, also relying on a comparison with preliminary results of the EFT calculation.
The computation of production cross sections and decays of the neutral Higgs bosons in the
two approaches is described (ROOT files for the results can be downloaded from the web pages of
the LHC-HXSWG [25]). Finally, the predictions for the Higgs decays obtained within the two
approaches are compared, and the origin of some observed discrepancies is discussed.

2 Benchmark scenarios for low tan $ in the MSSM

2.1 The hMSSM approach

In the hMSSM approach [I7HI9], the Higgs sector of the MSSM is described in terms of just
the parameters entering the tree-level expressions for masses and mixing, Eqgs. and , plus
the experimentally known value of my. In this sense, the hMSSM approach can be considered
“model independent”, because the predictions for the properties of the MSSM Higgs bosons do
not depend — with some caveats which will be discussed below — on the details of the unobserved
SUSY sector.

The mass matrix for the neutral C P-even states can be decomposed as

(10)

2 2
M%{) _ M% + AMH AMlZ
AMZ, AMZ, )

where the tree-level matrix M2, is given in Eq. , and A./\/lfj are the radiative corrections.
The hMSSM approach is based on the following assumptions: (i) the observed Higgs boson is
the light scalar h; (ii) of the radiative corrections in Eq. , only the element AM3,, which
contains the leading logarithmic terms arising from top and stop loops, needs to be taken into
account; (iii) all SUSY particles are heavy enough to escape detection at the LHC, and their
effects on the Higgs sector other than those on the mass matrix, e.g. via direct loop corrections
to the Higgs-boson couplings or via modifications of the total decay widths, can be neglected.

With these assumptions AMS3, can be traded for the known value of my, inverting the
relation that gives the lightest eigenvalue of the mass matrix in Eq. :

m2 (m% +m% —m?) —m? m% cos® 23 (1)
m2 cos? B +m? sin® B —m? ’

AM%Z =

which leads to the following expressions for the heavy-scalar mass and for the mixing angle

o (m% +m% —m})(m3 cos® B+ m?sin® B) — m% m% cos? 23
TE = m2 cos? B 4+ m2 sin? B — m? ’ (12)
Z A h

2 2 .
tana = — 2(m22+mA)200§B251nﬁ 5 - (13)
m7 cos* 3+ m7 sin® 8 —mj

The mass of the charged scalars coincides with the tree-level value m%ﬁ = m?4 + m%/v in
this approximation. The couplings of the neutral Higgs bosons to fermions and to gauge bosons
are fixed to their tree-level form as in Eq. , but they are expressed in terms of the effective



(i.e., loop-corrected) angle o obtained in Eq. . In contrast, the triple and quartic Higgs
self-couplings receive additional contributions. In particular, the effective Hhh coupling in the

hMSSM reads A2
M5, sina
AHhh = AHhhtree + 3 ——522 —— cos’ (14)
my sinf

where the tree-level coupling, see Eq. @, is also expressed in terms of the effective «, and the
correction AM3, is given in Eq. . Under the assumptions that characterize the hMSSM, the
information encoded in Eqgs. f is sufficient to determine the production cross sections
and the decay branching ratios of all the MSSM Higgs bosons, as function of only m 4 and tan g
for a fixed value of the light-scalar mass (which we can take as mj; = 125 GeV). The precise
calculation of these observables will be described in section 2.3] below.

It should be noted that the hMSSM approach is well defined only in the region of the
(m4, tan 8) plane where the denominator in Eqgs. f is greater than zero (indeed, as
the denominator approaches zero AM%Q diverges, and we get @« — —7/2 and my — o0). In
other words, for any given value of tan 8 there is a minimum value mf{in below which it is not
possible to reproduce the desired my with only a correction to the (2,2) element of the Higgs
mass matrix. For large tan 8 one has mgﬁn ~ my, while for decreasing tan f the minimum
value of my4 increases, up to m%in = (2m? — mZZ)l/2 for tan 8 = 1 (for my, = 125 GeV, this
corresponds to m3" &~ 151 GeV). However, in Ref. [19] it is argued that the region where the
hMSSM approach breaks down is already excluded, both by direct searches for H* and A at
the LHC and by the requirement that the couplings of h be approximately SM-like.

The validity of the assumption (ii), that AM?; and AM?3, can be neglected, is also discussed
in Refs. [I8, [19]. Direct inspection of the dominant one-loop contributions from top/stop loops
shows that the corrections to the (1,1) and (1,2) elements of the Higgs mass matrix are pro-
portional to powers of the ratio p X;/ m%Usy. Since the sbottom contributions to those matrix
elements are not enhanced at the moderate tan S values of interest here, the assumption (ii)
is satisfied as soon as u X3 /m%USY is suppressed. In MSSM scenarios with mgysy up to a few
TeV, the inclusion of the full one-loop contributions and of the known two-loop contributions
does not alter this picture. This was shown in Refs. [I8] [19] via numerical comparisons between
the predictions for mpy and « obtained with the codes SuSpect [26] and FeynHiggs [10, [21-24]
and those obtained with the hMSSM approximations, Eqgs. and , using the values of
my, produced by the codes as input. To extend this check to the very large values of mgysy
required to obtain the observed value of my at low tan §, a comparison against the proper EFT
calculation would be necessary. Preliminary studies in this direction [I5] indicate that, even in
such heavy-SUSY scenarios, the predictions of Egs. f agree within a few percent with
the exact results for mp, a and Agpp , as long as uXt/m%USY <1

Concerning the assumption (iii), i.e. the absence of direct SUSY corrections to the Higgs
couplings, we recall that the couplings to bottom quarks are subject to potentially large, tan -
enhanced SUSY corrections — often called Ay corrections — which do not decouple in the limit
of heavy superparticles. However, those corrections are not particularly relevant at the values
of tan B considered here, and in addition they scale like u/mgysy, i.e. they could be suppressed
by the same choices of SUSY parameters that guarantee the validity of the assumption (ii).

2.2 The “low-tb-high” scenario

The second approach [20] to the study of low-tan § scenarios in the MSSM is essentially orthog-
onal to the one outlined in the previous section. Instead of treating my, as an input, and using it
to obtain a simple but approximate description of the Higgs sector which is largely independent
of the underlying SUSY parameters, one looks for choices of SUSY parameters that, using a
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Figure 3: Mass of the light scalar h as computed by FeynHiggs 2.10.4 in the “low-tb-high”
scenario, as a function of m 4 and tan S.

high-precision calculation of the Higgs masses and mixing, allow to obtain the desired value of
my, in most of the (m4, tan 3) plane.

As discussed in section [T}, for low tan 8 the values of mgugy required to obtain my, ~ 125 GeV
are so large that a fixed-order calculation of the Higgs masses becomes inadequate, and a resum-
mation of the large logarithmic corrections is unavoidable. Starting from version 2.10.0, the
public code FeynHiggs [10, 21H23] does include such resummation [24], with some limitations
that will be discussed below. The so-called “low-tb-high” scenario is defined for 0.5 < tan 5 < 10
and 150 GeV < m4 < 500 GeV, and the masses and mixing of all the MSSM Higgs bosons are
computed with version 2.10.4 of FeynHiggs.

To obtain values of my in the desired range, the SUSY parameters — in the on-shell scheme
adopted by FeynHiggs — are chosen as follows: (i) all soft SUSY-breaking masses for the
sfermions (both squarks and sleptons) as well as the gluino mass are set equal to mgysy; (ii)
mgusy is varied between few TeV (for large values of m 4 or tan 8) and up to 100 TeV (for small
values of m4 or tan f3), keeping the following relations between X;, mgysy and tan f3:

tan 8 < 2 : Xi/mgusy = 2;
2<tanf <86 : X;/msusy = 0.0375tan? 3 — 0.7 tan 3 + 3.25;
8.6 < tan 3 : Xi/mgusy = 0;

(iii) for what concerns the remaining SUSY parameters, all Higgs-sfermion trilinear couplings
other than A; are set to 2 TeV, u is set to = 1.5 TeV and the SU(2) gaugino mass Ms is set to
2 TeV (this fixes also the U(1) gaugino mass M via the GUT relation My /My = 5/3 tan? Oy ).
With these choices of SUSY parameters, the prediction of FeynHiggs for the light-scalar mass
my, 18 shown in Figure [3] as a function of m4 and tan 3. As can be seen, the requirement of
Eq. can be met over most of the parameter space, with the exception of the lower-left corner
corresponding to very low values of both m 4 and tan 5. However, it has not been tested whether
the predictions for the production cross section and the branching ratios of the light scalar are in
full agreement with the latest results of the ATLAS and CMS collaborations [4, 5], which indicate



a SM-like Higgs boson with uncertainties in the (10—20)% range. For the heavy Higgs bosons,
the chosen values of 1 and My ensure that all decays to charginos and neutralinos (henceforth,
electroweakinos or EW-inos) are kinematically closed, thus maximizing the branching ratios for
the decays in Eq. @D

A limitation of the “low-tb-high” scenario should be taken into account. The resummation
procedure currently implemented in FeynHiggs — which accounts only for the leading and next-
to-leading logarithmic corrections to the Higgs masses controlled by the strong gauge coupling
and by the top Yukawa coupling — relies on the assumption that all SUSY masses as well as
the heavy-Higgs masses are of the order of mgugy. However, in the “low-tb-high” scenario the
parameters (1 and M  are fixed to O(TeV), and m 4 is below 500 GeV. To assess the adequacy of
FeynHiggs in an MSSM scenario with heavy sfermions and gluinos but relatively light EW-inos
and additional Higgs bosons, a comparison with a proper EFT calculation — where the effective
theory below mgugy is a two-Higgs-doublet model (THDM) augmented with EW-inos — would
be necessary.

Preliminary studies in this direction [15] indicate that, with the choices of SUSY parameters
of the “low-tb-high” scenario, the EFT predictions for my can be considerably lower than those
of the current FeynHiggs implementation. In particular, for tan 8 > 5.5 the EFT calculation
yields values of my, that are about 2 GeV lower than those obtained by FeynHiggs. For lower
values of tan 3, the disagreement is more severe: the difference is greater than 5 GeV (10 GeV)
for tan 8 < 3.5 (tan 8 < 2). When one looks at the minimal value of mgysy required to obtain
my, in the desired range, the logarithmic dependence of my, on mgusy amplifies the discrepancy.
For tan 8 = 2, the EFT calculation requires mgysy > 108 TeV (mgusy > 200 TeV) to obtain
myp, > 122 GeV with my = 200 GeV (m4 = 500 GeV). This should be compared with the
maximal value mgysy = 100 TeV adopted in the “low-tb-high” scenario for the lowest values of
m4 and tan . Discrepancies up to (10—12)% between FeynHiggs and the EFT calculation can
also be found in the predictions for myg and « at very small values of m4 and tan 3. Further
investigation will be required to ascertain how these discrepancies are related to the presence of
a light THDM, to the presence of light EW-inos, and to other aspects of the calculation such as
the determination of the top Yukawa coupling.

On the other hand, the fact that yu < mgyugy over the whole parameter space ensures that
the dominant top/stop corrections to the elements other than (2,2) of the C' P-even Higgs mass
matrix are suppressed. Therefore, a meaningful comparison with the results obtained in the
hMSSM approach can be performed, as will be discussed in section

2.3 Cross sections and branching ratios

To facilitate the analysis of low-tan 3 scenarios by the ATLAS and CMS collaborations, ROOT files
have been produced for both the hMSSM approach and the “low-tb-high” scenario, providing
the production cross sections and the decay branching ratios of all the neutral MSSM Higgs
bosons, for a grid of values of m4 and tan 3. In particular, results were produced in the
ranges 150 GeV < my < 500 GeV and 0.5 < tan 8 < 10 for the “low-tb-high” scenario, and
130 GeV <my4 <1TeV and 1 < tan 8 < 60 for the hMSSM. In the latter, however, some points
at low m 4 and low tan 3 are discarded by requirement that the denominator in Egs. f be
positive, and the points with tan 5 > 10 or m4 > 500 GeV are not relevant to this discussion. In
the hMSSM files the mass of the light neutral scalar has been fixed to mj; = 125 GeV, then my
and « have been computed as function of m4 and tan 8 using Eqgs. and . In contrast,
in the “low-tb-high” files both neutral-scalar masses, as well as a, have been computed with
FeynHiggs 2.10.4, starting from the SUSY parameter choices that define the scenario and from
the SM input parameters listed in appendix [A] As shown in Figure [3] this implies that in the



“low-tb-high” files my, is not fixed to a constant value over the (my4, tan 3) plane.

The cross sections for the production of the neutral Higgs bosons ¢ = (h, H, A) via gluon
fusion (gg — ¢) and bottom annihilation (bb — ¢), for center-of-mass energies of both 8 TeV
and 13 TeV, have been computed with the code SusHi 1.5.0 [27]. For gluon fusion, the code
implements the full top- and bottom-loop contributions at NLO in QCD from Refs. [28, 29],
NNLO-QCD top contributions in the heavy-top limit from Refs. [30} 31] (see also Refs. [32H34]),
and electroweak contributions by light quarks from Refs. [35], [36]. In the case of the hMSSM,
no contributions from squark loops are included, consistent with the assumption (iii) of that
approach. For what concerns the “low-tb-high” scenario, the squark-loop contributions to the
gluon-fusion amplitude could in principle be computed by SusHi, but they are negligible even for
the lowest considered values of mgysy. Those contributions have therefore been omitted, in order
to improve the numerical stability of the calculation. On the other hand, the non-decoupling A,
corrections to the Higgs-bottom couplings are included in the “low-tb-high” scenario, but their
effect for tan 8 < 10 is not significant.

For bottom annihilation, SusHi implements the NNLO-QCD results in the five-flavor scheme
from Ref. [37]. For each neutral Higgs boson ¢, the amplitude for the production of a SM Higgs
boson of mass m, is reweighted with the effective coupling gqq given in Eq. . Also in this case,
the Ay corrections are included only in the “low-tb-high” scenario. In addition, the ROOT files
contain reweighted four-flavor-scheme cross sections for bottom-quark associated production
(99 — bbo) [38, 39], as well as the “Santander matched” cross sections which combine the
five-flavor and four-flavor descriptions of the process [40].

In the calculation of the cross sections, the SM input parameters for SusHi have been set
to the values listed in appendix [A] The renormalization scale py and the factorization scale px
have been fixed as pr = pr = my/2 in the case of gluon fusion and as pr = 4 pr = my in the
case of bottom annihilation. Scale uncertainties have been obtained from the envelope of seven
independent variations of ur and pp by factors of 2 with the constraint 1/2 < pgr/pr < 2 in
the case of gluon fusion and 2 < pg/pur < 8 in the case of bottom annihilation. For the parton
distribution functions the MSTW2008 [41] set has been used, and the residual uncertainties on
the parton distribution functions and on the strong coupling constant, a;, have been obtained
from the corresponding relative uncertainties for a SM Higgs boson of mass my, evaluated as
proposed in Ref. [42].

Concerning the calculation of the branching ratios, there are important differences between
the hMSSM files and the “low-tb-high” files. In the hMSSM files, the branching ratios for
the decays of the neutral Higgs bosons are computed with the code HDECAY [43], 44], which —
starting from version 6.40 — can take mj as input and obtain mpy and « from the hMSSM
prescriptions in Eqgs. and . The values of the SM input parameters used by the code
are listed in appendix [Al For the decays relevant to this discussion, the hMSSM mode of HDECAY
implements: N*LO-QCD corrections to the decays to quark pairs [45-58]; LO results for the
decays to lepton pairs and for the decays involving massive gauge bosons, both on-shell and
off-shell; a LO calculation of the decays to Higgs-boson pairs, both on-shell and off-shell, using
effective hMSSM couplings such as the Hhh coupling in Eq. . In contrast, in the ROOT files
for the “low-tb-high” scenario the branching ratios have been computed as recommended by the
LHC-HXSWG [59], by combining the results of HDECAY for the decays to quark pairs with the
results of FeynHiggs for the remaining decays. In particular, for the decays to massive gauge
bosons FeynHiggs approximates the MSSM results by reweighting the SM results from the code
PROPHECY4f [60), [61] with the effective couplings gyy given in Eq. . For the decays to Higgs
bosons, FeynHiggs implements a full one-loop calculation within the (complex) MSSM [62],
improved — starting from version 2.10.4 — with the resummation of potentially large logarithmic
corrections to the decay H — hh.
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Figure 4: Relative differences in mp (left) and a (right) between the predictions of FeynHiggs for
the “low-tb-high” scenario and the corresponding predictions obtained in the hMSSM approach
via Eqgs. and , starting from the values of mj computed by FeynHiggs.

2.4 Comparing the predictions for the Higgs-boson properties

As mentioned in section the choices of SUSY parameters in the “low-tb-high” scenario
satisfy all of the assumptions that underlie the hMSSM, thus inviting a comparison between
the predictions for the Higgs-boson properties obtained within the two approaches. However, a
direct comparison between the two sets of ROOT files is hindered by the fact that the light-scalar
mass is fixed as my = 125 GeV in the hMSSM files, whereas it varies with m4 and tanf in
the “low-tb-high” files. To circumvent this problem, we compared the predictions of the “low-
tb-high” scenario for my, a and the branching ratios with the corresponding results obtained
in the hMSSM approach taking as input the values of my, from the “low-tb-high” scenario and
computing all branching ratios with HDECAY.

In the left and right panels of Figure[d] we show the relative differences between the predictions
of the “low-tb-high” scenario and those of the hMSSM for mpy and «, respectively, on the
(m4, tan 8) plane with 150 GeV < my < 500 GeV and 1 < tan < 10. The figure shows that,
for the SUSY parameters that characterize the “low-tb-high” scenario, the results of FeynHiggs
for my and o and the approximate results obtained via Egs. and differ by less than
1% over most of the parameter space. Larger discrepancies, up to a few percent, occur only
in the lower-left corner at very low m4 and tan 3. In view of this good accord, we can expect
any significant discrepancy in the predictions for cross sections and branching ratios to be
due to differences in the calculation of the physical observables themselves, rather than to the
approximation in Eqgs. and . While the production cross sections are computed with
SusHi in both cases, discrepancies can arise in the widths for the decays in Eq. @, which in the
“low-tb-high” and hMSSM files are computed with FeynHiggs+PROPHECY4f and with HDECAY,
respectively.

The left and right panels in Figure [5| show the branching ratio for the decay H — hh in
the “low-tb-high” scenario and in the hMSSM+HDECAY combination, respectively. Again, in
the hMSSM plot the mass mj, used to compute my and « via Egs. and in a given
point of the (m4, tan 8) plane has been adjusted to the value computed by FeynHiggs in the
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Figure 5: Left: Branching ratio for the decay H — hh as computed in the “low-tb-high”
scenario following the LHC-HXSWG recommendations for the decay widths (in particular,
I'(H — hh) is computed with FeynHiggs). Right: The same branching ratio obtained with the
hMSSM+HDECAY combination — namely, starting from the values of mj computed by FeynHiggs
in the “low-tb-high” scenario, then computing the branching ratio with HDECAY, which obtains
myr, o and Agpp, from the hMSSM prescriptions in Eqgs. 7.
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Figure 6: Relative differences in BR(H — hh) (left) and I'(H — hh) (right) between the
predictions of the “low-tb-high” scenario (where I'(H — hh) is computed with FeynHiggs) and
the corresponding predictions obtained with the hMSSM+HDECAY combination. For the latter
we start from the values of m; computed by FeynHiggs in the “low-tb-high” scenario, then
we compute width and branching ratio with HDECAY, which obtains mp, o and Agpp from the

hMSSM prescriptions in Egs. f.
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corresponding point of the “low-tb-high” scenario. In the hatched region on the left plot the
decay is below threshold, and the corresponding width is set to zero by FeynHiggs (in contrast,
in the right plot HDECAY computes also the small width to off-shell scalars). The plots show that,
in this scenario, BR(H — hh) can be larger than 50% for tan 5 < 4 and for values of m4 such
that m sits between the kinematic threshold for the decay to a light-scalar pair and the one for
the decay to a top-quark pair. A visual comparison of the left and right plots also shows that
the qualitative dependence of BR(H — hh) on m 4 and tan 3 is the same in both approaches,
but the branching ratio takes on somewhat larger values in the “low-tb-high” plot than it does
in the hMSSM plot.

To quantify the previous statement, the left plot in Figure [6] shows the relative difference
between the values of BR(H — hh) computed in the “low-tb-high” scenario and those computed
in the hMSSM with HDECAY. The plot shows that the discrepancy in the branching ratio is less
than 10% in the region where the decay H — hh is dominant, and exceeds 20% for larger
values of my and, hence, my. However, in the region where a decay channel is dominant a
comparison between branching ratios can mask the true extent of a discrepancy. The right plot
of Figure [0] shows instead the relative difference between the corresponding values of the decay
width I'(H — hh). It appears that, at the level of the decay width, the discrepancy between the
results obtained in the two approaches is above 15% in most of the relevant parameter space, and
exceeds 25% for large m 4 and intermediate tan 3. The size of the discrepancy can be understood
in view of the different accuracy of the I'(H — hh) calculation in the two approaches. Indeed,
while in the hMSSM the effect of the top/stop contributions is included via the effective coupling
in Eq. (14), FeynHiggs implements a full calculation of the one-loop corrections to the decay
width, supplemented with the resummation of large logarithmic terms. Thus, the FeynHiggs
result accounts for potentially large threshold effects in diagrams with loops of SM particles,
which are not captured by using an effective coupling alone.

In Figures we show plots analogous to those in Figures [5| and [6] for the decays H —
WW, H— ZZ and A — Zh. For what concerns the decays of H to massive gauge-boson
pairs, the relative differences between the two calculations of the widths are — over most of
the (ma,tan ) plane — smaller than 15% for WW and smaller than 10% for ZZ. Again, such
discrepancies can be explained by the fact that, in the “low-tb-high” files, the H — V'V decay
widths are obtained by reweighting the state-of-the-art SM results of PROPHECY4f, whereas in the
hMSSM files those widths are computed at LO with HDECAY. For the decay A — Zh, Figure
shows that — in the region with m4 > myz + mp where the decay is kinematically open — the
relative differences between the two calculations of the widths are smaller than 10% unless tan 3
is very close to 1. For lower values of m 4, where the pseudoscalar must decay to off-shell bosons,
large discrepancies appear, due to differences in both the implementation of the calculations and
the input value of . However, the decay width is extremely suppressed in that region, and the
process is not relevant to the low-tan 8 analysis.

Finally, we performed analogous comparisons for all the remaining decay channels of H and
A, but we discuss here only the decays to pairs of third-family SM fermions, which can reach
sizeable branching ratios in the considered scenario. The widths for the decays to top and
bottom pairs are computed with HDECAY in both approaches, therefore any discrepancy must be
due to different input values for mg and a. For the decays to top quarks, we find discrepancies of
O(1%) in the region where the relevant Higgs mass is above the threshold for the production of a
real-top pair and the decay is unsuppressed. For the decays to bottom quarks, the discrepancies
for tan 8 2 3, where the branching ratio becomes significant, are also of O(1%). In contrast,
the decays to tau leptons are computed at LO with HDECAY in the hMSSM files, and at one
loop with FeynHiggs in the “low-tb-high” files. In this case, the discrepancies for tan 8 2 3 are
smaller than 5% for I'(H — 77), and smaller than 8% for T'(A — 77).
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Figure 7: Left: Branching ratio for the decay H — WW as computed in the “low-tb-high”
scenario following the LHC-HXSWG recommendations for the decay widths (in particular,
I'(H — WW) is computed with FeynHiggs+PROPHECY4f). Right: The same branching ra-
tio obtained with the hMSSM-+HDECAY combination — namely, starting from the values of my,
computed by FeynHiggs in the “low-tb-high” scenario, then computing the branching ratio with
HDECAY, which obtains my, « and Agpp from the hMSSM prescriptions in Egs. f.
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Figure 8: Relative differences in BR(H — WW) (left) and I'(H — WW) (right) be-
tween the predictions of the “low-tb-high” scenario (where I'(H — WW) is computed with
FeynHiggs+PROPHECY4f) and the corresponding predictions obtained with the hMSSM+HDECAY
combination. For the latter we start from the values of my computed by FeynHiggs in the “low-
tb-high” scenario, then we compute width and branching ratio with HDECAY, which obtains mg,
a and Agpp from the hMSSM prescriptions in Egs. 7.
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Figure 9: Left: Branching ratio for the decay H — ZZ as computed in the “low-tb-high” scenario
following the LHC-HXSWG recommendations for the decay widths (in particular, I'(H — ZZ2)
is computed with FeynHiggs+PROPHECY4f). Right: The same branching ratio obtained with the
hMSSM+HDECAY combination — namely, starting from the values of mj, computed by FeynHiggs
in the “low-tb-high” scenario, then computing the branching ratio with HDECAY, which obtains
mpyg, a and Agpp from the hMSSM prescriptions in Egs. —.
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Figure 10: Relative differences in BR(H — ZZ) (left) and I'(H — ZZ) (right) be-
tween the predictions of the “low-tb-high” scenario (where I'(H — ZZ) is computed with
FeynHiggs+PROPHECY4f) and the corresponding predictions obtained with the hMSSM+HDECAY
combination. For the latter we start from the values of m;, computed by FeynHiggs in the “low-
tb-high” scenario, then we compute width and branching ratio with HDECAY, which obtains mg,

«a and Agpp from the hMSSM prescriptions in Egs. f.
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Figure 11: Left: Branching ratio for the decay A — Zh in the “low-tb-high” scenario;

I'(A — Zh) is computed with FeynHiggs, and the other widths are evaluated following
the LHC-HXSWG recommendations. Right: The same branching ratio obtained with the
hMSSM+HDECAY combination — namely, starting from the values of my computed by FeynHiggs
in the “low-tb-high” scenario, then computing the branching ratio with HDECAY, which obtains

my, a and Agpp from the hMSSM prescriptions in Eqgs. f.
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Figure 12: Relative differences in BR(A — Zh) (left) and I'(A — Zh) (right) between the
predictions of the “low-tb-high” scenario (where I'(A — Zh) is computed with FeynHiggs) and
the corresponding predictions obtained with the hMSSM+HDECAY combination. For the latter
we start from the values of m; computed by FeynHiggs in the “low-tb-high” scenario, then
we compute width and branching ratio with HDECAY, which obtains mpg, a and Agpp from the
hMSSM prescriptions in Eqs. (12))—(14).
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In summary, this comparison shows that — in an MSSM scenario where its underlying as-
sumptions are satisfied — the hMSSM approach provides a good approximation to the results of a
direct calculation of the Higgs-boson properties. The observed discrepancies of order (10—20)%
in the decays of Eq. @ originate from the different accuracy in the calculations of the decay
widths, and could be reduced by including in HDECAY the effect of EW corrections from loops of
SM particles. However, we stress again that a direct comparison between the ROOT files for the
hMSSM and those for the “low-tb-high” scenario would yield larger discrepancies than those
shown in Figures due to the different values of my, used in the two sets of files.

3 Conclusions

The region of the MSSM parameter space with low tan S and low m4 is characterized by a
rich phenomenology in the extended Higgs sector, and is not yet excluded by the searches for
exotic Higgs bosons decaying to tau pairs at the LHC. However, very heavy stops are required
in this region to lift the MSSM prediction for the mass of the SM-like scalar to the observed
value mj, ~ 125 GeV. In the presence of widely-split mass scales, an accurate determination of
the properties of the Higgs sector cannot rely on a fixed-order calculation only, but requires the
resummation of large logarithmic corrections via appropriate EFT techniques.

In this document, two approaches to the study of MSSM scenarios with low tan 3, light
Higgs bosons and heavy superparticles have been described: (i) in the hMSSM approach [17-19],
the experimental knowledge of my, is traded — under certain assumptions — for the calculation
of the radiative corrections, and used to predict the remaining masses and couplings of the
MSSM Higgs bosons; (ii) in an alternative approach [20], the accurate fixed-order calculation of
the Higgs masses and mixing provided by FeynHiggs [10], 21H23], supplemented with a partial
resummation of the large logarithmic corrections [24], has been used to produce a new benchmark
scenario — named “low-tb-high”— whose predictions for my, are within 3 GeV from the observed
value over most of the (m4 ,tan 3) plane.

The applicability of each approach over the MSSM parameter space has been discussed, also
relying on a comparison with preliminary results of a new EFT calculation [I5]. It has been
found that the predictions of the hMSSM approach agree within a few percent with those of the
EFT calculation, as long as an additional assumption is imposed on the unobservable parameters
of the stop sector. For the “low-tb-high” scenario, it has been found that, at very low m4 and
tan 8, the EFT predictions for the mass of the SM-like scalar are considerably lower than those
of the current FeynHiggs implementation. This also entails discrepancies up to (10—12)% in
the predictions for mygy and «, relevant to the phenomenology of the heavier Higgs bosons.

For each approach, ROOT files containing the production cross sections and the branching
ratios of the neutral Higgs bosons over the (m4,tan 3) plane have been produced, and can be
downloaded from the web pages of the LHC-HXSWG [25]. The mass of the SM-like scalar has
been fixed to 125 GeV in the hMSSM files, whereas in the “low-tb-high” files it is computed
by FeynHiggs in each point of the (my4 ,tan 3) plane. The cross sections have been computed
with SusHi [27] in both cases, while the calculations of the branching ratios rely on different
sets of codes: HDECAY [43] [44] alone for the hMSSM, and a combination of FeynHiggs, HDECAY
and PROPHECY4f [60), [61] for the “low-tb-high” scenario.

Finally, the predictions for the Higgs-boson properties obtained within the two approaches
have been compared. After discounting for the differences in my,, the two approaches agree at
the sub-percent level in their predictions for my and a over most of the (my4,tan3) plane.
Discrepancies of order (10—20)% have been observed in the decays of the heavy Higgs bosons
to gauge bosons and to SM-like scalars. Their origin is traced to the different accuracy of the
codes used to compute the decay widths in the two cases.
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A SM input parameters for FeynHiggs, SusHi and HDECAY

SM input parameters for FeynHiggs 2.10.4

Parameter Value
as(my) 0.119
me(me)MS 1.28 GeV
iy (my)MS 416 GeV
mpPee 1725 GeV
Gr 1.16637x 107> GeV 2
my 91.1876 GeV
mw 80.398 GeV

Table 1: SM parameters used for the calculation of the MSSM Higgs boson masses, mixing angle
and decay widths with the code FeynHiggs 2.10.4.

SM input parameters for SusHi 1.5.0

Parameter Value Comment
PDF(NLO) MSTW2008nlo068cl
PDF(NNLO) MSTW2008nn1068cl
as(mz) 0.119

mc(mc)NTS 1.28 GeV

TrLb(’rTLb)MiS 4.16 GeV

mPe 4.75 GeV

mPoe 1725 GeV

Gr 1.16637x107°  GeV 2

my 91.1876 GeV

a;ﬂl,v(mz) 127.67 Fictitious value to obtain my = 80.398 GeV

Table 2: SM parameters used for the calculation of the Higgs production cross sections with
the code SusHi 1.5.0. The listed value of as(myz) is used for RG evolution and passed to
FeynHiggs for the calculation of the Higgs-boson masses and mixing, whereas the cross-section
calculations use the values of o associated to the PDFs.
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SM input parameters for HDECAY 6.42

Parameter Value Comment
as(mz) 0.119

mc(mc)l\/TS 1.28 GeV

7”I’Lb(’rnb)MiS 4.16 GeV

mPee 1.42 GeV 1-loop value
mEOIe 4.49 GeV 1-loop value
mPe 1725 GeV

Gr 1.16637x107°  GeV 2

my 91.15349 GeV Complex mass scheme
mw 80.36951 GeV Complex mass scheme
| 2.49581 GeV Derived NLO quantity
I'w 2.08856 GeV Derived NLO quantity

Table 3: SM parameters used for the calculation of the Higgs decay widths with the code HDECAY
6.42.
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