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scales, on the precise definition of the Higgs-bottom coupling and on the choice of PDFs, as
well as the uncertainties associated to our incomplete knowledge of the SUSY contributions
through NNLO. In particular, a potentially large uncertainty originates from uncomputed
higher-order QCD corrections to the bottom-quark contributions to gluon fusion.
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1 Introduction

The recent discovery of a Higgs boson with mass around 125.5 GeV by the ATLAS and CMS
experiments at the Large Hadron Collider (LHC) [1, 2] puts new emphasis on the need for
precise theoretical predictions for Higgs production and decay rates, both in the Standard
Model (SM) and in plausible extensions of the latter such as the Minimal Supersymmetric
Standard Model (MSSM). The current status of these calculations is summarized in the
reports of the LHC Higgs Cross Section Working Group (LHC-HXSWG) [3-5].

In the SM, the main mechanism for Higgs production at hadron colliders is gluon
fusion [6], where the coupling of the gluons to the Higgs is mediated by loops of heavy
quarks, primarily top and bottom. The knowledge of this process includes: the next-
to-leading order (NLO) QCD contributions [7, 8] computed for arbitrary values of the
Higgs and quark masses [9-13]; the next-to-next-to-leading order (NNLO) QCD contribu-
tions due to top-quark loops, in the heavy-top limit [14-19] and including finite top-mass



effects [20-25]; soft-gluon resummation effects [26-30] and estimates of the next-to-next-
to-next-to-leading order (NNNLO) QCD contributions [31-35]; the first-order electroweak
(EW) contributions [36-43] and estimates of the mixed QCD-EW contributions [44].

The Higgs sector of the MSSM consists of two SU(2) doublets, H; and Hs, whose rel-
ative contribution to electroweak symmetry breaking is determined by the ratio of vacuum
expectation values of their neutral components, tan 8 = vy/v;. The spectrum of physical
Higgs bosons is richer than in the SM, consisting of two neutral scalars, A and H, one
neutral pseudoscalar, A, and two charged scalars, H*. The couplings of the MSSM Higgs
bosons to matter fermions differ from those of the SM Higgs, and they can be considerably
enhanced or suppressed depending on tan . As in the SM, one of the most important
production mechanisms for the neutral Higgs bosons is gluon fusion, mediated by loops in-
volving the top and bottom quarks and their superpartners, the stop and sbottom squarks.
However, for intermediate to large values of tan f bottom-quark annihilation can become
the dominant production mechanism for the neutral Higgs bosons that have enhanced
couplings to down-type fermions.

If the third-generation squarks have masses around one TeV or even larger, their
contributions to the gluon-fusion process are suppressed, and a sufficiently accurate de-
termination of the cross section can be achieved by rescaling the SM results for the top-
and bottom-quark contributions by appropriate Higgs-quark effective couplings. If, on the
other hand, some of the squarks have masses of the order of a few hundred GeV — a
scenario not yet excluded by the direct searches at the LHC — a precise calculation of the
contributions to the gluon-fusion cross section from diagrams involving squarks becomes
mandatory. The NLO-QCD contributions to scalar production arising from diagrams with
colored scalars and gluons were first computed in the vanishing-Higgs-mass limit (VHML)
in ref. [45], and the full Higgs-mass dependence was included in later calculations [11-
13, 46]. For what concerns pseudoscalar production, the NLO-QCD contributions arising
from diagrams with quarks and gluons are known [9-13] while diagrams involving only
squarks and gluons do not contribute to the gluon-fusion process due to the structure of
the pseudoscalar couplings to squarks. In contrast, a full calculation of the contributions
to either scalar or pseudoscalar production arising from two-loop diagrams with quarks,
squarks and gluinos — which can involve up to five different particle masses — is still
missing. Calculations based on a combination of analytic and numerical methods were
presented in refs. [47, 48], but neither explicit analytic formulae nor public computer codes
implementing the results of those calculations have been made available so far.

Approximate results for the quark-squark-gluino contributions can however be ob-
tained assuming the presence of some hierarchy between the Higgs mass and the masses
of the particles running in the loops. If the Higgs boson is lighter than all the particles in
the loops, it is possible to expand the result in powers of the Higgs mass, with the first
term in the expansion corresponding to the VHML. This limit was adopted in refs. [49-
51] for the calculation of the top-stop-gluino contributions to scalar production and in
refs. [52, 53] for the analogous calculation of pseudoscalar production. Refs. [51, 53] also
discussed the reliability of the VHML by considering the next term in the expansion in the
Higgs mass.



While an expansion in the Higgs mass is a viable approximation in the computation
of the top-stop-gluino contributions to the production of the lightest scalar h, it might not
be applicable to the production of the heaviest scalar H and of the pseudoscalar A, if their
mass is comparable to the mass of the top quark. Moreover, an expansion in the Higgs
mass is certainly useless in the calculation of the bottom-sbottom-gluino contributions, due
to the presence of a light bottom quark. All of these limitations can, however, be overcome
with an expansion in inverse powers of the superparticle masses. Since it does not assume
any hierarchy between the Higgs mass and the mass of the quark in the loop, such an
expansion is applicable to both top-stop-gluino and bottom-sbottom-gluino contributions,
as long as the squarks and the gluino are heavier than the considered Higgs boson and
the top quark. Results for scalar production based on an expansion in the superparticle
masses were presented in refs. [54-56], and analogous results for pseudoscalar production
were presented in ref. [53].

In order to improve the accuracy of the MSSM prediction for the gluon-fusion cross
section, and to allow for a meaningful comparison with the SM prediction, several con-
tributions beyond the NLO in QCD should be included. The NNLO-QCD contributions
to scalar production arising from diagrams with top quarks and the subset of EW contri-
butions arising from diagrams with light quarks can be obtained from the corresponding
SM results with an appropriate rescaling of the Higgs couplings to quarks and to gauge
bosons. The NNLO-QCD top-quark contributions to pseudoscalar production have also
been computed [57-61]. Approximate results beyond the NLO in QCD also exist for the
contributions of diagrams involving superparticles. A first estimate of the NNLO-QCD
contributions of diagrams involving stop squarks was presented in ref. [62], and an ap-
proximate calculation of those contributions, assuming the VHML and specific hierarchies
among the superparticle masses, was recently presented in refs. [63, 64]. Furthermore, a
subset of potentially large tan S-enhanced contributions from diagrams involving sbottom-
gluino or stop-chargino loops can be resummed in the LO cross section by means of an
effective Higgs-bottom coupling [65-69].

In a significant part of the MSSM parameter space, the couplings of the heavier neutral
Higgs bosons H and A to bottom quarks are enhanced by tan S with respect to the corre-
sponding coupling of the SM Higgs, while their couplings to top quarks are suppressed by
tan 8. When that is the case, the bottom-quark contributions to the gluon-fusion process —
which for a SM-like Higgs with mass around 125.5 GeV amount to roughly 7% of the cross
section — can dominate over the top-quark contributions. The bottom-quark contributions
are subject to large QCD corrections enhanced by powers of ln(mi /m?), where ¢ denotes
a generic Higgs boson, and so far they have been computed only at the NLO [9-13]. As a
result, the uncomputed higher-order QCD corrections to the bottom-quark contributions
can become the dominant source of uncertainty in the cross section for the production of
heavy MSSM Higgs bosons in gluon fusion.

On the other hand, as mentioned earlier, when the couplings to bottom quarks are
sufficiently enhanced the production of MSSM Higgs bosons through bottom-quark an-
nihilation dominates over gluon fusion. In the four-flavor scheme (4FS), where one does
not consider the bottom quarks as partons in the proton, the process is initiated by two



gluons or by a light quark-antiquark pair, and the cross section is known at the NLO in
QCD [70, 71]. In the five-flavor scheme (5FS), where the bottom quarks are in the initial
partonic state, the cross section is known up to the NNLO in QCD [72-74]. The use of
bottom-quark parton density functions (PDFs) in the 5FS allows to resum terms enhanced
by ln(mi /m?) that would arise in the 4FS when one or both bottom quarks are collinear
to the incoming partons. As in the case of gluon fusion, the tan S-enhanced contributions
from diagrams involving superpartners can be resummed in the LO result by means of an
effective Higgs-bottom coupling. The remaining one-loop contributions from superpartners
have been found to be small [75, 76].

A considerable effort has been devoted over the years to making the existing calcula-
tions of Higgs production available to the physics community in the form of public computer
codes. In the case of the SM, NNLO-QCD predictions of the total cross section for gluon
fusion, including various refinements such as EW corrections and finite top-mass effects,
are provided, e.g., by HIGLU [77], ggh@nnlo [78], HNNLO [79-81] and iHixs [82]. The code
bbh@nnlo [83] provides instead a NNLO-QCD prediction of the total cross section for Higgs
production in bottom-quark annihilation in the 5FS. For what concerns the production
of MSSM Higgs bosons via gluon fusion, HIGLU implements the results of ref. [46] for the
NLO-QCD contributions arising from diagrams with squarks and gluons, as well as the
results of refs. [66-69] for the resummation of the tan f-enhanced squark contributions in
an effective Higgs-bottom coupling.

More recently, two codes that compute the cross section for Higgs production including
approximate results for the contributions of diagrams with quarks, squarks and gluinos
have become available. As described in ref. [84], the NLO-QCD [12, 13, 51, 53, 54, 56] and
EW [38, 39, 43] contributions to Higgs-boson production via gluon fusion in the SM and
in the MSSM have been implemented in a module for the so-called POWHEG BOX [85, 86,
a framework for consistently matching NLO-QCD computations of matrix elements with
parton-shower Monte Carlo generators, avoiding double counting and preserving the NLO
accuracy of the calculation. The code SusHi [87], on the other hand, computes the cross
section for Higgs-boson production in both gluon fusion and bottom-quark annihilation,
in the SM and in the MSSM. In the case of gluon fusion, SusHi includes the exact results
of ref. [10] for the NLO-QCD contributions of two-loop diagrams with top and bottom
quarks, and the approximate results of refs. [50, 53, 56] and refs. [53, 54] for the NLO-
QCD contributions of two-loop diagrams with stop and sbottom squarks, respectively.
The NLO-QCD contributions of one-loop diagrams with emission of an additional parton
are taken from ref. [55]. The NNLO-QCD contributions from diagrams with top quarks are
included via a call to ggh@nnlo, and the corresponding contributions from diagrams with
stop squarks are estimated following ref. [62]. Finally, the known SM results for the EW
contributions [38, 39, 41-43] are adapted to the MSSM by rescaling the Higgs couplings to
top quarks and to gauge bosons. In the case of bottom-quark annihilation, SusHi obtains
from bbh@nnlo the NNLO-QCD result valid in the SM, then rescales it by an effective
Higgs-bottom coupling that accounts for the tan S-enhanced squark contributions [65, 66].

In this paper we use SusHi for a precise study of scalar and pseudoscalar Higgs produc-
tion in the MSSM. In section 2 we present predictions for the total inclusive cross section



for Higgs production in six benchmark scenarios compatible with the LHC results, focusing
in particular on a scenario with relatively light stops where the effect of the SUSY contri-
butions can be significant. In section 3 we provide a detailed discussion of the sources of
theoretical uncertainty in the calculation of the total cross section for Higgs-boson produc-
tion in the MSSM. We examine the dependence of the cross sections for gluon fusion and
bottom-quark annihilation on the renormalization and factorization scales, on the precise
definition of the Higgs-bottom coupling and on the choice of PDFs, as well as the uncer-
tainty associated to our incomplete knowledge of the SUSY contributions through NNLO.
In particular, we point out a potentially large uncertainty arising from uncomputed higher-
order QCD corrections to the bottom-quark contributions to gluon fusion, which can affect
the interpretation of the searches for the MSSM Higgs bosons in scenarios where their
couplings to bottom quarks are enhanced with respect to the SM. In section 4 we present
our conclusions. Finally, in the appendix we list the cross sections and uncertainties for
the production of the three neutral Higgs bosons in selected points of the parameter space
for the six benchmark scenarios.

2 Higgs-boson production in viable MSSM scenarios

The discovery of a neutral scalar with mass around 125.5 GeV puts the studies of the
Higgs sector of the MSSM in an entirely new perspective. In order to remain viable, a
point in the MSSM parameter space must now not only pass all the experimental bounds
on superparticle masses, but also lead to the prediction of a scalar with mass, production
cross section and decay rates compatible with those measured at the LHC. In particular,
the relatively large mass of the SM-like scalar discovered at the LHC implies either stop
masses of the order of 3 TeV — which would result in a negligible stop contribution to
the production cross section — or a large value of the left-right mixing term in the stop
mass matrix (see, e.g., refs. [88, 89]). In the latter case, at least one of the stops could
have a mass as low as a few hundred GeV, and induce a significant contribution to the
gluon-fusion cross section.

In view of these considerations, we will focus on the set of MSSM scenarios compatible
with the LHC findings that has recently been proposed in ref. [90]. We will study the effect
of the different contributions to the total cross section for the production of the MSSM
Higgs bosons, relying on the approximate NNLO-QCD calculations implemented in SusHi.

2.1 The benchmark scenarios

The SM parameters entering our calculations include the Z-boson mass m, = 91.1876 GeV,
the W-boson mass my = 80.398 GeV, the Fermi constant Gr = 1.16637 x 10™° and the
strong coupling constant as(m) = 0.119.! For the masses of the top and bottom quarks
we take the pole mass m; = 173.2 GeV [92] and the SM running mass (in the MS scheme)
mp(my) = 4.16 GeV [93, 94].

At the tree level, the MSSM neutral scalar masses my, and my and the scalar mixing
angle o can be computed in terms of my,, tan 3 and the pseudoscalar mass m, only.

!The SM inputs agreed upon by the LHC-HXSWG are listed on the group’s website [91].



However, the radiative corrections to the tree-level predictions can be substantial, and they
bring along a dependence on all of the other MSSM parameters. To compute the masses and
the couplings of Higgs bosons and superparticles in a given point of the MSSM parameter
space we use the public code FeynHiggs [95], which includes the full one-loop [96] and
dominant two-loop [97—-103] corrections to the neutral Higgs masses. Since the theoretical
uncertainty of the Higgs-mass calculation in FeynHiggs has been estimated to be of the
order of 3GeV [104, 105],> we consider as phenomenologically acceptable the points in
the MSSM parameter space where FeynHiggs predicts the existence of a scalar with mass
between 122.5GeV and 128.5GeV and with approximately SM-like couplings to gauge
bosons.

In addition to tan 8 and m,, the MSSM parameters most relevant to the prediction of
the masses and production cross sections of the Higgs bosons are: the soft SUSY-breaking
masses for the stop and sbottom squarks, which for simplicity we set all equal to a common
mass parameter Mg; the soft SUSY-breaking gluino mass mg; the soft SUSY-breaking
Higgs-squark-squark couplings A; and Ajp; the superpotential Higgs-mass parameter y. In
our convention for the sign of the latter, the left-right mixing terms in the stop and sbottom
mass matrices are Xy = A; — pcot B and Xp = Ap — putan 5, respectively. It should be
noted that in our analysis the soft SUSY-breaking squark masses and trilinear couplings
are expressed in an “on-shell” (OS) renormalization scheme, as described in refs. [97-99]
for the stop sector and in refs. [54, 100-102] for the sbottom sector. Since the two-loop
calculation of the Higgs masses implemented in FeynHiggs and the NLO-QCD calculation
of the production cross section implemented in SusHi employ the same OS scheme, the
input values of the soft SUSY-breaking parameters can be passed seamlessly from the
Higgs-mass calculation to the cross-section calculation. Concerning the parameters tan 3,
1 and m,, their definition is relevant to the Higgs-mass calculation only. In particular,
tan 8 and p are expressed in the DR scheme, at a renormalization scale that FeynHiggs
takes by default equal to m¢, while m , is identified with the pole mass of the pseudoscalar.
Finally, the choice of renormalization scheme for mg amounts to a higher-order effect,
because the gluino mass enters only the two-loop part of the corrections.

A detailed description of the six benchmark scenarios adopted in our analysis can be
found in the paper where they were originally proposed, ref. [90]. All of the scenarios are
characterized by relatively large values of the ratio X;/Mg, ensuring that the mass of the
SM-like Higgs falls within the required range without the need for extremely heavy stops.
In addition, the masses of the gluino and of the first-two-generation squarks are set to
1.5 TeV, large enough to evade the current ATLAS [112-117] and CMS [118-124] bounds.
The prescriptions of ref. [90] for the parameters Mg, Xy, p and for the soft SUSY-breaking
wino mass My are listed in table 1. We vary the parameters tan 5 and m, within the
ranges

2 <tanf <50, 90GeV < my, < 1TeV. (2.1)

2To reduce this uncertainty, it would be necessary to include in the mass calculation the remaining
two-loop effects [106-108] and at least the dominant three-loop effects [109-111]. Note also that there is an
additional uncertainty of approximately 1 GeV stemming from the uncertainty of the SM input parameters,
especially my.



Scenario | Mg [GeV] | X; [GeV] | p [GeV] | My [GeV]
mp* 1000 2000 200 200
mmod+ 1000 1500 200 200
mznOdf 1000 —1900 200 200

light stop 500 1000 400 400

light stau 1000 1600 500 200

tau-phobic 1500 3675 2000 200

Table 1. Choices of MSSM parameters for the benchmark scenarios proposed in ref. [90].

In all scenarios the Higgs-sbottom-sbottom coupling Ay is set equal to Ay, the left-right
mixing of the first-two-generation squarks is neglected and the bino mass M is obtained
from the GUT relation M;/My = (5/3)(m?%/m?, — 1), with the exception of the fourth
scenario where we set M = 340 GeV.? Finally, the choices of ref. [90] for the soft SUSY-
breaking parameters in the slepton sector have a very small impact on the predictions for
the Higgs masses and production cross sections, therefore we do not report them here.
The fourth scenario in table 1, denoted as light stop, deserves a special discussion. In
this scenario the two stop masses are 324 GeV and 672 GeV; the sbottom masses depend
on tan 3, but the lightest sbottom is always heavier than 450 GeV, while the heaviest
one is always lighter than 550 GeV. With such relatively low masses, loops involving
squarks can give a sizable contribution to the cross section for Higgs production, but
we have to worry about the exclusion bounds from the LHC. Indeed, the ATLAS and
CMS collaborations have presented preliminary results for the searches of direct stop- and
sbottom-pair production, based on the full 8-TeV data sample, considering the decay chains

tr = txy = bW [125-127], & — bxi — bWy [125-127], t — exY [128, 129],
by — by [118, 130], by — txi — tWx§ [112, 119-121].

The allowed values of the stop and sbottom masses depend on the chargino and neu-
tralino masses, as well as on the branching ratios for the different squark decays. With
the choice of parameters in table 1, My = p = 400 GeV, together with M; = 340 GeV, the
masses for the lightest chargino and neutralino have a mild dependence on tan 8, but they
stay within the ranges m & 341-346 GeV and myo & 316-320 GeV for tan 3 > 10. In
this case the lightest stop decays almost entirely through the loop-induced, flavor-violating
channel #; — ¢ x9. This channel has been investigated by ATLAS [128] and CMS [129], but
the resulting bounds only reach to values of m;, around 250 GeV. For the lightest sbottom,
the two-body decays ~l~)1 — &, W and by — bx? (with j up to 3 or 4) are kinematically open.
The direct decay of b; to the lightest neutralino would be constrained by the searches in
refs. [118, 130], but ¢) that channel is never dominant in the considered range of parameters
and i) the experimental bounds only reach to values of M0 below 280 GeV. Finally, the
heaviest stop and sbottom can decay through a multitude of channels, and their direct
decays to x{ or Xf are significantly suppressed.

3The choice M; = 350 originally proposed in ref. [90] would result in a stop LSP for tan 8 > 20.



2.2 Cross section for Higgs production

We are now ready to present our precise predictions for the production of MSSM Higgs
bosons at the LHC. As mentioned earlier, we rely on the code SusHi,* which includes all of
the available NLO-QCD contributions to the gluon-fusion process, supplemented with the
known SM results for the NNLO-QCD contributions in the heavy-top limit and for the EW
contributions (both adapted to the MSSM by appropriately rescaling the Higgs couplings).
While the results implemented in SusHi for the NNLO-QCD top contributions are strictly
valid only for a Higgs mass below the top threshold, my < 2my, a comparison with the
NLO results suggests that they provide a decent approximation also for larger values of
the Higgs mass [131, 132]. The NNLO-QCD contributions from stop loops are estimated
following ref. [62], i.e., neglecting the contributions of three-loop diagrams but retaining
the NNLO contributions that arise from the product of lower-order terms. We have also
checked that, when all of the NNLO-QCD contributions are omitted, the results of SusHi
for the gluon-fusion cross section agree with those of the calculation implemented in the
POWHEG BOX [84], which includes the same NLO-QCD and EW contributions. For what
concerns the bottom-quark annihilation process, SusHi includes the NNLO-QCD results
valid in the SM within the 5FS, also rescaled by the effective Higgs-bottom couplings of
the MSSM.

In our study, we fix the center-of-mass energy of the proton-proton collisions to 8 TeV.
While the numerical value of the total cross section for Higgs production does obviously
depend on the collision energy, we have checked that the relative importance of the various
contributions to the production processes and their qualitative behavior over the MSSM
parameter space do not change substantially if we set the energy to 13TeV. By default,
we use the MSTW2008 set of PDFs [133], and we fix the renormalization and factorization
scales entering the gluon-fusion cross section to pur = pur = mg/2 [19, 134], where ¢ =
{h,H, A} denotes the considered Higgs boson. For bottom-quark annihilation, the central
values of the scales are chosen as f1r = mg and pur = mgy/4 [72-74, 135]. In the calculation
of the gluon-fusion cross section we relate the bottom Yukawa coupling to the pole mass
My, computed at the three-loop level [136, 137] from the input value for the running mass,
my(myp). In the case of bottom-quark annihilation, on the other hand, we relate the bottom
Yukawa coupling to my(my), in turn obtained from my,(my,) via four-loop renormalization-
group evolution [138, 139]. In both cases, the tan S-enhanced SUSY corrections to the
relation between mass and Yukawa coupling of the bottom quark are included following
refs. [65, 66]. The theoretical uncertainties associated to the choice of PDFs, to the variation
of the renormalization and factorization scales and to the definition of the bottom Yukawa
coupling will be discussed in detail in section 3.

In figures 1 and 2 we show the total cross section — i.e., the sum of gluon fusion
and bottom-quark annihilation — for the production of the scalars (h, H) and of the
pseudoscalar (A), respectively, as contour plots in the m,—tan/ plane. For the other
MSSM parameters, we adopt the light-stop scenario described in section 2.1. Tables for

4For a detailed description of the cross-section calculation implemented in SusHi we refer to the code’s
manual [87].
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Figure 1. Total cross section in picobarn (pb) for the production of h (left) and H (right), as a

function of m, and tan g in the light-stop scenario. The solid red lines are contours of equal mass
for each scalar.
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Figure 2. Same as figure 1 for the production of the pseudoscalar A.

the numerical values of the cross section (and the corresponding uncertainties) in all of the
six benchmark scenarios are given in the appendix. In the two plots of figure 1, referring
to h (left) and H (right) production, the red lines are contours of equal mass for the
corresponding scalar. In this scenario, the prediction for the mass of the lightest scalar
reaches a maximum of 123.8 GeV at large tan 3. The heaviest-scalar mass grows with
m,, and we show only the contour corresponding to 126 GeV to avoid clutter (for large
m,, the contours are roughly at my ~ m, and independent of tan ). The z-axis of the



plot for h production ends at m, = 300 GeV because, for larger values, the cross section
becomes essentially independent of m,. The xz-axis of the plots for H and A ends at
m, = 500 GeV because the expansion in the SUSY masses used to approximate the two-
loop squark contributions in SusHi becomes unreliable when the Higgs mass approaches
the lowest squark-mass threshold, which in the light-stop scenario corresponds to 2m; =~
650 GeV. The theoretical uncertainty associated with this approximation will be discussed
in section 3.4.

The qualitative behavior of the cross sections in figures 1 and 2 can be easily interpreted
considering the relations between the scalar and pseudoscalar masses in the MSSM Higgs
sector, and how each of the Higgs bosons couples to the top and bottom quarks (the
squark contributions are generally sub-dominant, as will be discussed below). In the so-
called decoupling limit, m, > m,, the lightest scalar h has SM-like couplings to quarks,
while its mass is essentially independent of m, and, for tan 8 2 10, depends only weakly
on tan 8. The cross section for h production (left plot in figure 1) varies very little in this
region, and differs from the SM result for a Higgs boson of equal mass only because of the
squark contributions to the gluon-fusion process. For m, < 130 GeV, on the other hand,
the couplings of h to top (bottom) quarks are non-standard, being suppressed (enhanced)
by tan 5. In this narrow region the total cross section for A production is dominated by
the contributions of the diagrams that involve the Higgs-bottom coupling, and it grows
significantly with tan (.

The behavior of the cross section for H production in the m,—tan 8 plane (right plot in
figure 1) is different from — and somewhat complementary to — the one for h production.
< 130 GeV, the heaviest scalar has a mass around 125 GeV and

~

In the strip where m,
significant couplings to both top and bottom quarks, and the cross section for its production
grows with tan 8. For larger m,, on the other hand, my grows together with m,, and the
couplings of H to top (bottom) quarks are suppressed (enhanced) by tan . The total
cross section for H production is therefore dominated, already for moderate tan 3, by
the contributions of the diagrams that involve the Higgs-bottom coupling. The latter
grow significantly with tan 5, but decrease with m,, being suppressed by powers of the
ratio mg /m?. Finally, the pseudoscalar couplings to top (bottom) quarks are suppressed
(enhanced) by tan 8 for all values of m,. Therefore, the behavior of the cross section for
A production in the m,—tan S plane, see figure 2, resembles the behavior of h production
when m, <

~

130 GeV, and the one of H production for larger m,: in both cases, the cross
section grows with tan 8, but decreases with m 4.

To disentangle the effects of the two main production channels for the MSSM Higgs
bosons, we show in figures 3 and 4 the ratio between the gluon-fusion cross section and the
sum of gluon-fusion and bottom-quark-annihilation cross sections in the light-stop scenario,
again as contour plots in the m —tan 8 plane. Predictably, the plots reflect the behavior of
the coupling of the considered Higgs boson to bottom quarks. The left plot in figure 3 shows
that, when m, is large enough that the couplings of the lightest scalar are SM-like, gluon
fusion is by far the dominant process for h production, and the contribution of bottom-
quark annihilation amounts only to a few percent. Only in the strip with m, < 130 GeV

~

and tan 8 2> 8, where the coupling of h to bottom quarks is sufficiently enhanced by tan 3,
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Figure 3. Ratio of gluon-fusion cross section over total cross section for the production of h (left)
and H (right), as a function of m, and tan 8 in the light-stop scenario.
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Figure 4. Same as figure 3 for the production of the pseudoscalar A.

does bottom-quark annihilation become the dominant process. Conversely, bottom-quark
annihilation gives the largest contribution to the cross section for H production (right plot
in figure 3) when m, 2 130 GeV and tan 8 2 6, while in the case of A production (figure 4)
the cross section is dominated by bottom-quark annihilation already for m, = 100 GeV,
as long as tan 3 2 5-8.

To assess the relevance of the squark contributions to the gluon-fusion cross section in
the light-stop scenario, we show in figures 5 and 6 the ratio of the total gluon-fusion cross
section over the cross section computed including only the contributions of quarks (with
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Figure 5. Ratio of gluon-fusion cross section for the production of h (left) and H (right) over the
corresponding cross section neglecting squark contributions, as a function of m, and tan  in the
light-stop scenario.
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Figure 6. Same as figure 5 for the production of the pseudoscalar A.

appropriate rescaling of the Higgs-quark couplings). The left plot of figure 5 shows that
— in this scenario characterized by relatively light squarks — the interference between the
top and stop contributions can reduce the cross section for h production by as much as 20%
in the decoupling region with large m, and tan 5. Remarkably, in this region the partial
NNLO-QCD contributions from stop loops that we include following ref. [62] account by
themselves for a 6% suppression of the cross section. The theoretical uncertainty associated
to these contributions will be discussed in section 3.4. For what concerns H production
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Figure 7. Ratio of gluon-fusion cross section for the production of h (left) and H (right) over
the corresponding cross section neglecting EW contributions, as a function of m, and tan 5 in the
light-stop scenario.

(right plot of figure 5), the squark contributions reduce the cross section by up to 30% for
low values of m,, and the suppression becomes even stronger with increasing pseudoscalar
> 420 GeV and tan 3

~y

mass. In particular, near the lower-right corner of the plot, where m 4
ranges between 6 and 20, the interference between the quark and squark contributions
induce a suppression of the cross section by 70-80%. In this region the top contribution
is suppressed by tan 8, while the bottom contribution is suppressed by m% /m? and only
moderately enhanced by tan (8, so they both become comparable in size with the stop
contribution. The resulting gluon-fusion cross section is rather small, of the order of a
few femtobarns. Finally, figure 6 shows that, in the case of A production, the effect of
the squark contributions on the cross section for gluon fusion in the light-stop scenario is
always less than 10%. This is due to the fact that the pseudoscalar couples only to two
different squark-mass eigenstates, while gluons couple only to pairs of the same squarks.
Therefore, there is no squark contribution to the gluon-fusion process at the LO, and the
whole effect in figure 6 arises from two-loop diagrams.

For a SM Higgs boson sufficiently lighter than the top threshold, the EW corrections
to gluon fusion are well approximated [41-43] by the contributions of two-loop diagrams
in which the Higgs couples to EW gauge bosons, which in turn couple to the gluons via a
loop of light quarks (including the bottom). In SusHi, these contributions are incorporated
in the MSSM calculation of the gluon-fusion cross section by rescaling the two-loop EW
amplitude given in ref. [43] with the appropriate Higgs-gauge boson couplings.® In figure 7
we investigate the impact of the light-quark EW contributions on the production of the

5In fact, SusHi implements two alternative procedures for including the EW contributions in the total
cross section for gluon fusion. We follow the one described in eq. (37) of the code’s manual [87].
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scalars h and H, plotting the ratio of the gluon-fusion cross sections computed with and
without those contributions, in the m,—tan 8 plane for the light-stop scenario. The figure
shows that the EW corrections tend to increase the cross section, and their impact depends
mainly on the strength of the coupling of the considered scalar to gauge bosons. In the case
of h production (left plot) the EW corrections become fairly constant, around 6%, in the
region of sufficiently large m, where the lightest scalar has SM-like couplings. Conversely,
in the case of H production (right plot) the EW corrections reach a comparable value only
in the strip of very low m ,, and they quickly drop below 1% as soon as m, 2> 150 GeV. On
the other hand, since the pseudoscalar does not couple to two gauge bosons at tree level,
there are no EW contributions from light-quark loops to its production.

For what concerns the remaining sources of EW corrections to gluon fusion, those
arising from two-loop diagrams involving top quarks are known to be small for a SM-like
Higgs with mass around 125 GeV [41, 42], while in the case of H and A they are suppressed
in most of the parameter space by the small (or vanishing) Higgs couplings to top quarks
and to gauge bosons. On the other hand, the EW corrections involving the bottom Yukawa
coupling, which have not yet been computed because they are negligible for the SM Higgs,
could become relevant for the production of H and A. In addition, a full computation of the
EW corrections should include the contributions of diagrams involving superparticles. The
non-decoupling SUSY effects that dominate at large tan 5 are indeed included in an effective
Higgs-bottom coupling, as discussed in section 3.2.2, but the remaining contributions, so
far uncomputed, could become relevant if some of the superparticles are relatively light.

Results for the Higgs-production cross section in the other benchmark scenarios listed

in table 1 can be found in the appendix. In the four scenarios denoted as mj'**, mhm°d+,

m}IZnOd* and light stau, the couplings of the Higgs bosons to top and bottom quarks and to
gauge bosons are rather similar to the ones in the light-stop scenario. Thus, the discussion
given above for the qualitative behavior in the m —tan 8 plane of the total cross section,
of the EW corrections and of the relative importance of gluon fusion and bottom-quark
annihilation applies to those four scenarios as well. However, all of the third-generation
squarks have masses around 1 TeV, therefore the impact of the SUSY contributions on the
gluon-fusion cross section is considerably smaller than in the case of the light-stop scenario.
The suppression of the cross section for h production in the decoupling limit never goes
beyond 6%. For what concerns H production, the effect of the interference between quark
and squark contributions becomes significant only for very large m, and moderate tan (3,
where the gluon-fusion cross section is tiny anyway. The largest effect, a suppression by
850 GeV and 10 < tan 8 < 20, where

the cross section is of the order of a tenth of a femtobarn. The SUSY contributions to A

30-40%, is found in the light-stau scenario for m, =

~

production, already small in the light-stop scenario because they only arise at two loops,
are further suppressed in the mj', mf°d+, mgmd_ and light-stau scenarios.

In the last scenario in table 1, denoted as tau-phobic, the MSSM parameters are ar-
ranged in such a way that, for certain values of m, and tan (, the radiative corrections
to the (1,2) element of the CP-even Higgs mass matrix suppress significantly the mixing
angle «, so that the coupling of h to taus — which is proportional to sina — is in turn

suppressed with respect to its SM value. However, the couplings of the scalars to top and
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bottom quarks are modified as well, in particular the coupling of A to bottom quarks is
suppressed. As a result, in the tau-phobic scenario the behavior in the m,—tan 8 plane of
the various contributions to the Higgs-production cross section differs from the one found
in the other scenarios. The total cross section for A production shows some enhancement
with tan 8 even for large values of m,, while for small m, the total cross section for
H production has a milder dependence on tan /8 than in the other scenarios. Also, the
suppression of the h coupling to bottom quarks makes the contribution of bottom-quark
annihilation to h production smaller than in the other scenarios. Finally, the tau-phobic
scenario is characterized by third-generation squark masses around 1.5 TeV, and by a value
of the superpotential Higgs-mass parameter, u = 2TeV, much larger than in the other
scenarios. Since p enters the couplings of the Higgs bosons to squarks, the impact of the
SUSY contributions on the cross section for scalar production is — despite the heavier
squarks — somewhat larger than in the mj', mhm°d+, mhmOd_ and light-stau scenarios,
and in the case of pseudoscalar production it is even larger than in the light-stop scenario.

3 Sources of theoretical uncertainty

Like any other quantity evaluated perturbatively, the cross sections for Higgs production in
gluon fusion and bottom-quark annihilation suffer from an intrinsic theoretical uncertainty
due to the truncation at finite order in the coupling constants. Typically, the residual
dependence on the renormalization and factorization scales is used as an estimate of this
uncertainty. In section 3.1 we discuss our study of the scale dependence of the cross sections.

In addition, there are sources of uncertainty that are more specific to the Higgs-
production processes considered in this paper. As we discuss in section 3.2, one of the
most important sources of uncertainty in the production of Higgs bosons with non-standard
couplings to quarks is the dependence of the cross section on the precise definition of the
bottom-quark mass and Yukawa coupling. The numerical difference between the pole bot-
tom mass and the running mass computed at a scale of the order of the Higgs mass is more
than 40%, and — in a fixed-order calculation of the cross sections — the effect of such a
large variation cannot be compensated by the large logarithms that are induced at NLO
by counterterm contributions. Furthermore, it is well known that the relation between
the bottom mass and the corresponding Yukawa coupling is affected by potentially large,
tan 8-enhanced SUSY corrections that must be properly resummed. The dependence of
the cross sections on the details of the resummation procedure constitutes a further source
of uncertainty.

In section 3.3 we discuss the uncertainties associated to the choice of PDF sets. We
also investigate the issue of consistency between the pre-defined value of the bottom mass
in the PDFs and the value of the mass used to extract the bottom Yukawa coupling.

Finally, in section 3.4 we discuss two sources of uncertainty arising from our incomplete
knowledge of the SUSY contributions to gluon fusion. In particular, we assess the validity of
the expansion in inverse powers of the SUSY masses used to approximate the contributions
of two-loop diagrams involving superparticles. We also estimate the uncertainty associated
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to the fact that SusHi does not include the contributions of three-loop diagrams involving
superparticles.

3.1 Scale dependence of the cross section

In this section we study the dependence of the cross section for Higgs production on the
renormalization scale puy at which the relevant couplings in the partonic cross section are
expressed, and on the factorization scale pr entering both the PDFs and the partonic
cross section. We recall that, although the complete result for the hadronic cross section
does not depend on py and ug, its approximation at a given perturbative order retains a
dependence on those scales, which is formally one order higher than the accuracy of the
calculation. In a given calculation at fixed order, the two scales are arbitrary, and they
are typically fixed at some central values i and fir characteristic of the hard scattering
process. The variation of the scales around their central values provides an estimate of the
size of the uncomputed higher-order contributions.

We discuss separately the cases of gluon fusion (section 3.1.1) and of bottom-quark
annihilation (section 3.1.2). In the former, py denotes the scale at which we express the
strong gauge coupling entering the partonic cross section already at the LO, while in the
latter it denotes the scale at which we express both the bottom Yukawa coupling entering
at the LO and the strong gauge coupling entering at the NLO. We postpone to section 3.2
a discussion of the dependence of the gluon-fusion cross section on the scale at which we
express the bottom Yukawa coupling.

3.1.1 Gluon fusion

The natural hard scale in the production of a Higgs boson ¢ is obviously of the order
of mg. In our study of gluon fusion we take fix = fir = my/2 as central values for the
renormalization and factorization scales, because, with this choice, the cross section shows
a reduced sensitivity to scale variations and an improved convergence of the perturbative
expansion [19]. Moreover, it has been observed that this choice allows to mimic the effects
of soft-gluon resummation in the total cross section [134].

We study the impact of the scale variation around the central choice (fig, fir) following
the LHC-HXSWG prescription [3]: we consider seven combinations of renormalization and
factorization scales, defined as the set C), of the pairs (g, pir) obtainable from the two
sets i = {me/4, my/2, mg} and pp = {me/4, my/2, mgy}, with the additional constraint
that 1/2 < pgr/pr < 2 (ie., we treat the variations of the ratio pz/pr on the same footing
as the variations of the individual scales, discarding the two pairs where the ratio varies
by a factor of four around its central value). We then determine the maximal and minimal
values of the cross section on the set C},,

o~ = min  {o(ur,pr)}, ot = max {o(ur,ur)}, (3.1)
(bR, pr) €Cy (R, pr) ECu

and define the relative scale uncertainty of the cross section as A, = A:[ — A, where

AT = - U(ﬂRaMF) : A~ = o — U(ﬂRaﬁF) ‘ 39
g fig, fir) " o (fir; fir) (3.2)
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Figure 8. Relative scale uncertainty A, (in percent) for h production (left) and H production
(right) in gluon fusion in the light-stop scenario.
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Figure 9. Same as figure 8 for the production of the pseudoscalar A.

In figures 8 and 9 we show the contours of equal A, for scalar and pseudoscalar
production in the m —tan 3 plane, fixing the MSSM parameters as in the light-stop scenario.
The qualitative features of the plots can be understood by considering that the top, bottom,
SUSY and EW contributions to the gluon-fusion cross section are known at different orders
in the perturbative expansion. In particular, the top contribution is included in SusHi with
full mass dependence through O(a?) (i.e., NLO) and in the VHML at O(a%) (i.e, NNLO).
Its residual scale dependence amounts to an O(a?) effect, with the exception of some mass-
dependent effects at O(a?), which are known to be numerically small [20-25]. The bottom

17—



and sbottom contributions are included at the NLO and they account for an O(a?) effect.
The stop contributions are included through the NNLO, see section 3.4, but their effect on
scale dependence is also of O(a?) because we neglect the genuine three-loop terms. Finally,
while the EW corrections are computed at O(aa?), their inclusion as a fully factorized
term at the NLO causes their effect on scale variation to be of O(aa?), numerically very
small. As a consequence of the varying accuracy of the different contributions, the scale
uncertainty for the production of a given Higgs boson depends on which contribution plays
the dominant role in the considered region of the m —tan 8 plane. The uncertainty is lowest,
around 10-20%, where the top contribution dominates: this is the case for h production
(left plot in figure 8) in the decoupling region, where the uncertainty stabilizes to roughly
16% at large m, (i.e., slightly smaller than the 18% we obtain for the same Higgs mass
in the SM); for H production (right plot in figure 8) in the strip with m, < 120 GeV, as
well as when tan 5 < 10 and m, < 400 GeV; for A production (figure 9) in the strip with
tan 8 < 10. In contrast, the scale uncertainty exceeds 20% in the regions where the bottom
contribution is enhanced or downright dominant: at large tan 8 for H and A production,
and at small m, for h production.

The plots for H and A production in figures 8 and 9 show additional structures. In
the case of H production, the scale uncertainty becomes very large for 8 < tanfg < 16

and m, = 460 GeV. As appears from figure 5, this region is characterized by a significant

cancellation between the top, bottom and stop contributions to the gluon-fusion amplitude,
resulting in a very small NLO cross section and an enhanced sensitivity to higher-order
effects. In the case of A production, the structure visible for m, = 350 GeV is associated
to the cusp-like behavior of the top contribution to the gluon-fusion amplitude around the
threshold m, = 2m;. Another feature of H and A production, partially overshadowed by
the structures described above, is a tendency towards smaller scale uncertainties for larger
pseudoscalar (and hence scalar) masses. This is due to the fact that the strong gauge
coupling — which controls the size of the higher-order effects that we are estimating —
is evaluated at a scale proportional to the mass of the considered Higgs boson, and gets
smaller when the scale increases.

The other scenarios were studied following the same procedure, and the results are
qualitatively similar. For h production, the scale dependence in the decoupling region is
similar to, or even bigger than, the one in the SM. For H production, due to the different
interplay of quark and squark contributions, the cancellations that in the light-stop scenario
cause the region of very large uncertainty for 8 < tan 8 < 16 and m, 2 460 GeV occur at
higher values of m 4.

Finally, a study of independent variations of the renormalization and factorization
scales shows that, in a large fraction of the parameter space, the former yield a much
larger uncertainty than the latter. The factorization-scale uncertainty is smaller in size
than the renormalization-scale uncertainty already at the LO, and it is further reduced by
the inclusion of higher-order terms.
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3.1.2 Bottom-quark annihilation

In SusHi, the cross section for Higgs production in bottom-quark annihilation is imple-
mented at NNLO-QCD in the 5FS. Our default choice for the central scales is fir = my
and fir = mg/4, following the observation that radiative corrections are particularly small
for this value of the factorization scale [72-74, 135]. To study the uncertainty associated
to the variation of the scales, we consider seven combinations corresponding to all possible
pairings of pur = {mge/2,mg,2mg} and pr = {mg/8,me/4,mg/2}, with the additional
constraint that 2 < ur/ur < 8 (again, we discard the two pairs with the largest variation
of pp/pp around its central value, which in this case is 4). We then determine the scale
uncertainty A, in analogy to egs. (3.1) and (3.2).

Differently from the case of gluon fusion, the scale uncertainty of bottom-quark an-
nihilation depends very weakly on tan /3. This is due to the fact that, in eq. (3.2), the
tan S-dependence of the cross section via the effective Higgs-bottom coupling cancels out
in the ratio, leaving only a mild, indirect dependence — only for scalar production — via
the value of the Higgs mass that determines px and pp.

In figures 10 and 11 we show the scale dependence of the cross section for scalar
and pseudoscalar production, respectively, as a function of m, in the light-stop scenario
with tan 8 = 20. In the upper part of each plot, the solid line denotes the cross section
for bottom-quark annihilation computed with the central scale choice (fig, fir), while the
yellow band around the solid line is delimited by the maximal and minimal cross sections
oT and 0™, defined in analogy to eq. (3.1). The lower part of each plot shows the relative
variation of the cross section with respect to the central value (i.e., the total width of the
yellow band corresponds to A,). While the values of the total cross section do of course
depend on the chosen benchmark scenario, the relative scale variation is essentially the
same in all scenarios, due to the above-mentioned cancellation of the dependence on the
effective Higgs-bottom coupling.

The left plot in figure 10 shows that the relative scale uncertainty of the cross section for
h production can be as large as 30% for low values of m 4, then it stabilizes to roughly 18%
in the decoupling region where my, becomes independent of m,. In contrast, the relative
scale uncertainty of the cross section for the production of H (right plot in figure 10) and
A (figure 11) decreases as m, (and hence my) increases. As already mentioned for the
case of gluon fusion, this behavior is due to the fact that the higher-order effects that we
are estimating are controlled by the strong gauge coupling, and the latter decreases when
the scale at which it is computed, which is proportional to the Higgs mass, increases.

Finally, an independent variation of the renormalization and factorization scales shows
that, in this case, the dominant uncertainty is given by the dependence on the factorization
scale.

3.2 Definition of the Higgs-bottom coupling

In the production of a SM-like Higgs boson, the contribution of bottom-quark annihilation
and the effect of the bottom-quark loops in gluon fusion amount to a few percent of the
total cross section. Therefore, in that case the theoretical uncertainty associated to the
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Figure 10. Scale uncertainty of the cross section for h production (left) and H production (right)
in bottom-quark annihilation, in the light-stop scenario with tan g = 20.
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Figure 11. Same as figure 10 for the production of the pseudoscalar A.

definition of the Higgs coupling to bottom quarks is negligible compared to other sources of
uncertainty. On the other hand, this uncertainty becomes significant in scenarios where the
Higgs-bottom coupling is enhanced with respect to its SM counterpart, ¥;* = V2my /v
(here v ~ 246 GeV). In the MSSM the tree-level couplings of the neutral Higgs bosons to
bottom quarks are modified as follows:

yh_ S gy

B COS A 5y
b — b
cos f3

Y, =
b COSIB b ?

Y =tan S YV, (3.3)
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where « is the mixing angle in the CP-even Higgs sector. In the decoupling limit, m, > m,
the mixing angle simplifies to a ~ § — 7/2, so that the coupling of h to bottom quarks is
SM-like, while the couplings of H and A are both enhanced by tan 5.

In this section we discuss two issues that affect the precise definition of the Higgs-
bottom couplings: the first concerns the choice of renormalization scheme — and scale —
for the bottom mass from which the couplings are extracted; the second concerns higher-
order effects in the procedure through which the tan S-enhanced SUSY contributions are
resummed in effective Higgs-bottom couplings.

3.2.1 Scheme and scale dependence of the bottom mass

The parameter my, enters the expression for the gluon-fusion amplitude with two distinct
roles: as the actual mass of the bottom quarks running in the loops, and as a proxy
for the Higgs-bottom coupling Yf, where ¢ = {h,H,A}. The numerical value of my,
depends strongly on the renormalization scheme and scale: an MS mass mp(my) = 4.16 GeV
corresponds to a pole mass M, = 4.92 GeV at three-loop level, whereas evolving my(mp) up
to a scale of the order of the typical energy of the gluon-fusion process decreases significantly
its value. For example, if we evolve at four-loop level the bottom mass up to the scale at
which we express the strong gauge coupling, pz = mgy/2, we obtain my(me/2) = 2.93 GeV
for my = 125 GeV. While any change in the definition of the bottom mass and Yukawa
coupling entering the one-loop part of the amplitude is formally compensated for, up to
higher orders, by counterterm contributions in the two-loop part, the numerical impact of
such strong variations on the prediction for the gluon-fusion cross section can be significant.

To illustrate this point, we identify the mass of the bottom quarks in the loops with
the pole mass M}, and consider the dependence of the gluon-fusion cross section on the
prescription for the Higgs-bottom coupling Yb¢, focusing on ¢ = {h, H}. In the light-stop
scenario with m, = 130GeV and tan 3 = 40, where both Higgs scalars are relatively
light and have enhanced couplings to the bottom quark, the effect of extracting Y;fs from
the MS mass my(my) instead of the pole mass M, leads to a 17% decrease in the cross
section for h production, and a 24% decrease in the cross section for H production. The
use of mp(mg/2) would instead decrease the cross section for h production by 34%, and
the one for H production by 51%, with respect to the values obtained with M;,. As a
second example, we take the light-stop scenario with m, = 300 GeV and tan 5 = 10, where
the lightest scalar h has SM-like couplings to quarks. In this case the cross section for h
production varies by less than 2% when choosing among the three options discussed above
for the definition of th. For the heaviest scalar H, on the other hand, the changes in the
cross section relative to the value derived with M;, amount to —22% and —50% when Y}
is extracted from my(my) and my(my /2), respectively.

The strong sensitivity of the production of non-standard Higgs bosons on the choice
of renormalization scheme (and scale) for the bottom mass and Yukawa coupling has been
discussed in the past, see e.g. refs. [9, 82, 140]. However, unlike many other processes
for which there are theoretical arguments in favor of one or the other choice, for Higgs
production in gluon fusion we are not aware of any such arguments that go beyond heuristic.
As was already noted in ref. [9], the options of relating Y}f’ to My, or to mp(my) might seem
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preferable to the one of using my(mg/2), in that they lead to smaller two-loop contributions.
If in the one-loop part of the amplitude for scalar production we identify the mass of the
bottom quark with M} and the bottom Yukawa coupling with mg(up), where iy, is a generic
renormalization scale, the contribution of diagrams with bottom quarks and gluons to the
two-loop part of the amplitude reads
20 1¢ 3. mp

A" (1) x Cp |:ch () + Fi)a(7) <1 1 In ui)} + CaFo, (1), (3.4)
where Cp = 4/3 and C4 = 3 are color factors, 7 = 4mg/m§), and we omit an overall
multiplicative factor. Truncating the functions at the first order in an expansion in powers
of 7, one finds [12, 13|

1
Fliy(r) = =27 (1 -3 L§¢> +0O(1?), (3.5)
9 1 1
]:CF(T) =-T |:5+5<22_<3 - (3+C2+4C3)Lb¢+C2L§¢+4L§¢+48L21¢] +O(7—2)7
(3.6)
8 1 1
Fou(r) = -7 [3— gCQQ =3¢ +3C3 Leg — Z(1+2C2)L§¢— 48L§¢] +0(r%), (3.7)
with
Lyy =In(—4/7) = ln(mi/mz) —im. (3.8)

The equations above show that the two-loop bottom contribution to the gluon-fusion
amplitude contains powers of ln(mi / mg), and that the choice pp = my does eliminate some
of the logarithmically enhanced terms. Similarly, relating the coupling entering the one-
loop part of the amplitude to the pole mass M, eliminates the whole piece proportional
to .7-"%%(7) in eq. (3.4). Each of the two remaining terms, Cp Fc,. (1) and Cy Fe,(7),
also contains powers of ln(mé /m?), but for realistic values of my the two terms largely
cancel out against each other, resulting in a small two-loop contribution from bottom
quarks. However, such cancellation should be considered accidental: there is no argument
suggesting that it persists at higher orders in QCD, or that it is motivated by some physical
property of the bottom contribution to gluon fusion. To illustrate this point, we can
consider the case of Higgs decay to two photons: the one-loop bottom contribution to the
amplitude has the same structure as the corresponding contribution to gluon fusion, but
the two-loop bottom-gluon contribution is obtained from eq. (3.4) by dropping the term
proportional to C'4, which originates from diagrams with three- and four-gluon interactions.
In that case no significant cancellation occurs, and the amplitude is not minimized when
Yf is extracted from my(my) or Mp. In fact, it was also noted in ref. [9] that the two-loop
bottom-gluon contribution to the amplitude for Higgs decay to photons is minimized when
the one-loop contribution is fully expressed in terms of my(mg/2).

In the case of the Higgs coupling to photons, the problems related to the ambiguity
in the definition of Yb¢ have been solved with a resummation of the leading and next-to-
leading logarithms of the ratio mi) /mZ [141, 142]. Until a similar calculation is performed
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for the Higgs coupling to gluons, there is no obvious reason to favor one choice of renor-
malization scheme (and scale) for the bottom Yukawa coupling over the others. In our
study we choose to relate the coupling to the pole mass Mj, and we consider the difference
between the results obtained using M, and those obtained using my(me/2) as a measure
of the uncertainty associated with the uncomputed higher-order QCD corrections. For
the production of a SM-like Higgs with mass around 125.5 GeV, this procedure — also
advocated by the LHC-HXSWG in ref. [3] — results in an uncertainty of 1-2% in the
gluon-fusion cross section. On the other hand, as we show in figures 12 and 13 for scalar
and pseudoscalar production in the light-stop scenario, the cross section could be reduced
by more than 60% in the regions of the m,—tan 3 plane where the gluon-fusion process is
dominated by the bottom-quark contribution. It is however worth recalling that, as shown
in figures 3 and 4, in such regions the total cross section for Higgs production is dominated
by bottom-quark annihilation. In the 5F'S, the cross section for the latter process is known
at the NNLO in QCD [72-74], and it is free of large logarithms of the ratio mé /m? when
Y}f) is related to my(mg). The theoretical uncertainty of the cross section for bottom-quark
annihilation associated to reasonable variations around this scale choice is already included
in the uncertainty bands shown in figures 10 and 11 in the previous section.

3.2.2 Resummation of tan 3-enhanced corrections

It is well known that, in the MSSM, loop diagrams involving superparticles induce tan -
enhanced corrections to the couplings of the Higgs bosons to bottom quarks [143, 144]. If
all superparticles are considerably heavier than the Higgs bosons they can be integrated
out of the MSSM Lagrangian, leaving behind a two-Higgs-doublet model with effective

~h Y, cot av

V, =—t—(1-A

b 1+Ab< btanﬂ)’
H

~H Y, tan o
y, =-—° 1+A
b 1+Ab< * btanﬁ)’

_ o 2
Y= A (- Ay ot ), (3.9)

Higgs-bottom couplings

where Yb¢ are the tree-level Higgs-bottom couplings defined in eq. (3.3), and, retaining only
the O(as) contribution from diagrams with sbottoms and gluinos, the tan S-enhanced term
Ay reads

2 2 2 2
A — 2as mgp tan g ", 1 " "', 1 ", 3.10
b_37T m2 —m?2 m2 fmgnmg_mg mgnm% ' (3.10)
b1 ba b1 g 9 b g g

In the limit m, > m,, where cot &« =~ — tan [3, the superparticle contributions encoded
in Ay decouple from the coupling of the lightest scalar, while the couplings of the heaviest
scalar and of the pseudoscalar are both rescaled by a factor (1 — Ay cot? 8)/(1 + Ap).

In refs. [65, 66] it was shown that, in the calculation of processes that involve the
Higgs-bottom couplings, the tan 8-enhanced corrections can be resummed to all orders in
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Figure 12. Variation (in percent) of the gluon-fusion cross section for the production of h (left)
and H (right) when the Higgs-bottom coupling Yb¢ is extracted from my(my/2) instead of M, as
a function of m, and tan g in the light-stop scenario.
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Figure 13. Same as figure 12 for the production of the pseudoscalar A.

the expansion in powers of Ay by inserting the effective couplings of eq. (3.9) in the lowest-
order amplitude for the considered process. In the case of gluon fusion, this amounts to
using 17}) ¢ in the bottom contribution to the one-loop part of the amplitude. However, when
this resummation procedure is combined with the actual calculation of the superparticle
contributions to the one- and two-loop amplitude for gluon fusion, care must be taken to
avoid double counting. To this effect, we must subtract from the full result for the two-loop

amplitude the contribution obtained by replacing }71, ¢ in the resummed one-loop amplitude
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with the O(Ayp) term of the expansion of 171)¢ in powers of Ap. Depending on the choice of
renormalization scheme for the parameters in the sbottom sector, additional tan S-enhanced
terms could be induced in the two-loop amplitude by the counterterm of the Higgs-sbottom
coupling that enters the sbottom contribution to the one-loop amplitude. To avoid the
occurrence of large two-loop corrections, which would put the validity of the perturbative
expansion into question, we employ for the sbottom sector the OS renormalization scheme
described in ref. [54].

An ambiguity in the procedure for the resummation of the A, terms concerns the
treatment of the Higgs-bottom couplings entering the two-loop part of the gluon-fusion
amplitude. The difference between the results obtained using either de) or )71)¢ in the two-
loop part is formally of higher order, i.e., it amounts to three-loop terms that are suppressed
by a factor Ap/(ptan B) with respect to the dominant three-loop terms of O(A?) accounted
for by the resummation. Nevertheless, in our study we choose to identify the Higgs-bottom
couplings in both the one- and two-loop parts of the amplitude with §7b¢. We found that
this choice allows us to reproduce — after an expansion in powers of A, — the three-loop
result that can be inferred from ref. [66], where the sub-dominant terms proportional to
Ay were also resummed in the effective couplings.

For large values of tan 3, the factor A, can even become of order one, unless the
superpotential parameter p is suppressed with respect to the soft SUSY-breaking masses.
The effect of the SUSY correction on the effective Higgs-bottom couplings depends crucially
on the sign of Ay. For positive Ay the correction suppresses the couplings, reducing the
overall relevance of the bottom contribution to gluon fusion. Omn the other hand, for
negative Ay the correction enhances the couplings, which diverge as Ay approaches —1. As
a consequence, when Ay is large and negative the result for the gluon-fusion cross section
is extremely sensitive to the precise value of Ay, and a refined calculation of the latter
becomes mandatory to reduce the uncertainty associated to the bottom contribution.

The first obvious step to improve the calculation of Ay consists in including other one-
loop contributions that are not shown in eq. (3.10). In particular, the diagrams with stops
and charginos induce a contribution, controlled by the top Yukawa coupling, that can be
comparable in size with the O(ay) contribution in eq. (3.10). In our numerical analysis we
use by default the full one-loop result for A as computed by FeynHiggs, which allows us
to resum in our prediction for the Higgs-production cross section also the tan S-enhanced
corrections of electroweak origin.

Another improvement in the calculation would come from the inclusion of the domi-
nant two-loop contributions to Ay, which have been computed in refs. [67-69] but are not
yet implemented in FeynHiggs. Indeed, it was shown in refs. [67-69] that the one-loop
result for Ay is particularly sensitive to changes in the renormalization scales at which
the strong-gauge and top-Yukawa couplings are expressed, and that the inclusion of the
two-loop contributions stabilizes this scale dependence. In particular, both the one-loop
sbottom-gluino and stop-chargino contributions to A, vary by roughly +10% when the
renormalization scales are lowered or raised by a factor of two around their central values,
which are chosen as the average of the masses of the relevant superparticles. We can there-
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fore estimate the uncertainty of the gluon-fusion cross section associated to the one-loop
computation of Ay by varying by £10% the result provided by FeynHiggs.

In general, the impact of the uncertainty of Ay on the total uncertainty of the gluon-
fusion cross section depends on the considered point in the MSSM parameter space. As was
the case also for the scheme and scale dependence of Y}:z’ discussed in the previous section,
the A, uncertainty can be significant only if the bottom contribution to the cross section
is substantially enhanced with respect to the SM case. For illustration, we consider again
the light-stop scenario with m, = 130 GeV and tan 8 = 40, where both Higgs scalars have
enhanced couplings to bottom quarks. The superpotential parameter p has positive sign,
and the Ay corrections suppress the effective couplings 171, . We find that the cross sections
for h and H production in gluon fusion increase by 4% and 7%, respectively, if the value of
Ay is reduced by 10%, while they decrease by 4% and 6%, respectively, if Ay is increased
by 10%. The effect is larger if u is taken negative, so that the A, corrections enhance
the effective couplings. In that case the dependence on Ay is reversed: if we consider the
same point in the light-stop scenario but flip the sign of u, the cross sections for h and H
production in gluon fusion decrease by 17% and 16%, respectively, when |A;| is reduced
by 10%, while they increase by 23% and 21%, respectively, when |Ap| is increased by 10%.

Finally, we stress that a similar uncertainty affects the cross section for Higgs produc-
tion via bottom-quark annihilation, where the tree-level amplitude is computed in terms of
the effective couplings }7b¢. Also in this case, we can estimate the uncertainty by varying
by £10% the value of A, provided by FeynHiggs.

3.3 Uncertainties from the PDFs and ag

The prediction for the total cross section at hadron level is affected by our imperfect
knowledge of the proton PDFs. This uncertainty has different sources: the PDFs can-
not be computed from first principles but they rather have to be fitted from data, and
the experimental error of the latter affects the outcome of the fit and propagates to the
prediction of any observable. Also, the choices related to the fitting methodology and to
the mathematical representation of the PDF's induce an ambiguity in the results, as can
be appreciated by comparing the PDF parameterizations provided by three collaborations
that perform a global fit of low- and high-energy data: MSTW2008 [133], CT10 [145] and
NNPDEF2.3 [146]. These uncertainties will be discussed in section 3.3.1, together with the
parametric dependence of the cross section on the value of the strong coupling constant.
Another source of uncertainty is related to the available perturbative-QCD information on
the scattering processes from which the PDFs are extracted. Among these perturbative
effects, an issue that is particularly relevant in the case of Higgs production via bottom-
quark annihilation is the consistent inclusion of the bottom-mass effects in the evolution of
the PDF's according to the DGLAP equations. The transition between four and five active
flavors in the proton occurs at a matching scale that is set equal to the bottom mass. The
bottom density in the proton depends parametrically on this matching scale, which in turn
affects the predictions for the cross section. The phenomenological implications of this
issue will be discussed in detail in section 3.3.2. A systematic discussion of further sources
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of theoretical uncertainty — such as, e.g., the dependence of the PDFs on the choice of
renormalization and factorization scale in the matrix elements that are used to perform
the fit — is not yet available in the literature, and goes beyond the scope of this paper.

3.3.1 Combination of PDF and o, uncertainties

The uncertainty associated to the experimental errors of the data from which the PDF's are
extracted is represented by the PDF collaborations with the introduction of Ny different
PDF sets (replicas), all equivalent from the statistical point of view in the description of
the data. Any observable has to be computed Ny times with the different sets, and the
spread of the results can be interpreted as the error induced by the PDF due to the data
and to the fitting methodology. The replicas are determined by the PDF collaborations
following the Hessian (for MSTW2008 and CT10) or the Monte Carlo (for NNPDF2.3)
approaches, and the PDF error has to be computed accordingly. In QCD the cross sections
are also affected by a parametric uncertainty associated to the input value of the strong
coupling constant. This dependence is particularly relevant in the gluon-fusion cross sec-
tion, which is proportional to a2 at the LO and is subject to very large QCD corrections,
of O(a?), at the NLO. Each PDF collaboration recommends a different central value for
as(myz), generating a spread of the central predictions for the Higgs-production cross sec-
tion. The combination of the PDF and oy uncertainties (henceforth, PDF+a;) and their
correlation was first discussed in ref. [147]. A conservative approach to combine the differ-
ent predictions obtained using the MSTW2008, CT10 and NNPDF2.3 PDF sets is known
as PDF4LHC recipe, and it amounts to taking the envelope of the PDF+a; uncertainty
bands of the three collaborations, where for each group the preferred as(my) central value
is adopted [148, 149]. Following this reference we take Aag = £0.0012 for the experimental
error on the strong coupling constant.

Due to the very steep behavior of the PDF's for increasing values of the final-state in-
variant mass, the gluon-fusion process receives its dominant contribution from the thresh-
old production region, with a very important role played by the virtual corrections and
by the universal, factorizable, soft-gluon corrections. Consequently, the cross section is
dominated by the LO-kinematics configurations also at higher perturbative orders. At
the LO, the gluon-fusion cross section depends on the rapidity of the Higgs boson only
through the PDFs, therefore the relative size of the PDF+a; uncertainty does not depend
on the details of the partonic process, but only on the value of the Higgs-boson mass. As
a consequence, the relative PDF+a uncertainty, for a given value of the Higgs mass, can
be read directly from the tables of the SM predictions reported in the appendix B of the
latest LHC-HXSWG report [5]. Differences with respect to the SM predictions may orig-
inate from hard, process-dependent radiative corrections, but their impact on the relative
PDF+a; uncertainty is at the sub-percent level.

To assess the PDF+a, uncertainty of the cross section for Higgs production in bottom-
quark annihilation we adopt again the PDF4LHC recipe. The bottom density in the proton
does not have an intrinsic component, but it is generated dynamically, via gluon splittings,
by the DGLAP evolution of the PDFs. Therefore, the uncertainties of the bottom and
gluon PDFs are strongly correlated.
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Similarly to the case of gluon fusion, for a given value of the Higgs mass the relative
PDF+as uncertainty of the cross section for bottom-quark annihilation differs very little
between the SM and the MSSM, because the radiative corrections involving SUSY particles
affect the kinematics of the process only at higher orders.® We find that the uncertainty
has an almost constant behavior when the mass m of the produced Higgs boson is lighter
than 300 GeV, and that it increases for larger mass values: for example, at the NNLO,
the PDF+qa, uncertainty of the cross section for bottom-quark annihilation amounts to
+6/6/8/21% for my = 124/300/500/1000 GeV.

3.3.2 Bottom-mass dependence of the PDFs

The calculation of hadronic cross sections involves the convolution of the partonic cross
sections with the PDFs, which have an intrinsic dependence on the bottom mass. For
example, the central set of MSTW2008 [133], which we use as default for our analysis,
assumes a pole mass M, = 4.75GeV. Converted to the MS mass via a three-loop QCD
calculation, this corresponds to my(myp) = 4.00 GeV, which differs both from the value
recommended by the LHC-HXSWG, my(mp) = 4.16 GeV [91, 93, 94], and from the current
PDG value, mp(myp) = 4.18 GeV [150].

In addition to their dependence through the PDFs, the cross sections for Higgs pro-
duction also depend on the bottom mass at the partonic level, i.e., through the bottom
Yukawa coupling, the bottom-quark propagators and the phase space. In the regions of
the MSSM parameter space where the bottom-quark contributions to Higgs production are
enhanced, it becomes vital to evaluate the partonic cross sections with the correct input
value for the bottom mass, which, as mentioned above, may not necessarily correspond to
the value used in the PDFs. In this section we will examine the uncertainty that arises
when we choose the bottom mass entering the partonic cross sections independently from
the PDF set.

The MSTW2008 PDFs come in seven sets obtained with M; ranging from 4 GeV to
5.5 GeV in steps of 0.25 GeV. In ref. [151] the MSTW collaboration studied the sensitivity of
the PDF's on the value of the bottom mass, showing that the PDF's for the gluon and for the
four lightest quarks are almost insensitive to M}, whereas the bottom PDF exhibits quite a
strong dependence. As shown in figure 6 of ref. [151], a variation by £0.5 GeV around the
central value M, = 4.75 GeV leads to changes in the bottom PDF that exceed the 90% C.L.
uncertainty, even for the relatively large value of the factorization scale relevant to Higgs
production, pp ~ 100 GeV.

The cross section for Higgs production via gluon fusion is mostly sensitive to the gluon
PDF, and receives only a small contribution, starting at the NLO, from diagrams with
initial-state bottom quarks. As a result, when we evaluate the gluon-fusion cross section
with the seven PDF sets — while fixing the bottom mass in the partonic cross section — we
find that the result changes only at the per mil level, independently of the phenomenological
scenario under consideration. We conclude that, for this process, the formal inconsistency

5In SusHi the SUSY corrections to bottom-quark annihilation enter only through the effective couplings

Y, ¢7 therefore our estimate of the PDF+a, uncertainty for a given Higgs mass is exactly the same in the
SM and in the MSSM.
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Figure 14. (Left) Cross section for pseudoscalar Higgs production in bottom-quark annihilation
as a function of m, for the light-stop scenario with tan 8 = 20. (Right) Relative variation of the
cross section for different choices of the pole bottom mass used 1n the PDFs and of the runnmg
mass used in the partonlc cross section. Red: PDF variation, Yb fixed; black: PDF fixed, Yb
varies; blue: PDF and Yb vary simultaneously.

of choosing different values for the bottom mass in the partonic cross section and in the
PDFs induces only a negligible uncertainty.

In contrast, the hadronic cross section for Higgs production in bottom-quark annihi-
lation, when computed in the 5FS, depends directly on the bottom PDF. As a result, we
expect this process to show a significant dependence on the value of the bottom mass used
in the PDF's, and the issue of consistency with the bottom mass used in the definition of
the bottom Yukawa coupling becomes unavoidable.

In figure 14 we investigate the bottom-mass dependence of the hadronic cross section
for pseudoscalar production in bottom-quark annihilation (we find similar behaviors for
the production of the scalars, both light and heavy). The plot on the left shows the
hadronic cross section as a function of the pseudoscalar mass m,, in the light-stop scenario
with tan 8 = 20. As in section 2, the renormalization and factorization scales are set to
pr =m, and pp = my4/4. The central (black) solid line in the left plot is computed with
our default settings, namely we use the PDF set with M, = 4.75 GeV and we relate the
Yukawa coupling Y, to my(m.,), which we obtain from the input my(myp) = 4.16 GeV via
renormalization-group evolution. The plot on the right of figure 14 represents the variation
of the cross section relative to this default setting, when we change the bottom mass in the
PDFs and/or in the Yukawa coupling.

In both plots, the red band between dot-dashed lines indicates the spread in the cross
section obtained with the extreme PDF sets — corresponding to M, = 4 GeV and M, =
5.5 GeV, respectively — with )A/:bA fixed to the default value. As expected, the impact of the
bottom mass used in the PDFs is significant: it amounts to about (+20/-15)% at large m,
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with larger values of M corresponding to smaller cross sections. This anti-correlation is a
consequence of the fact that, for larger bottom masses, the reduced available phase space
for the splitting of gluons into bottom pairs leads to a suppression of the bottom PDF. On
the other hand, the bottom Yukawa coupling is directly correlated with the magnitude of
the cross section. Simultaneously adjusting the bottom mass entering the bottom Yukawa
coupling and the one entering the bottom PDF should therefore lead to some degree of
compensation between these two effects.

Converting the pole-mass values M; = 4GeV and M, = 5.5GeV to the MS scheme
at three-loop level, one obtains my(my) = 3.32 GeV and my(myp) = 4.69 GeV, respectively.
Using these numbers to calculate ﬁ,A while fixing the PDF set to the default (i.e., the set
with M, = 4.75 GeV) results in the gray band between dashed lines in the right plot of
figure 14. It turns out that this band is about twice as large as the red band arising from
PDF variation. However, the gray band is rather asymmetric, because the pole mass M, =
4.75 GeV for the default PDF set corresponds at the three-loop level to my(my) = 4.00 GeV,
which is significantly smaller than our default input for ?bA, i.e. mp(mp) = 4.16 GeV. The
net effect on the cross section of a simultaneous variation of the bottom mass in the PDFs
and in l7bA, shown as a blue band between solid lines in both the left and the right plots,
is thus also asymmetric, and it is of the order of (+15/-30)% at large m ,.

Our procedure to estimate the uncertainty of the cross section for bottom-quark an-
nihilation arising from the bottom-mass dependence of the PDFs is similar to the one in
ref. [140]. We fix the bottom Yukawa coupling to the value implied by my(mp) = 4.16 GeV,
as recommended by the LHC-HXSWG, and we use as uncertainty the spread in the cross
section caused by the variation of M} in the PDFs around the central value of 4.75 GeV.
However, the full variation of +0.75 GeV allowed by the MSTW2008 PDF's, which would
correspond to the red band in figure 14, seems overly conservative for our purposes. A
variation of +£0.25 GeV is in fact sufficient to encompass the value M, = 4.92 GeV, which
corresponds at the three-loop level to the recommended MS mass my(my) = 4.16 GeV.
This variation finally leads to an estimate of the uncertainty of about +6%. A similar
estimate is obtained from NNPDF2.1 [152], which also provides PDF sets with different
values of Mp.

3.4 Higher-order SUSY contributions to gluon fusion

In this section we discuss two sources of uncertainty affecting the SUSY contributions to
the cross section for gluon fusion. The first is the validity of the expansion in the heavy
superparticle masses of the two-loop SUSY contributions; the second is the impact of the
three-loop SUSY contributions that are not included in SusHi.

3.4.1 Validity of the expansion in the SUSY masses

The results implemented in SusHi for the two-loop stop contributions to lightest-scalar
production rely on the VHML, while the results for the remaining two-loop SUSY con-
tributions rely on expansions in inverse powers of the superparticle masses. The latter
include terms up to O(mé/Mz), O(m3/M?), O(mp/M) and O(m%/M?), where my de-
notes a Higgs mass and M denotes a generic superparticle mass. Therefore, the validity of
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Figure 15. Variation of the gluon-fusion cross section for the production of H (left) and A (right)

in the light-stop scenario when the two-loop SUSY contributions are rescaled by t5 = A}jf / A,lif’ P

the results for the two-loop SUSY contributions is limited to the region where the mass of
the produced Higgs boson is smaller than the lowest-lying SUSY-particle threshold of the
Feynman diagrams involved. In all of the six benchmark scenarios considered in our study,
the lightest-scalar mass lies comfortably below this limit. Since we consider m, < 1TeV,
the same applies also to the masses of the heaviest scalar and of the pseudoscalar in the five
scenarios in which the squark masses are themselves of the order of 1 TeV. In the light-stop
scenario, on the other hand, the lowest-lying SUSY threshold is at 2m;, ~ 650 GeV, hence
our need to limit our analysis to m, < 500 GeV.

To assess the quality of our approximation in the vicinity of the threshold, we multiply
the two-loop stop and sbottom contributions to the gluon-fusion amplitude by test factors
t; = Aéf / A;f’eXp, with § = {t, I;} Specifically, Aéf is the lightest-squark contribution to
the one-loop part of the scalar-production amplitude including the full mass dependence,
while Aéf’ “P includes only the leading (’)(mq_lQ) terms in the expansion in the lightest-
squark mass. Assuming that the expanded two-loop contributions deviate from the full
ones by an amount comparable to that seen in the one-loop contributions, the variation
in the gluon-fusion cross section resulting from the introduction of the test factors can
be considered as an estimate of the uncertainty associated to the expansion in the SUSY
masses.

The contour plots in figure 15 show the effect of introducing these test factors on the
cross section for the production of the heaviest scalar (left plot) and of the pseudoscalar
(right plot) in the light-stop scenario. In the case of H production, the variation of the
cross section at large m, amounts to a few percent when tan 5 is sufficiently large, but
it can exceed 20% when 8 < tanf < 16. As can be seen in the right plot of figure 5,
in this region the one-loop quark and squark contributions to the gluon-fusion amplitude

~31 -



largely cancel each other, with the result that the total cross section becomes small and
particularly sensitive to variations in the two-loop contributions. This sensitivity to higher-
order effects manifests also as the large scale uncertainty, up to 50%, visible in the right
plot of figure 8. In the case of A production, on the other hand, no such cancellations
occur, because the squarks do not contribute to the one-loop amplitude for gluon fusion.”
The variation of the cross section at large m, is therefore limited to a few percent even for
moderate tan 3.

We performed the same analysis on the other five benchmark scenarios, where the
squark masses are of the order of 1 TeV. As expected, we found that the effect of rescaling
the two-loop SUSY contributions by test factors t5 is much smaller than in the light-stop
scenario, and it is certainly negligible when compared to the scale uncertainty of the cross
section. In particular, in the tau-phobic scenario — where the squark contributions to the
gluon-fusion amplitude are enhanced by the large value of the parameter p — the effect on
H production reaches the few-percent level only when m, approaches 1 TeV, for moderate
tan 8. In the remaining four scenarios the effect is even smaller.

3.4.2 The SUSY contributions at the NNLO

The QCD corrections to the gluon-fusion cross section are large, typically exceeding 100%
at the energy of the LHC. In the SM, an excellent approximation to these corrections
is obtained in the VHML (or heavy-top limit) [14-25], where a perturbative K-factor is
calculated in the effective theory that results from neglecting the bottom Yukawa coupling
and integrating out the top quark, leaving behind a point-like Higgs-gluon interaction term
Logr = —(1/4v) C(os) HG,,, G*, with v = 246 GeV. The Wilson coefficient

2
Clas) =CO + Zc) 4 (O‘> c® (3.11)
T

™

accounts for heavy particles that mediate the Higgs-gluon coupling in the underlying theory.
In the SM, this is just the top quark; it is easy to see, though, that the inclusion of stop
squarks (and gluinos) only affects C(c), while the form of Lyyf remains unchanged. A
comparison with the full result at the NLO suggests that, within the SM, the VHML
provides a decent approximation of the NNLO top contributions also for rather large Higgs
masses [131, 132]. Therefore, SusHi includes the NNLO effects in the cross sections for the
production of all three neutral Higgs bosons of the MSSM.
Within the effective theory, the K-factor at the NNLO takes the form

1
K=1+%

OO cOx® 420050 (3.12)

L 2 (05O {90 20 4 (cM)250) 90@ £O)|
T

where (™ is the nt-order term in the perturbative expansion of the hadronic cross section
based on Lygp|c(a,)=1- Note that, in the NNLO part of the K-factor in eq. (3.12), the only

"For the same reason, we cannot define test factors analogous to t; in terms of the pseudoscalar-
production amplitude. To estimate the accuracy of the mass expansion for A production we use the
same test factors t3 as for H production.
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genuine three-loop term that depends on the underlying theory is C®). This observation
was exploited in ref. [62] to derive an estimate of the NNLO top/stop contribution to the
gluon-fusion cross section in the MSSM. In particular, it was shown that the final result
depends only very weakly on the numerical value of C®. Consequently, once the two-
loop stop contributions are included in C")| the unknown three-loop stop contributions to
C® induce an uncertainty in the cross section much smaller than the residual uncertainty
derived from scale variation. It was suggested to use the top contribution Ct(2) for the
whole C'?) and to estimate the related uncertainty by varying that coefficient within the
interval [0, 2 Ct(2)].

In ref. [62] the hadronic cross section was obtained, in analogy to the SM NNLO result,
by reweighting its exact LO expression with the K-factor of eq. (3.12):

o0 = K A 5o, (3.13)

where .Atlf = A} +Ai1~£ is the one-loop amplitude including both the top and stop contribu-
tions with the exact Higgs-mass dependence (in particular, Ag — C© in the VHML, i.e.
for mg — 0). However, as was discussed also in the previous section, there exist so-called
gluophobic regions of the MSSM parameter space in which the top and stop contributions
to the amplitude can cancel each other to a large extent. Since the precise values of the
MSSM parameters where this cancellation is maximal differ between the full calculation
and the VHML, the ratio |Ag|/C’(O) entering the cross section — see egs. (3.12) and (3.13)
— can become spuriously large when C©® ~ 0. In order to evade this effect, we replace
CO in eq. (3.11) with Aif . This leads to the following expression for the cross section:

o0 = AL PO 1 (1442 50 4 200 5O Re AlY)
s

2
+(‘jT> [AXREE +2(C0 50 + 0@ O Re 4l 4 (CD)5O] . (3.14)

This formula applies to both MSSM scalars. The effective Lagrangian for the gluonic
interaction of the pseudoscalar involves an additional operator which contributes at the
NNLO [57-61], but it can be treated in a completely analogous way.

In SusHi, the NNLO top and stop contributions to the gluon-fusion cross section in
the VHML are isolated by subtracting from the o™ in eq. (3.14) the same quantity
truncated at the NLO (and computed with NLO PDFs). The result is then added to the
full NLO cross section, which accounts also for the bottom and sbottom contributions and
for the known Higgs-mass dependence of the two-loop amplitude. The 6% suppression
of the cross section for the production of a SM-like scalar induced by the NNLO stop
contributions in the light-stop scenario — see section 2.2 — can be ascribed to the effect
of the term 2C(M £ Re Atlf in the second line of eq. (3.14). Indeed, the large value of
the (normalized) NLO term of the cross section in the effective theory, (1) /%(0) ~ 26,
compensates for the suppression by «g/m, with the result that the effect of the two-loop
stop contribution to C) at the NNLO is roughly as large as the corresponding effect at
the NLO.
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To assess the uncertainty arising from the fact that we neglect the three-loop SUSY
contributions to C?), we make use of a recent calculation of those contributions in the
VHML [63, 64]. The calculation is based on an expansion of the relevant Feynman diagrams
in terms of certain hierarchies among the different masses, similar to the strategy that was
pursued in refs. [110, 111] for the calculation of the 3-loop corrections to the Higgs mass in
the MSSM. The results of ref. [64] are available in the form of a Mathematica file, which
provides the basis for the expansion of C?) in various hierarchies of the masses mg, Mg,
mg, My, and mg, combined with expansions in differences of these masses. Following an
algorithm suggested in ref. [64], these expansions should allow one to derive a numerical
approximation for C® in any viable MSSM scenario.

Applying this approach to the scenarios defined in table 1, we find that the deviation
of the whole C® from the top contribution Ct(Q) is rather small, and the second-order
coefficient certainly stays within the range [0, 2C§2)]. Varying C'®) within this interval,
we estimate that the effect of the three-loop SUSY contributions to the gluon-fusion cross
section does not exceed 1% in all of the scenarios considered in this paper. It is therefore
a viable strategy to follow ref. [62] and set C(?) = Ct(z), attributing an uncertainty of £1%
to the final result for the cross section.

4 Conclusions

A precise prediction of the cross sections for Higgs-boson production, as well as a detailed
understanding of the associated uncertainties, are of vital importance to interpret the recent
discovery of a Higgs boson in the context of the MSSM. In this paper we used the public
code SusHi [87], which computes the cross sections for gluon fusion and bottom-quark
annihilation, to study the production of scalar and pseudoscalar Higgs bosons in a set of
MSSM scenarios compatible with the LHC results. We showed how the cross sections can
substantially differ from the SM prediction, and how their qualitative behavior over the
MSSM parameter space depends mainly on the relative importance of the contributions
involving top and bottom quarks. We also emphasized that, in a scenario with relatively
light squarks which is not yet constrained by the LHC, the contributions to the gluon-
fusion process that involve superparticles can significantly suppress the cross section for
scalar production.

Next, we studied the different sources of uncertainty that affect our predictions for the
Higgs-production cross sections. Some of these uncertainties, namely the ones associated
to the choice of renormalization and factorization scales, to the PDF parameterization and
to the input value for the strong coupling constant, are relevant also for the production of
the SM Higgs, although their size may differ in the case of the production of non-standard
Higgs bosons. In contrast, the uncertainties associated to the definition of the bottom
mass and Yukawa coupling are practically negligible in the SM — where the bottom-quark
contributions amount only to a few percent of the total cross section — but they can become
dominant in regions of the MSSM parameter space where the couplings of the Higgs bosons
to bottom quarks are enhanced. In the particular case of heavy-scalar and pseudoscalar
production at large tan £, we found that legitimate variations in the renormalization scheme
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and scale of the bottom Yukawa coupling can suppress the gluon-fusion cross section by
more than 60%, due to the presence of large QCD corrections enhanced by logarithms
of the ratio mi/m%. Luckily, in this case the total cross section is dominated by the
contribution of bottom-quark annihilation, which is subject to a considerably smaller scale
uncertainty. Finally, we studied the uncertainties associated to our implementation of the
SUSY contributions to gluon fusion at the NLO and, partially, at the NNLO. With the
exception of a gluophobic region in the light-stop scenario, these uncertainties are generally
small, reflecting the sub-dominant nature of the SUSY contributions themselves for values
of the squark masses compatible with the LHC bounds.

Future improvements in the accuracy of the predictions for the Higgs-production cross
sections in the MSSM could come from different directions. First of all, any progress in
the SM calculation will eventually trickle down to the MSSM calculation, at least where
the production of a SM-like scalar is concerned. In addition, a resummation of the QCD
corrections enhanced by ln(m?5 /m?), analogous to the one performed in refs. [141, 142]
for the Higgs decay to photons, will be necessary to reduce the large uncertainty in the
production of non-standard Higgs bosons via gluon fusion (incidentally, such calculation
would benefit all models with enhanced Higgs couplings to bottom quarks, whether they are
supersymmetric or not). Implementing the existing results for the two-loop contributions
to Ay [67-69], in both the Higgs mass and cross-section calculations, will also reduce the
uncertainty in scenarios where the bottom contributions are relevant. Finally, it could
be worthwhile to improve the calculation of the gluon-fusion cross section by taking into
account the full Higgs-mass dependence of the two-loop squark-gluon® contributions [11-
13, 46] — to cover scenarios in which the non-standard Higgs bosons are heavier than the
third-generation squarks — and by including the genuine three-loop effects [63, 64].

For the time being, however, we believe that SusHi provides the most sophisticated
calculation of the Higgs-production cross sections in the MSSM available to the physics
community. Differently from the case of the SM, where all the relevant inputs are now
known and a definite prediction for the total cross section can be made solely as a function of
the collision energy, in the MSSM the predictions for the cross sections — and the relevance
of the different sources of uncertainty — depend crucially on a number of yet-undetermined
parameters. In the appendix we collect predictions for the Higgs-production cross sections
via gluon fusion and bottom-quark annihilation, and their respective uncertainties, in a
few representative points of the six benchmark scenarios described in section 2.1. However,
the tables in the appendix should be regarded as having an illustrative purpose only: we
encourage the readers to take both SusHi and our recipes for the uncertainties directly in
their own hands, and use them to analyze their favorite corners of the MSSM parameter
space. Our results should prove useful for ruling out scenarios that are incompatible with
the current experimental bounds. We also hope that, when the time comes, they will help
interpret within the MSSM the discovery of new particles at the LHC.

8 As well as the two-loop quark-squark-gluino contributions [47, 48], when they become available.
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A Cross sections and uncertainties

In this appendix we include eighteen tables, listing the cross sections and uncertainties for
the production at the LHC of the three neutral Higgs bosons in the six MSSM scenarios
defined in table 1. We use version 1.3.0 of SusHi, and provide separate results for gluon
fusion and bottom-quark annihilation. Input files for the six scenarios can be found on
the code’s website [87]. We set /s = 8 TeV, m; = 173.2GeV and my(mp) = 4.16 GeV,
and we choose thirty combinations of the parameters m, and tan 8 for each scenario. The
predictions for the scalar masses are obtained with version 2.10.0 of FeynHiggs. The
uncertainties provided in the tables are computed as follows:

e The renormalization- and factorization-scale uncertainties are summarized in the
quantities Ai, defined as in section 3.1.1, eq. (3.2). For gluon fusion we con-
sider the seven combinations obtained from pp = {mg/4, my/2, mey} and pp =
{mgy/4, mg/2, me}, where we discard the two pairs with the largest variation of the
ratio pgr/pr with respect to the central choice. For bottom-quark annihilation we
proceed accordingly, using pr = {mge/2,mg,2mge} and pr = {mgy/8,me/4,mgy/2}.

e The uncertainty 0Y; of the gluon-fusion process, related to the definition of the bot-
tom Yukawa coupling and discussed in section 3.2.1, is computed as the relative
difference between the cross section calculated with Yb¢ o my(me/2) and the cross
section calculated with Yb¢ o Mp. In the case of bottom-quark annihilation, the scale
dependence of Yb(z’ is included in the computation of Aff.
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e The uncertainty 64\, stemming from the resummation of tan S-enhanced corrections
to Yb¢ and described in section 3.2.2, is computed by adding an uncertainty of £10%
to the value of A, obtained from FeynHiggs.

The PDF uncertainties are not included in the tables, but they were extensively dis-
cussed in section 3.3. In section 3.3.1 we pointed out that the relative size of the PDF+ay
uncertainty depends mainly on the value of the Higgs mass, thus it can be taken over
directly from the existing estimates for the production of the SM Higgs. Apart from the
PDF+as uncertainty, in the case of bottom-quark annihilation an additional uncertainty
of £6% has to be added due to the dependence of the bottom-quark PDF on the pole
bottom mass (see section 3.3.2). The uncertainties associated to our incomplete knowledge
of the SUSY contributions to the gluon-fusion cross section can become sizeable only in the
light-stop scenario, especially in the case of H production at large m, and moderate tan 3.
We do not include them in the tables, pointing the reader to the discussion in section 3.4.

We show the results for the m;'®* scenario in tables 2-4. Rather similar results for the

mod-+

mod—
mp,

and m;, scenarios are given in tables 5—7 and 8-10, respectively. The light-stop
and light-stau scenarios are presented in tables 11-13 and 14-16, respectively. Finally, cross
sections and uncertainties for the tau-phobic scenario are shown in tables 17-19, which are
limited to tan 8 < 40 due to a drop in the lightest-scalar mass for larger tan S.
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m., [GeV] | tan B | my, [GeV] || oggn [pb] | AE [%] | 6Y4 (%) | 52 [%] || oven [pb] | A [%] | 6A, [%]
I T CE T T O N e
100 10 97.6 4208 | 89 —s35| 0T | 4273 | A8 40T
100 15 98.9 90.51 | M85 | —s38| 1| orio | AT LI
100 20 99.3 156.0 | T304 | —s35| *IA ) 1555 | ARG AL
too | | e | s | Hen | cssa| | s | s |
100 50 99.9 806.0 | T —s30| F33 0 7928 | 488 a2
120 5 105.6 10.69 | 1390 —163| O 6418 | AB1 o3
o | o | e | e | e | s | a0t | ST
120 15 116.9 30.90 | *1%9 | —s30| ff | 4457 | A7 o
120 20 118.1 53.81 | T1%6 ) —s50| 19| 7788 | AT e
o | s | [ wes || el s || g
120 50 | 1196 || 3064 | 57| —sa7| 330 417 | ATD ) 32
150 5 | 1167 | 1416 | 108 | 405 | 2209 | A3 A03
150 10 125.2 14.61 | 0T 01 3.556 | 08 oo
150 15 127.5 1520 | 08|  —05 || 4206 | AST o
150 20 | 1285 1553 | 102 |  —06 || 4498 | ASTH 1D
O e ) e
150 | 50 | 1300 || 1591 | Figg | o8] )| 4426 | ox| D5
T A = ) 0 e
o0 |10 | e | e | g | ol enst ||
o0 |1 | aess | est | L] e orss | e | e
0 | | e | e [T el e | |5
ST T N 3 Y )
00 |0 | oo | 6w | ey ) weol | omt | k) 4%
ST N TE T 0 e S0
B I e e S e e -3
G O I e el T N =
I X ST e B ST A
oo |0 | 107 | s | s || e | g | e
300 50 | 130.0 || 17.22 | 32| 416 0323 | 4601 08

Table 2. Cross sections and uncertainties for lightest-scalar production in the mj

max

scenario for

Vs = 8 TeV. Uncertainties below 0.1% are not listed (—). For the PDF uncertainties see text.
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M [GeV] | tan B | my [GeV] || oggu [pb] | A (%] | 6Y5 (%] | 08 [%] || obbu [pb] | A7 [%] | 94 [%]
100 5 136.8 16.65 TS =39 — | o530 | ASS|  A0O
100 10 131.9 19.86 T8O 50 | 0.941 el o
O 00 e 1 e 1 O
O N 0 e 1 e BT
O e 1 e BT
too | a0 | aans [ aner | sl e s | e ]
200 5 205.9 1.521 Ll —wms | 01| 0743 e o4
200 10 201.7 1.838 T —ar9| 03 3337 i T
200 15 200.8 3.068 TS | =504 ROl 7.497 a2 i
200 20 200.5 482 | *2 | —s533| 13| 13.03 a2 e
200 30 | 200.2 9.553 | 19| -s52| f20 | 27.64 iy ey
00 | | o e || e | ] e | b |
S I T NCETCON Y TN A )
S N TN =0 e T T A 4
300 15 | 300.6 0357 | AT —a9a1 | H05 | 1432 22
300 20 | 3004 0526 | 92| —s35| *13 | 2469 32 1
300 30 | 3003 0992 | 98| —s65| 1201 5202 32 21

0 50 | 02 2292 | Ty | w0l Tpy | 127U | T | T
00 |5 s ssar] Zeel 20Tl o] Dl Zo

e e et - e e - i N B 3
S N N TS T e T e e
500 20 499.8 | 21.4xa0® | TEO 1 514 |  H13 T 0.226 2 e
500 30 499.7 | 40.2x10® | ATO 589 |  AZL N 0.475 2 R
500 50 | 4995 || 95.8x1w0° | 426 —go.9| 33| 1.160 23 f3e
1000 5 | 1000.5 | 675x10° [ 0Ll 461 — | 203xw0e | L4 04
1000 | 10 | 1000.0 || 117x10° | ASL g9z | AL g gaxaen | FRA 40T
tooo | 15| oo s | 43 | o |8 faaran | ]
1000 | 20 | 999.9 |[74.2xw0°¢| A3 586 LT 424xi00| L4 14
1000 | 30 | 999.7 | 203x1w0° | A0 _713) 428 892xa0? | b A2
1000 | 50 | 999.3 | 615x10° | A3 _gza|  A30 91800 | 14| F32

Table 3. Cross sections and uncertainties for heaviest-scalar production in the mj

max

scenario for

Vs = 8 TeV. Uncertainties below 0.1% are not listed (—). For the PDF uncertainties see text.
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m4 [GeV] | tan B || ogga [pb] | A [%] | 05 [%] | 0A [%] || oupa [pb] | AF [%] | 64, [%]
100 | 5 || 1055 | 35| 49| Tou | 107 | 57| o
100 | 10 ) 4302 | Tyga| 7o) o | 4146 | 7| Zor
100 15 97.28 | 2| —s33| i | 9003 | 2O 1]
100 | 20 | 169.6 | 139 _s30| LS| 1545 | 86| 414
100 | 30 | 3603 | Tigh | -s27) oo | 3247 | o7 I
100 | 50 || 8817 | T3t -sa6| Yoo | L8 | 57| 151
200 | 5 | 0566 | ‘95| —a2| | 0922 | Fp 4
200 10 0951 | ¥ —st7| O 3.560 el Tor
200 15 || 2323 | 9 sop | +120 7739 iy s
200 20 | 4237 | 0| -s83| P 1327 e
200 30 9.337 | M3 | -s573| 21| 27.89 ey Y,
200 | 50 || 2332 | U2 _ses| 4330 ggoo | A0 | H32
300 | 5 | 0324 | fT2| 483 | oars | 32| +04
300 10 | 99.5xw0° | A% 23| D4 0668 | 32 FOT
300 | 15 || 0189 | i | —603| i3l 14s0 | T332t
300 | 20 || 0365 | THO| —e24| FLO| 2489 | 32| 14
300 | 30 || 0864 | *IOST _go9| 422 ) 5231 | 32| +21
300 | 50 | 2256 | Tyg| 98] Ten | 1275 | Th | ST
500 5 0.102 HE L 40 R e
500 10 | 35.6x10® | £109 1 —181 | *02 | 60.4xa0® | FRE L F0T
500 15 || 28.8x10% | 135 3591 00 0131 S
500 20 | 32.4x10® | 1220 —465| 1O 0.225 v
500 30 || 50.5x10° | TR 556 | 9 | 0473 Tl Do
500 | 50 | 0108 | IS sl 325y | s23 1 482
1000 | 5 | Lisxw0®| +301 56 e e
1000 | 10 | 433a0® | Agp | —192]  Fop Lot | Dy | g
1000 | 15 | 335x1w0° | A8 _334| OS5 fo47xaen | 14T A1
1000 | 20 | 344x10° | AT _g35] 40949400 | LA 14
1000 | 30 | 465x10¢ | FILO g4l LT ggrsaee | 4 42l
1000 | 50 || 880x10¢ | FHL2 _goo| 300y paaee | HLA 432

Table 4. Cross sections and uncertainties for pseudoscalar production in the mj'®* scenario for

Vs = 8 TeV. Uncertainties below 0.1% are not listed (—). For the PDF uncertainties see text.
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m., [GeV] | tan B | mp, [GeV] || ggn [pb] | AZ [%] | 6Y5 (%) | 62, [%] || oven [pb] | AL (%] | 62, [%]
N O O e I 1 B < e
too |10 | oro [ eas || s e | o || e
100 15 98.5 9r10 | 85 —s36| 0O | 9198 | BT i
100 20 99.1 1578 | t1%2 0 s34 H12 | 1579 | ABD e
too | | oo | | et | e | Hs s | ]
TR e e T e )
120 5 103.5 1256 | T38| —134 — | 63t | A% O3
120 10 112.7 16.82 | 122 | —s75| 04| 1942 | I8 oo
LI N TS X ) T A
120 20 117.1 4977 | 159 —s35| T2 | TL97 | AT 2
120 30 | 1184 109.6 | 153 | -ss0| FIE 1575 | T2 1B

Ct20 s | omos | a0 | | oseo| BR | aosr || 55
I A T TSN e e =
150 10 122.1 16.33 | T8 1 401 3432 | 479 o2
150 15 124.4 16.80 | 1091 —02 || 4049 | 83 T
150 20 125.3 17.07 | H109 1 —04 || 4401 | 408 iy
150 30 126.1 17.30 | T2 —o7 — | 4780 | A0S e
150 50 | 126.7 || 1740 | TR0 -10 — | 5097 | AT f23
200 5 118.6 19.05 | 901 +19 ~ | o830 | 472 o2
ST RN EETE T T W ) T A
200 15 | 1255 1831 | 90 420 — | ose1r | AOR | HDD
00 |20 | 1o | asa | g | 2ol | osm | G| 56

B T 1 B S
200 50 | 1268 1810 | 95| +19 || 0928 | A%T L HLP

B O T e CECE B =
oo |10 | s | oo |y || eams | e |
300 15 125.9 18.90 ol 4T | o373 | 498 o2
300 20 126.2 18.82 O 4T | o373 | 498 o3
00 | 80 | 1265 | 1875 | Ly | T 0sto | A ]S
300 50 126.8 18.65 oo | +16 0.383 | 167 s

Table 5. Cross sections and uncertainties for lightest-scalar production in the mj

mod+

scenario for

Vs = 8 TeV. Uncertainties below 0.1% are not listed (—). For the PDF uncertainties see text.
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Table 6. Cross sections and uncertainties for heaviest-scalar production in the m;,

m, [GeV] | tan 8 | my, [GeV] || oggu [pD] | A [%] | 6y (%] | 624 (%] || owbu [PD] | AF %] | 02 [%]
100 5 134.7 17.43 RO -4 | o693 | 62| FO3
100 10 129.3 21.67 T3 63 | 1.428 el o2
100 15 128.0 23.41 2l -7 192 1.806 e 2
100 20 127.5 24.27 Il T4l 102 2.039 e 16
100 30 | 127.2 25.16 il —so| f83 ) 2361 | A6T | 23

B T e . 0 O D+
200 5 206.0 1.526 I3 -4l fo | 0.750 -3 B
200 10 | 2018 1.860 | 5T —a16| 03| 3.369 iy B
200 15 | 2009 3122 | 08| —s01| TR 7.601 v B
200 20 | 200.6 4934 | *tH3 | —s30| 12| 1328 iyl e
200 30 | 2003 9.857 | 10| —sa9| H18 | 2842 el 1
N NG N 0 e e )
ST A O e e ST 1
oo | 10 | ot | ot | | s | ] eess ||
T O D e O e
300 20 300.5 0.540 PO sz | 1| 2517 22 3
300 30 300.3 1.026 MO8 562 T | 5353 22 e
SO N T NEXTON Bt o ST )
S I N TE B B S N
500 10 | 5001 | 18.6x10*| FOL —146] H02 ) 60.9x100 | 22 400

L O e e W e 0 3 D
500 20 | 499.8 || 22.2x10°| FAT ) _508| LI 0.230 st
500 30 | 4997 |[41.8x1w0® | 4TI 584 1B 0.489 23 1
500 50 | 4995 o101 | R30I —e06| f25 | 1.214 t23 28
1000 5 | 10006 || 687x10° | | 457 | 295xa00 | HLA ] H03
1000 10 | 1000.1 | 124x10° | &L 4970 | tisxaoet | 14 0.6
tooo | 15| oo oot | i | s |4 st | ] g
1000 20 999.9 || 83.0xw0° | FOT | _572| 1243300 | 14 2
1000 30 999.8 | 219xw0° | A58 1 —go7 |  F211l9.19x10% | 1 e
1000 50 999.3 | 660x1w0° | 991 —675| tEI 22,9300 128

mod+

scenario for

/s = 8 TeV. Uncertainties below 0.1% are not listed (—). For the PDF uncertainties see text.
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m[GeV] | tan B || agea [pb] | AF [%] | 6Y5 [%] | 64y (%] || ovpa [PD] | AF [%] | 6A, [%]
100 5 1061 | HBS1 478 030 q080 | AEG) A03
100 |10 e | Tya ] sl Zop | 40 | 57| Zos
100 15 98.90 | 1521 —s31| F1O 9144 | A8G | 09
100 20 1733 | Pl so7 | 13 as7y | 486 412
100 30 | 3716 | 150 | —s25| IS 3344 | ABG) 18
100 50 || 9255 | TIA9 | —s24| 290 8290 | G 28
200 5 0.567 2 43 |l 0.927 L B
200 10 || 0962 | T2 575 0T 3598 L Y
200 15 || 2363 | tH21 —s90| 10| 7.852 L
200 20 || 4332 | T ssa | L3 1354 iy
200 |30 ) 9835 | Tup| AT Tie ) 2872 | Zss | Lir
200 | 50 || 28 | Tip | 6] TR TR0 | T | BE
300 5 0.324 T2 482 — || 0174 32 038
300 | 10 | 0100 | gy | w26 Zga | 0675 | Tan ) Zoe
300 15 || 0193 | *L1_go2| 1O 1473 32 09
300 20 | 0373 | | —e22| I 2540 i3 e
300 30 | 0892 | %% —6o7| *19 | 5.386 i3 -
300 | 50 | 2370 | 1061 592 290 1335 | f3Z) +28
500 | 5 | o102 | ST uq | space | #2310 403
500 | 10 ||35.7x107 | HOL 1 —1sa1 | F02 6110 | F2E ) 0
O T A O
500 20 | 32.9x10° | FH21 466 091 0.230 280 +12
500 | 30 ||51.9x0® | FIBOT 555 HL6 L ggg7 | 423 ) 418
500 50 || 0113 | FML 592|281 1208 tas ) 428
1000 | 5 Jusaet] Ten] os6) 2600t | T Tos
1000 | 10 || 43507 | g | 193] s | Lot | T ] Top
1000 | 15 | asmaot | g | w4l Tep |2vat| | Tos
1000 | 20 |38 | Thgp | 6] Mgy J4ssat| | T
1000 | 30 |l arear | Tyfp | sl T | oarat| | Ty
1000 | 50 | 920xw0° | T30 —6oa| 2T 2270 | b 28

Table 7. Cross sections and uncertainties for pseudoscalar production in the mfo‘” scenario for

Vs = 8 TeV. Uncertainties below 0.1% are not listed (—). For the PDF uncertainties see text.
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m., [GeV] | tan B | mp, [GeV] || ggn [pb] | AZ [%] | 6Y5 (%) | 62, [%] || oven [pb] | AL (%] | 62, [%]
O I N e O )
w0 |10 [ ors || ands | T | csel 495 | des]
100 15 98.7 1017 | 85| -520 | 1021 | ABT -
I O
T O T A
too 10| oo s | e s e, e ]
120 5 104.1 1211 | 39| -143 — | 6521 | 432 -
120 10 113.1 1734 | T357 | —389 — || 2088 | A5 -
120 15 116.0 3284 | T80 —497 || 4646 | A7 -
120 20 117.4 5848 | 108 | —s27| t00 | 8437 | 13 o
120 30 118.7 1405 | 123 | —s34| *O2 ) 1989 | 12 o2

Ct20 s | omos | o | Hgd| sl Bl osso | A5 | 5
O T G 0 B O =
150 10 122.4 16.02 | 1891 —03 3473 | 479 -
150 15 124.5 1652 | tHO 1 —06 || 4087 | 483 -
150 20 125.5 16.79 | t19 1 —0.9 || 4421 | A58 o
150 30 126.2 17.01 o | -1 | 4w | A0S o2
150 50 | 127.0 1703 | T30 -13 | 4830 | AT fo3
200 5 | 1188 | 1864 | t3IT| 417 — | o824 | 172 -
200 10 | 1244 || 1807 | %01 417 | o839 | 402 -
200 15 | 1256 17.97 | 4921 417 || o852 | 498 -
200 20 | 126.1 1792 | 901 +16 | o861 | 408
200 30 | 1265 1786 | 90| +15 || o875 | 488 -
O O 0 A

B O I T 1 1 CECEI e =
O N S 0 3
300 15 125.9 18.55 el 414 | o370 | A58 -
300 20 126.3 18.47 el 413 — | o370 | A58 -
300 30 126.6 18.39 oo | 412 | o371 | 87 -
300 50 127.0 18.27 e | 409 0372 | 87

Table 8. Cross sections and uncertainties for lightest-scalar production in the mj,

mod—

scenario for

Vs = 8 TeV. Uncertainties below 0.1% are not listed (—). For the PDF uncertainties see text.
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m, [GeV] | tan 8 | my, [GeV] || oggu [pD] | A [%] | 6y (%] | 624 (%] || owbu [PD] | AF %] | 02 [%]
100 5 134.3 17.53 L —aa 0.704 1o -
100 10 129.1 21.64 61 — | 1410 el -
100 15 127.8 23.23 1l —68 — | 1747 e ol
100 20 127.4 23.97 Tl 73 | 1.941 e o2
O T ) = A
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00 |50 | a0t | Tasn | e | s | g ] s ||
300 5 303.3 0.331 o8 —133 — | o0.168 a2 -

BRI R
300 15 300.6 0.402 98| —at6 — | 1615 a2 -
300 20 300.5 0.617 0 —sis | T |l 2891 22 ol
300 30 300.3 1.258 e -8 T2l 6.565 22 o2

L S e W 5 . B 3
500 5 501.2 || 56.6x10° | FLT 1 07 ~ | 16.0x10® | 23 =

BT AT R ETY STl It ¥ RV I [Pyt Bt B B

C500 | 15 | 4999 [[18.9xa00 | 281 gral | omas | 23—

B e T T A
500 30 | 499.7 |[52.3x1w0° | A%I ) 567 | 02| 0.599 t23 102
00|50 | oo | odas | g | e | ] den ||
1000 5 | 10006 || 698x10° | o | 454 — || 306x10° | 14 =

1000 | 10 | 10001 || 136xa0 | 4321 paas5| B I

1000 | 15 | 999.9 |[80.7xa0c | 433 o5 — |2790s | AL

1000 | 20 | 9999 120k | saz| O [agmact | L]0
1000 30 999.7 | 31dxwe | ACE T _gao|  FOZ 113100 | 1 +0.2
1000 50 999.1 | 1.02x10® | 02 1 633 |  FO8 | 31810 | 1 o

Table 9. Cross sections and uncertainties for heaviest-scalar production in the m;

mod—

scenario for

/s = 8 TeV. Uncertainties below 0.1% are not listed (—). For the PDF uncertainties see text.
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m, [GeV] | tan B || o494 [pb] | AT [%)] | 0Y} [%] | 32 (%] || owpa [pb] | AF (%] | 54, [%]

100 5 11.00 6 —ato | 11.22 18e -
100 | 10 | 4687 | H14 T _son| |l ages | HBGT
w0 | s | owoa | A2 ss ] | ons | A3
100 |20 | 1996 | FBIL s 0L qgrg | AS6 T f01
S 100 | 30 | dsta | P01 Csog | H02Fygg9 | ASGT f02
S0 | 50 | 1204 | FBBOT Csor | HOS(qps3 | AS6 T 08
200 | 5 | o570 | F03 1 Ssal |l oges |t
C200 |10 | 1039 | 240 see| || sse3 | tR2 ]
200 | 15 | 2645 | O Lspa| 0L gqig |t T
R e
S 200 | 30 | 1189 | HILE L ssa| 4021 g5 | HEs 402
S 200 | 50 | 3428 | HHLAT sug| 403 9904 | +ES T 403
Cs00 | 5 | 0323 | T2 7ol | oast | 32 —
S0 | 10 | 0105 | 96 _s09| |l omas | 32
300 | 15 | 0216 | 12| _see| 0L qe3s | #3210 —
300 | 20 | oass | HILLT gor | AOL[ agrg | 32| H01
S 300 | 30 | 1108 | F109 Cssg| 021 6603 | 321 f02
S 300 | 50 | 3331 | P07 Lsrs| 08 qgss | H32 1 103
o500 | 5 | o102 | HOTgn e e N
T | o s 08 s | e | [
S 500 | 15 | 3070t | HBT L _gsg | oas | 231 —
C 500 | 20 [ 364wt | HM2 0 _uep |l g6 | +23 1 01
C 500 | 30 | 624x10% | H1291 _pug | H020 g 5gg | 428 1 02
o500 |50 | ooase | A sso| S west |t
S 1000 | 5 | L1gxaoe | 4311 56l — | sogxaoe | LT
1000 | 10 | 44400 | AEE T e 123x100 | LA —
1000 | 15 | 355xa00 | H102 1 gz | 2790t | LA —
1000 | 20 | 3staoe | LT E_gsp = lggraee | +14 T 0T
1000 | 30 [ 6axa0e | A0 sag 02l gygpn | HLA T 02
1000 | 50 | 1.26x10% | FILA T Csg g | H08 gy guage | HTA T 05

Table 10. Cross sections and uncertainties for pseudoscalar production in the mgwdf scenario for

Vs = 8 TeV. Uncertainties below 0.1% are not listed (—). For the PDF uncertainties see text.
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m. [GeV] | tan B | my, [GeV] || aggn [pb] | AF [%] | Y5 [%] | 6, (%] || oon [0b] | A (%] | 6, [%]
100 5 88.1 1827 | A1 _373| 081 q988 | 98 A+l
100 10 | 943 4155 | TT3 1 529 F2200 3999 | 4911 422
100 15 | 95.8 8116 | TI67 | 536 1331 7996 | 490 +3l
R A O )
w00 [ ees | e | e s | e |
100 | 50 | or0 || 4848 | T38| -s34] Tys )| 4681 | ge | Toa
120 |5 o2 ) oreor | Tof | ool Zgs | 6897 | Bl Do
120 10 110.5 1639 | 1531 —355| tLA 1764 | DT Y
120 15 113.6 26.08 | 129 | —ar5| *28 3469 | T2 iy
120 |20 | 150 | 4008 | Ti35 )| -528) Typ || 5634 | A3e | a7
120 | 30 | 1163 || 7624 | T35 | —se9| 5G| 1088 | 57| I5D
120 | 50 | m7l || 1614 | Tipf ) -sss)  Tgg | 2276 | 75| TRy
150 |5 [omr2 )o1se0 | Aes | ol ]2 | uEl s
150 10 119.6 1484 | 48T 03 3.057 | “tri 10
150 15 121.7 1504 | A6 04 | 8313 | TS f22
R W IO e 8l O O e .3 e+
150 | 30 | 1232 || 1546 | Tgp| 05| | 3210 | 47| Tos
o |50 | 7 | Wl | Top| 07| ) 288 | gl T
00 | 5 | 1ee || 1678 | Tes | ws] 08T | r | o3
20 |10 | a5 [ aseo | R8s ) oses | 4TS 4
200 15 122.7 15.83 T 4T | o8 | AT AP
200 20 123.1 15.76 e 416 0.759 | 4691 19
200 |30 | 1285 || 1570 | Tog | +is] ] 0720 | Aye| 153
200 50 123.8 15.63 T o405 | 0L 0663 | G2 34
CCO N N 2 I O 4 N S
300 | 10 | 1221 ) 1636 | Rl owi6| | 0383 | 8| o3
300 | 15 | 1230 || 1614 | Igy| 416) | 0871 | 9| To7
300 | 20 | 1233 || 1608 | gy | 14) | 0364 | 7| Toy
300 30 123.6 16.00 A 410 — | o354 | 4GS 12
300 50 123.8 15.92 trd ol 402 0.340 | F69 1 *lP

Table 11. Cross sections and uncertainties for lightest-scalar production in the light-stop scenario
for \/s = 8 TeV. Uncertainties below 0.1% are not listed (—). For the PDF uncertainties see text.

47 -



M, [GeV] | tan B | my [GeV] | oggu [pb] | AT [%)] | 0Y5 [%] | 68 (%] | ovbu [PD] | Af [%] | 5A, [%)]
w5 [ s [ s | ] sol o3l oso | jgr] 42
100 10 125.9 17.64 Al 65| 040 1163 | F68 1 432
O N T TS )
100 |20 | 1243 ] 1953 | Te | 67| Zoe | 13 | Svs | 34
100 | 30 | 1240 | 1979 | Te | 67| Zow | M8t | Sve | Td
100 | 50 | 129 | 1e6d | Tx )| 68| Iii) 0982 | ve | fios
200 | 5 | 2037 | 0819 | Ty | -2s8| Tof | 075 | Top| I
200 |10 | 1999 || 1266 | Zoy| csol Tio ) 298 | Tsg | Z3n
200 | 15 | 1991 | 2178 | Tgr | -se6| Tl 644 | Tie | T
200 |20 | 1989 | 33 | o | 62| Tys || 99T | Tsd | s
200 30 | 198.7 6.051 | TH-2) —s71| 38N 1877 Ay Y
0|0 | ess | s | H |y e | b
300 5 301.7 0.161 290 —203| FO4 | 0150 32 M
300 10 | 299.6 0.137 661 501 | IO 0567 32 f23
OO C I NCETER A N I )
TN NCETER A 1 )
300 30 | 299.0 0564 | 101 _6o5| OO 3493 38 f2e
0|0 ke | aor | e | ] e |
400 5 | 4010 | 804xw0?| | 66| 01418« | F26 | +12
400 | 10 | 399.6 | 27.0<0° | FO6 | _g951 HL6 I gq5g | 26 23
400 | 15 | 399.3 | 3L4x0®| 125 | _gro| 34\ o313 | f26 ] 432
400 20 | 3992 ||45.9x10° | F52 | _g54| 4T 0504 A Y
400 | 30 | 399.1 | 849x10°| TS| _g5z| 65l gga1 | 26 456
400 | 50 | 399.1 0173 | 881 ea9| 32| 1878 | 26 481
500 5 | 5004 23600 T13 1 g4 — | 142xa0r | 2310 412
500 10 | 4994 | 2.81a0° | TI8E 1y 5] 409 5y 600 | 23 | 123
500 15 499.3 || 247x10® | 38| 694 | T22 1 0.105 taa A3
500 20 | 499.2 || 512x10°| *12) _gog| 06| 0169 230 *3
500 30 | 499.2 ||13.4x10°| 52 758 FI8 | 0315 t23 428
500 50 499.1 || 33.2x10® | 4831 _706| IO 0628 taa 0 4Bl

Table 12. Cross sections and uncertainties for heaviest-scalar production in the light-stop scenario
for /s = 8 TeV. Uncertainties below 0.1% are not listed (—). For the PDF uncertainties see text.
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m4 [GeV] | tan B | 049 [pb] | A7 [%] | 0Y5 %] | 3A [%] | ovpa [pb] | AF (%] | 04 [%]
100 5| 9685 | 3P| —ars| 2| 9s4r | B2 7
100 10 | 3648 | £122 | —sa1| *32 3529 | A% H23
100 15 | 7679 | T35 534 FRO | 7L44 | ABE ) F32
100 |20 ) 1252 | Tygg | sl Tag | 148 | 57| e
100 | 30 | w52 | Ty| oeee) L) 2140 | w7l e
100 | 50 || 4676 | Tyg | 720) Tys| 4268 | 57| Zra
200 5 0.534 Ll a0 T3l 0845 e Y
200 | 10 || 0808 | Ty | -sme) Tog ) 3030 | gl Th
200 | 15 | 1831 | Tp| -ses| TS 6135 | 9l T
200 | 20 || 3125 | Tyf| -es6| Tiy || 9859 | TS5 I3
200 | 30 ) 6097 | Tyg| o576) Zea | 1838 | Tie | I3
200 | 30 | 1289 | Ty | -oTo)  Zrs | 3665 | Zse )| o
300 | 5 | 0310 | 350 4so| F0L | ooasy | 2 +12
300 | 10 [87.7x10® | F85 L o7a| L3 g5es | 432 423
300 | 15 || 0150 | T8 —e04| TGN rast | 32 4Rl
300 | 20 || 0269 | *129) —e29| +46| 1849 | 32| +d
300 | 30 || 0564 | Fi0 | —6ra| FEL| 3447 | FR2) DS
300 | 50 || 1201 | FOT ) —so8| fEO | 6874 | 32t
400 5 0.334 8 -1 R e
400 10 [ 98.9xw0® | 450\ 145  FO3 0154 ol s
400 | 15 || 730 ¥ 0| LE | osul | To | i
400 | 20 |8LLao?| Ty | —as4| Tog | 0500 | 5P| Tog
00 |30 ] 02 | Mg | oora) The )l 092 | M| 3
00 | 50 || 0227 | Tp8) -so7| TR 1ss8 | B9 e
500 5 ]|96.7x10% | F2A 1 —40 — |14k 2R
500 10 ||8L9x0® | FEL | —1r7 | FO8 I 514xa0® | 3R 423
500 | 15 ||23.9x10° | 0| —3aa | LT 0004 | FFE) 32
500 | 20 |l24.9x10°| H280 —a58| 290 0167 | 3 T4
500 | 30 ||33.9x10% | FI220 _55pl 450 o312 | 423 ) 436
500 50 || 58.0x10%® i‘}gg —59.3 f?? 0.622 f%i i’?%

Table 13. Cross sections and uncertainties for pseudoscalar production in the light-stop scenario
for \/s = 8 TeV. Uncertainties below 0.1% are not listed (—). For the PDF uncertainties see text.
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m. [GeV] | tan B | my, [GeV] || aggn [pb] | AF [%] | Y5 [%] | 6, (%] || oon [0b] | A (%] | 6, [%]
100 5 90.2 1660 | 140 _3g3| OS5 1249 | 95 HOT
100 10 96.3 4047 | HTL L 527 ALA 4040 | HBO T HL4
100 15 97.8 82.65 | 165 —s36| F22 8290 | 488 | +21
100 20 98.4 1373 | 820 535|280 q367 | BT A2T
DNERRNECNE T
w00 50 [ o | s | e s | e | e
o 15| s | ear | o e ||
120 | 10 | u23 || 1635 | Tigg | 76| Ty | 1867 | 55| Tis
120 15 115.2 27.55 | T80 494 | F200 3816 | T4 20
120 20 | 116.6 44.40 | T38| 33| fZ8 6389 | 4TS H2T
oo a0 | im0 || s ||
20 |0 | ms7 | 2or2 | HuSl el gl s | E] S8
150 | 5 | us8 | 1576 | HF| 05| | 239 | 53] T8
150 10 | 1224 15.96 | 1109 — — || 3479 | AT} LI
150 | 15 | 1247 || 1645 | F109 1 o4 — || 4112 | AG8 LT
150 20 | 1257 | 1674 | HIO[ o7 4466 | 4081  +22
150 30 | 1265 17.01 | FHON 10 || 4824 | FO8 A3l
T T
200 | 5 | mol | 187 | Aap | el ] 082 | G55 Tod
200 | Jo | 1248 s ) oy | 20| |02 | Gws | ot
00 |35 | 11 | wsos | 488) weo) ] s | SR] th
200 20 | 126.6 18.01 | A58 419 | o080 | 5 *14
200 30 | 1269 17.96 | 531 418 ~ | osr2 | AT 20
200 | o0 [ 1269 [ are | 88| wrs| Ayl osw | el)
300 5| 1203 | 1977 | 492 47 | 0398 | AT9 | 193
300 10 125.6 18.82 ol 416 0371 | 681 04
0 | 15 | azea | ises | ) el | eser | SE] %%
oo | 20 [ 1268 | ass | Y| s ] oser | l) BT
300 | 30 | 1270 )| 1850 | Tog| w4l ] 0868 | vo | Tio
300 50 127.0 18.52 O 411 0373 | 67 +la

Table 14. Cross sections and uncertainties for lightest-scalar production in the light-stau scenario
for \/s = 8 TeV. Uncertainties below 0.1% are not listed (—). For the PDF uncertainties see text.
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m, [GeV] | tan B | my [GeV] || aggn [pb] | A (%] | 0Y5 [%] | 64 [%)] || ovbm [pD] | A (%] | 0A, [%]
100 5 135.4 16.97 Ol —42 — | o614 | H63 i
100 | 10 | 1300 | 2091 | Tgs | e8| Ton )l 1228 | ok | Tho
100 | 15 | 1286 | 2249 | Tog | 65| To ) 1528 | G| Dok
100 | 20 | 1281 || 2825 | Tog | 68| Tod)l 1689 | Si0| s
100 | 30 | 1277 | 2898 | Tgg | T8 Tag) 1890 | S| ThS
100 | B0 | 12md | 2477 | Ter | 82l Tyl 2199 | S| 70
200 5 205.7 1.494 T —ara | 920 0713 e | fod
200 10 201.5 1739 | F93 1 —ar2| L 3.090 el i
200 | 15 | 2006 | 2786 | F102 | —ao8| 10 6709 | TEE 3R
200 | 20 | 2002 | 4223 | *HO| ;28| 2O 128 | T 38
RO T R
00 |0 | oos | iess || o] n | aess | ey
o |5 || oa || e e oms ||
300 10 300.7 0.237 Tro 374 TO9 1 0.606 32 e
300 15 | 3003 0323 | A%l —ase| T1E | 1284 a2 f2
300 20 | 3001 0458 | 4981 31| f22 0 2141 32 128
N O T )
RN R A
00 | 5 | o6 ssoact] Ty | 06| Juea0t] i | Tos
00 | 10 | 8004 Jemact] Tyg| 10| Tgg|sssact] Mg | Tip
00 |15 | 5001 Jusact| Tos| o8TT| Dl ouT | T D
500 20 | 5000 ||18.0x10° | 34| 515 25 1 g9y 23 128
00 |30 | g9 Jauract] od| con] Tip) 08 | M| ST
500 | 50 | 499.8 ||68.0x10% | 489 _gio| AGLJ gger | 423 ) 459
1000 5 1000.5 | 660x10° | 21 46.0 || 281x100 | F14 +08
1000 | 10 | 1000. || 108x10° | FTA 1 jorg | 403 | 105xi0® | HLA T AL
1000 | 15 | 999.9 [424x00| 1661 _g30]  FL0 foopaee | L4 22
o0 | 20| oo sasant | | s g e ||y

1000 | 30 | 9998 | M6xw0? | gp | T4 Ty | 724a0%) T | Tyg
1000 | 50 | 999.5 | 415x10° | HFOT | _qo4| 408 59500 | FLA | 459

Table 15. Cross sections and uncertainties for heaviest-scalar production in the light-stau scenario
for /s = 8 TeV. Uncertainties below 0.1% are not listed (—). For the PDF uncertainties see text.
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m4 [GeV] | tan B | 049 [pb] | A7 [%] | 0Y5 %] | 3A [%] | ovpa [pb] | AF (%] | 04 [%]
00 | 5 ] 1048 | Tas | a7l Tow | 1030 | nrl Tos
100 | 10 ) 397 | Digs| o8] Tys | 3834 | 7| Dis
100 | 15 || 8671 | FI22 ) s3o) #2201 s033 | 430|422
100 20 | 1461 | T30 529 | 290 1334 | A6 428
100 | 30 | 2on4 | Th | —h26)  Taw | 2634 ) ) Ty
100 | 50 || o387 | Ty | ses| el 5163 | sz| T
200 5 | 0550 | TeP | —a2| Tl 0884 | RO 08
200 | 10 || 0879 | ¥ | 576 O 3202 | fro ) D
200 | 15 | 2069 | 24| -se2| f23 6902 | iy | f22
200 | 20 ] 360 | Ts| oss2) G| 146 | Tip | iy
o O o R v il N Y N I B 1 B
200 | 30 | 1690 | Tya| 67| e | 9 | Tse | Ta
300 | 5 | osir | AT usq| | oaee | t32] 0 408
300 | 10 |96t ] Tog| 28| Tog | 0617 | Th | Gs
300 | 15 || 0169 | Fiib | -e02| f33 | 1295 | 32 133
300 | 20 | 0314 | *USL 6a5| 43LY 949 | 320 428
300 | 30 | 0608 | LT goo| A2 4243 | 321 439
300 | 50 || 1635 | Tiyg| —sea) Tgp ) 9288 | THS ) IH
500 5 ||99.4x0® | FI2 1 g0 R e
500 | 10 |838a0t] o | T78|  Tga | moaet| T 48
500 15 | 26.4x10® | 1240 347  FLL D 0117 il
500 20 || 28.5x10° | T2 —460| TR0 0.195 57
00 |30 Jatsaor] Ty | sl] Ty ] 088 | al| S
500 | 50 || 78.6x10% | FIL2 50| HBT I gg4g | 423 429
1000 | 5 |1asa0t) Teg| -esl |t ] | Tos
1000 | 10 || 413xw0° | FG7 | —1s8 | F4 | 1.05xa0° | HRE ]
1000 | 15 | 308x1w0¢ | A82 1 _396| F10991x00 | A4} 22
1000 | 20 || 305x10° | F990 _yo7| LT I3g6xa00 | 14 428
1000 | 30 || 384x0? | Typf| w82 Tgg || 720t ) | Tyy
1000 | 50 | 644x10° | 1041598 H5Sgpgxaee | FLA ] 459

Table 16. Cross sections and uncertainties for pseudoscalar production in the light-stau scenario
for \/s = 8 TeV. Uncertainties below 0.1% are not listed (—). For the PDF uncertainties see text.

~ 52 —



m. [GeV] | tan B | my, [GeV] || aggn [pb] | AF [%] | Y5 [%] | 68, (%] || ovn [pb] | AF (%] | 64, [%]
100 5 85.5 1970 | T _seg ) L9 557 | FI0L G 18
100 10 86.5 62.66 | 169 | —s20| t34 4953 | 100 433
100 15 | 86.0 121.0 | *189 1 —529| A8 9538 | F100 1 +40
100 20 85.7 187.9 | *168 1 _5o9| OO q473 | FIOLG o A5T
O O X Y 7 N
| s e | e e e | e
L N N AT A I
120 10 | 109.0 20.00 | FI%1 | 545 32| 2399 | ATE | 433
120 15 108.3 36.59 | TS0 | —sar| T8N 4527 | 4TS e
120 20 | 107.6 55.96 | T1%8 | —sa6| OO 6882 | AT9| 437
120 30 106.7 97.06 | 14| —sa6| Tt 1179 | A0 ATO
120 40 105.9 136.0 | 1321 —sa6| O8N 1641 | 481 0L
150 5 | 192 | 1ser | P03 gz |l r4re | T2 AL
150 10 125.0 18.67 ol +1s — || 0349 | A6E 1 AOT
150 15 125.0 20.74 el —ne| T893 95 ka0 | 681 LS
150 20 124.5 22.86 801 58| fO8 1 1098 | A69 ) 484
150 30 | 1234 || 2752 | *82 0 _azo| 2L 4544 | 46O 498
a0 | e | | o e ||y
200 |3tz | 1e02 | Ggg | arT) |04 | Aie | Tos
200 | 10 | 1250 || 1895 | Tox | +s] ] 0T | iG] Ton
200 | 15 ] 1255 || 1921 | Tz | o7|  _]950a0t| il s
200 20 125.5 19.52 83 — | 01 || 235xa00 | AOE HLL
200 | 30 | 1250 || 2025 | Lol Z1A| Zga | 1040t vh ) Tah

200 |40 | 1234 || 2128 | FGF ) a0 IG5 || 80.8a0t | Ayg | Thn
300 5 121.7 19.70 o H15 — | o301 | ATO | 402
300 10 | 1250 18.99 88 412 | 0221 | A68 -
0 | 15 | 125 | 1sea | 3] wos| Zl oam | 5R]
300 20 125.7 19.00 ST +o06 — | 0134 | AG8 1 H1d
300 30 125.3 19.25 S —0a || 84.2x10° | 68 2
300 40 123.9 19.83 8O 10| fO01 548kt | 69 486

Table 17. Cross sections and uncertainties for lightest-scalar production in the tau-phobic scenario
for \/s = 8 TeV. Uncertainties below 0.1% are not listed (—). For the PDF uncertainties see text.
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M. [GeV] | tan B | my [GeV] | oggu [pb] | A %] | 6Y5 (%] | 08 [%] || obbu [pb] | A7 [%] | 94 [%]
100 5 124.1 21.05 Ll —06 — || 20510 | 469 72
100 10 124.9 20.60 el -t f82 ) s5axaee | A68 1 A10
I NETEC N 1 T B A )
oo | a0 | e | aon | el sl T oo | e ]
oo | | o | ass |G| ol ] e | e ] G
too | o | e ey |G| ol S an | e ]
o0 |5 | one s |G | s | ] e | |
a0 |0 | woms [ ases | as | e | 1 sen | RS TR
200 15 193.6 2074 | 081 —s58| 1T 5898 s by
200 20 193.8 3.008 TE -l oLl 9.059 teo e
200 30 | 1940 4996 | T3 | -s79 | tE2 N 1562 ool I
200 40 194.1 6.924 TE o -ssa | MYl 2197 Tao 3
300 5 296.5 0.234 P 164 f0E 0154 v O B
300 10 | 295.7 0.164 ol —a38 | T2 0535 33 f32
300 15 | 295.7 0218 | 801 —s39| *41 | 1.035 v 4
300 20 | 29538 0297 | *88 1 —s72| A3 1504 O B
300 30 | 2959 0475 | 0 —s92| tEL | 2762 T3 fr8
300 40 | 295.9 0.650 | F0 | —59.9| *32 | 3.896 3 183
00 |5 | dors o) T Zos) —|BSe] ] D
00 |10 | dod JU3e0t| s T19| Zrg J6T0tl il Ten
00 |15 | Aord 8910 | Typ | Ta0| Tys ) 9030t iy | Tid
500 20 497.4 | 11.0xw0® | FO8 1 57| 43910139 2 o8
| w | s Jisoar| 8| es| S ean | RS
500 40 | 4975 | 25.5xw0® | 6T 633 | TIOL 0341 i B
1000 5 998.6 || 609x10° | T3 464 | FOL | 254x10° | FLE L 9
tooo | 10 | Cooss et | Bt | es |5 sesare | H ]I
1000 15 998.6 || 24.8x10° | 3O p166|  F0 || L6Tx0® | F14 iy
1000 | 20 | 9986 | 27.5x10°| T53 | 579 t83 o257t b 438
1000 | 30 | 9986 | 75.0xw0°| F2L 781 | FUE | 446xa00 | L +TS
1000 | 40 | 9986 | 133x10° | A8 751 | H1L90630x100 | b 493

Table 18. Cross sections and uncertainties for heaviest-scalar production in the tau-phobic scenario
for /s = 8 TeV. Uncertainties below 0.1% are not listed (—). For the PDF uncertainties see text.
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m, [GeV] | tan 3 || o494 [pb] | AF (%] | Y5 (%] | 0A [%] || obpa [pD] | AT (%] | 5A [%]
100 | 5 | 9055 | 3 —azs| H3) o4 | 4381 F12
100 | 10 | 3217 | D33 -sas] Tpg ) 3125 | or| Dip
100 15 64.46 | *23 | —s37| 180 6029 | ARG LT
100 | 20 | 1006 | Tygp | 74l Teo |l 9287 | n7) s
100 | 30 | 13 | Tg | oE2) T | 1612 ) gl T
100 | 40 || 2467 | Tipg | -ss2| Fg | 2276 | 57| TSR
200 5 0.510 R N g e YT el
200 |10 ) om2 | Tyl w0l e 268 | 59| TH
200 | 15 || 1536 | T128 | —s09| TR sav8 | TS| 4T
200 | 20 || 2510 | g | -ss9| Tgp | 76 | To5| B4
200 | 80 || 4552 | g | st Top | 1884 | 9| TG
200 | 40 || 6504 | Ty | 5Te| TR | 1955 | Toe | TSn
300 |50 | Tasl #ms| Toa ] M8 | Tee | ik
300 10 || 795xw0° | FEA | 262 12 0503 | 32 32
300 15 | 0126 | 1240 06| *22 | 0971 vl
300 | 20 || 0216 | T2T| —634| FEON 1496 | 32| F34
300 |30 ) 042 | Ty | co19] Tps | 2% | 5| o
300 | 40 | o622 | tHAT _gos| 00 3666 | 32| 193
500 | 5 o3& | TEI| sel  —|maaet| TR LS
500 | 10 || 20707 ) Tgg | -1ms)  Tog |4sSa0c| TR T
500 | 15 | 2110 g | -sss) Top |8Toaer| TR T
500 | 20 [20.8xw0%| THOT _g55 ALY o35 | 231 158
500 30 [ 25.8x1w0® | T4 55| tES 1 0.235 v
500 40 | 32.5x1w0% | 0T 1 583 |  *ES [ 0.332 e 2
1000 | 5 | L10xw0® | F1E 1 53] 01| 2520 | HE T T
1000 | 10 | 369x1w0° | F2T | 79| TS [ 85Txa0° | TR A3
1000 | 15 | 252x10° | A0 _310|  F20 0165k | FLA AT
1000 | 20 || 228x10° | 3G 48| 35 fossxaoe | 414 408
1000 | 30 || 24dai0” | ATy | 58| Tgg |42t T | I7g
1000 | 40 | 281xw0° | AT _568| 83 go5xi0 | Al 493

Table 19. Cross sections and uncertainties for pseudoscalar production in the tau-phobic scenario
for \/s = 8 TeV. Uncertainties below 0.1% are not listed (—). For the PDF uncertainties see text.
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