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We study the effects of CP-violating phases on the phenomenology of
the Higgs sector of the MSSM. Complex parameters in the MSSM lead
to CP-violating mixing between the tree-level CP-even and CP-odd neutral Higgs states, leading to three new loop-corrected mass eigenstates ha ,
a ∈ {1, 2, 3}. For scenarios where a light Higgs boson at about 125 GeV can
be identified with the observed signal and where the other Higgs states are
significantly heavier, a large admixture of the heavy neutral Higgs bosons
occurs as a generic feature if CP-violating effects are taken into account.
Including interference contributions in the predictions for cross sections
times branching ratios of the Higgs bosons is essential in this case. As a
first step, we present the gluon-fusion and bottom-quark annihilation cross
sections for ha for the general case of arbitrary complex parameters, and we
demonstrate that squark effects strongly depend on the phases of the complex parameters. We then study the effects of interference between h2 and
h3 for the example of the process bb̄ → τ + τ − . We show that large destructive interference effects modify the LHC exclusion bounds such that parts
of the parameter space that would be excluded by MSSM Higgs searches
under the assumption of CP-conservation open up when the possibility of
CP-violation in the Higgs sector is accounted for.
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1. Introduction
Supersymmetric (SUSY) models such as the Minimal Supersymmetric
Standard Model (MSSM) or its next-to-minimal extension cannot only alleviate many shortcomings of the Standard Model (SM), but also accommodate the observed signal at 125 GeV [1, 2] as one of several Higgs bosons
predicted by their extended Higgs sectors. So far, the searches for additional Higgs bosons at the LHC have been interpreted in various scenarios
beyond the SM, including several supersymmetric ones. However, the most
general case where CP is violated and leads to mixing between CP-even and
-odd eigenstates has not yet been covered by those analyses. The reason
for this has mainly been the lack of appropriate theoretical predictions for
the Higgs production rates at the LHC for the CP-violating MSSM, and of
a proper prescription for taking into account relevant interference effects in
Higgs production and decay. In the following, we discuss state-of-the-art
cross-section predictions in the MSSM for the two main Higgs production
channels at the LHC which can be used as input for future experimental
analyses in CP-violating Higgs scenarios [3, 4]. Additionally, an appropriate
treatment of the interference effects arising in the calculation of cross section times branching ratio (σ×BR) of a full process of production and decay
of nearly mass-degenerate Higgs bosons is needed [5–8]. We review such a
formalism, and subsequently study the implications of CP-violating phases
giving rise to Higgs mixing and interference in the process bb̄ → τ + τ − . The
resulting exclusion bounds are compared to existing experimental bounds
from Run 2 of the LHC [4, 6, 7].
2. The MSSM Higgs sector with complex parameters
There are additional 105 free parameters in the MSSM, other than those
from the SM. These include 12 physical, independent phases of the complex
parameters of the MSSM. These phases are the ones of the soft-breaking
gaugino masses M1 and M3 , the Higgsino mass parameter µ, and the trilinear
soft-breaking couplings Af , f ∈ {e, µ, τ, u, d, c, s, t, b}. The most restrictive
constraints on the phases arise from bounds on the electric dipole moments
(EDMs) of the electron and the neutron [9–11]. In the following discussion,
we focus on the phases φAt and φM3 , and their effects on the MSSM Higgs
sector.
The MSSM contains two complex Higgs doublets with opposite hypercharges YH1,2 = ±1 which induce masses for both the up- and down-type
fermions. The neutral fields of the two doublets can be expressed in terms
of CP-even (φ01 , φ02 ) and CP-odd (χ01 , χ02 ) components as follows:
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The two complex Higgs doublets possess eight degrees of freedom (d.o.f.).
Three of these d.o.f. lend longitudinal components to the massive gauge
bosons via the EWSB mechanism. The remaining physical d.o.f. manifest
themselves as five Higgs bosons: CP-even h and H, CP-odd A and two
charged Higgs states H ± . The possible CP-violating phase ξ between the
Higgs doublets vanishes at the minimum of the Higgs potential, and other
possible phases in the tree-level Higgs potential can be rotated away. This
makes the MSSM Higgs sector CP-conserving at the lowest order. Besides
the gauge couplings, it is fully determined by two parameters which are
usually chosen as MA or MH ± and tan β := vvud .
CP-violating effects enter the MSSM Higgs sector via radiative corrections. As a result of these CP-violating loop effects, the tree-level mass
eigenstates {h, H, A} mix into three CP-admixed loop-corrected mass eigenstates {h1 , h2 , h3 }, with Mh1 ≤ Mh2 ≤ Mh3 1 . In evaluating processes with
external Higgs bosons beyond lowest order, an appropriate prescription to
account for the mixings of the tree-level states into loop-corrected mass
eigenstates is required so that the outgoing particle has the correct on-shell
properties, and the S-matrix is properly normalised. This is established via
the introduction of finite wave function normalisation factors, denoted as
the so-called Ẑ factors [12–14]. The non-unitary Ẑ matrix contains the
correction factors for the external Higgs bosons {h1 , h2 , h3 } relative to the
lowest-order mass eigenstates {h, H, A}. The matrix elements Ẑ aj [8, 15, 16]
are composed of the root of the external wave function normalisation factor
a,
Ẑia and the on-shell transition ratio Ẑij
Ẑia



:= ResM2a ∆ii p

2



,

a
Ẑij


∆ij p2
=
∆jj (p2 )

,

(2)

p2 =M2a

which are evaluated at the complex pole M2a . Here, ∆ij are the propagators,
{a, b, c} denote the loop-corrected mass eigenstates, and {i, j, k} refer to the
tree-level mass eigenstates. With an appropriate assignment of the indices of
the two types of states (see Ref. [8]), the matrix elements can be written as
1

The full mixing at higher orders takes place not just between {h, H, A}, but also with
the Goldstone boson and the electroweak gauge bosons. Their impact is minimal for
the processes considered here and, therefore, neglected in our treatment of the loopcorrected Higgs bosons, see Refs. [3, 4] for a discussion.
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Ẑ aj

p
= Ẑ a Ẑaj .

(3)

Using the Ẑ matrix elements, we obtain an expression for the amplitude
of the loop-corrected mass eigenstates ha as a linear combination of the
amplitudes of the tree-level states as follows2 :


Ah
Aha = Ẑ AH  = Ẑ ah Ah + Ẑ aH AH + Ẑ aA AA + . . .
(4)
AA
3. Higgs production cross sections in the MSSM
with complex parameters
For low and medium values of tan β in the MSSM, Higgs bosons are predominantly produced through gluon fusion. At high tan β, the production
in association with a pair of bottom quarks is the dominant process, due to
the enhanced bottom-Yukawa coupling to the Higgs bosons. In the following
sections, we will present cross sections for production of Higgs bosons h1 , h2
and h3 in the MSSM via gluon fusion and bottom quark annihilation for a
general case of arbitrary complex parameters.
In the MSSM, the most significant contributions to the gluon-fusion
cross section arise from top, bottom, stop and sbottom loops. Moreover,
the weights of the top- and bottom-loop contributions have to be modified
by the relative couplings to the MSSM Higgs bosons. For the case of the
MSSM with complex parameters, CP-violating phases can enter the cross
section calculation via the Ẑ factors, Higgs–squark couplings, and through
tan β-resummed ∆b corrections. These ∆b corrections make the effective
bottom Yukawa couplings explicitly complex, leading to gbφL 6= gbφR (see
Refs. [3, 4] for a discussion). Additionally, CP-violating phases give rise
to non-vanishing couplings of squarks to the CP-odd state A, gfA˜ii , which are
zero when CP is conserved.
The leading order (LO) production cross section of the mass eigenstates ha can be written as follows:
σLO (pp → ha ) = σ0ha τha Lgg (τha ) with Lgg (τ ) =

Z1

dx
g(x)g(τ /x) , (5)
x

τ

where τha = Mh2a /s. The hadronic squared centre-of-mass energy is denoted
by s, and Lgg denotes the gluon–gluon luminosity. The partonic LO cross
2

The ellipsis denote mixing contributions from the Goldstone bosons and electroweak
gauge bosons which have been neglected.
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section for gg → ha is given by
σ0ha

GF αs2
√
=
288 π


A

ha ,e

2

ha ,o

+ A

2



A
with Aha ,e = Ẑ ah Ah+ + Ẑ aH AH
+ + Ẑ aA A−
A
and Aha ,o = Ẑ ah Ah− + Ẑ aH AH
− + Ẑ aA A+ ,

(6)

where GF is Fermi’s constant, and Ẑ aφ are the elements of the Ẑ matrix.
The “LO cross section” is the cross section for the diagrams in Fig. 1 despite the fact that it contains higher-order effects through the application
of the Ẑ factors. We see from Eq. (6) that the final polarisation and colour
averaged squared loop amplitude for a mass eigenstate ha consists of two
non-interfering squared amplitudes. This is due to the different tensor structures of various contributions. The amplitudes contributing to Aha ,e have a
symmetric tensor structure, while those contributing to Aha ,o have an antisymmetric one. This results in the cross section being expressible as the sum
of two non-interfering squared amplitudes. This also explains the naming
of the first and the second term with Aha ,e , where “e” denotes “even”, and
Aha ,o , where “o” denotes “odd”, respectively. Using this, we can split σLO
e and σ o .
into σLO
LO

φ

Ẑ

φ

h1,2,3

(a)

Ẑ

h1,2,3

(b)

Fig. 1. Feynman diagrams for the LO cross section with (a) quark and (b) squark
contributions.

For the two CP-even tree-level mass eigenstates φe ∈ {h, H}, the amplitudes are

X  φe
X φe
e
e
e
Aφ+ =
aq,+ + ãφq ,
Aφ− =
aq,− .
(7)
q∈{t,b}

q∈{t,b}

Similarly, for the CP-odd Higgs boson A, the amplitudes are
X
X

A
AA
aA
AA
aA
q,− + ãq ,
+ =
q,+ .
− =
q∈{t,b}

(8)

q∈{t,b}

In the above expressions, aφq,+ and aφq,− (φ ∈ {h, H, A}) are the loop amplitudes for quark contributions proportional to the sum and difference of the
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right- and left-handed Yukawa couplings, respectively. The terms ãφq denote
the loop amplitudes of squark contributions. The full expressions for aφq,±
and ãφq can be found in Ref. [3].
The leading order cross section can be supplemented by higher-order
corrections. At next-to-leading order (NLO), the hadronic cross section is
given by the expression
h
αs i
e/o
h ,e/o
σNLO (pp → ha + X) = σ0 a τha Lgg (τha ) 1 + C e/o
π
e/o
e/o
e/o
+∆σgg + ∆σgq + ∆σqq̄ .
(9)
The ∆σ terms contain the real corrections from the production of a Higgs
boson in association with a gluon or quark jet. Note that the different leftand right-handed Yukawa couplings arise only for the case of the bottom
quark due to the incorporation of the full ∆b resummation, which makes the
couplings explicitly complex at leading order [16, 17]. Beyond the leading
order, we use a simplified ∆b resummation which makes the left- and righthanded bottom Yukawa couplings equivalent to each other. Due to this, in
the amplitudes for real corrections in the case of the MSSM with complex
parameters, the only new ingredients, aside from the Ẑ factors, are Higgs–
A , which are added to the CP-even components ∆σ e . The
squark couplings gq̃ii
real corrections can be split in ∆σ e and ∆σ o since no interference terms arise.
In the MSSM with real parameters, analytical NLO virtual contributions
involving squarks, quarks and gluinos are either known in the limit of a vanishing Higgs mass [18–21] or in an expansion of heavy SUSY masses [22–24].
In the MSSM with complex parameters, the virtual contributions containing quarks have a similar structure as for those in the MSSM with real parameters, owing to the simplified ∆b approximation beyond LO. However,
contributions from virtual corrections involving squarks are more difficult
to generalise to complex parameters. We, therefore, interpolate these NLO
virtual contributions between phases 0 and π of the various MSSM parameters using a cosine interpolation [25, 26]. For a certain value of the phase
φz of a complex parameter z, the virtual NLO amplitude AφNLO (φz ) can be
approximated using
AφNLO (φz ) =

1 + cos φz φ
1 − cos φz φ
ANLO (0) +
ANLO (π)
2
2

(10)

for each of the lowest-order mass eigenstates φ ∈ {h, H, A}. Here, AφNLO (0)
is the analytical result for the MSSM with real parameters, and AφNLO (π)
is the analytical result with z → −z. Finally, we also account for twoloop electroweak (EW) corrections mediated by light quarks, which are reweighted to the MSSM with complex parameters. The total gluon-fusion
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cross section at the k th order is the sum of the two parts
e
o
σNk LO (pp → ha + X) = σN
k LO (pp → ha + X) + σNk LO (pp → ha + X) , (11)

and the result beyond LO QCD is obtained through

 

t,e
t,e
e
lf
e
=
σ
1
+
δ
+
σ
−
σ
σN
k LO
NLO
EW
NLO, EFT ,
Nk LO,EFT


t,o
t,o
o
o
− σNLO,
σN
k LO = σNLO + σ k
EFT ,
N LO, EFT

(12)
(13)

lf
containing the EW corrections from light fermions. N3 LO QCD
with δEW
corrections are only taken into account for the CP-even component of the
light Higgs boson, allowing us to match the precision of the light Higgs boson
cross section in the SM used in up-to-date predictions. This is because the
light Higgs boson that is identified with the observed signal at 125 GeV is
usually assumed to have a dominant CP-even component, which is also the
case in the scenarios which we consider in our numerical discussion. For the
CP-odd component of the light Higgs and the heavy Higgs bosons, we employ
NNLO corrections for the top-quark induced contributions in the effective
theory of a heavy top-quark. This means that we do not account for topquark mass effects beyond NLO, but only factor out the LO QCD cross
t,o
t,e
. These results have been implemented in an extension
and σLO
sections σLO
of the FORTRAN code SusHi [27, 28], called SusHiMi (SUsymmetric HIggs
MIxing) and are currently the state-of-the-art for neutral Higgs production
in the MSSM with complex parameters [3]. SusHiMi will be included in the
next release of SusHi.
Finally, for the production of the Higgs boson ha via bottom-quark annihilation in the MSSM with complex parameters, as implemented in SusHiMi,
the results for the SM Higgs boson are re-weighted to the MSSM with
|Ẑ ah gbh + Ẑ aH gbH |2 + |Ẑ aA gbA |2 , which includes tan β-enhanced squark effects through ∆b using the simplified ∆b resummation.
We carry out our numerical analysis in a slightly modified version of the
classic MSSM scenario introduced in Ref. [29], named the mmod+
scenario.
h
For this mmod+
-inspired
scenario,
we
choose
for
vanishing
phases
of the
h
complex parameters:

M1 = 250 GeV ,
M2 = 500 GeV ,
M3 = 1.5 TeV
Xt = Xb = Xτ = 1.5 TeV ,
A q = Al = 0
µ = m̃Q = m̃L = 1 TeV .

(14)

For the SM parameters, we use the values mOS
= 173.20 GeV, mMS
t
b (mb ) =
OS
4.16 GeV, mb = 4.75 GeV and αs (MZ ) = 0.119. Furthermore, we choose
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∼ mmod+
, tβ = 10, MH ± = 900 GeV
h

8

896

h3
h2

|ẐaA|2

895

ho
he

1.0

8
∼ mmod+
, tβ = 10, MH ± = 900 GeV
h

gg → h2
(13 TeV)

σLO
σ
σ w/o t̃, b̃

6

σ [fb]

897

σ [fb]

Mha [GeV]

tan β = 10 and MH ± = 900 GeV. The mmod+
-inspired scenario features a
h
lightest Higgs h1 which is mostly CP-even and SM-like with a mass close to
125 GeV, and two heavier Higgs bosons h2 and h3 which are nearly massdegenerate and heavily admixed. In our numerical analyses, we employ
FeynHiggs-2.11.2 [30–34] to calculate Higgs masses and Ẑ factors. In the
following, we study the variation of Higgs masses and cross sections with the
phase of At . The phase φAt is varied from 0 to 2π leaving the absolute value
|At | constant in order to address various aspects in the phenomenology of
Higgs boson production3 .
The variation of masses and CP-character of the Higgs states h2 and
h3 with φAt is depicted in Fig. 2 (a). We call the mass eigenstates h2 and
h3 either he or ho , depending on their mixing character: if |Ẑ aA |2 & 1/2,
the mass eigenstate ha is denoted by ho , otherwise it is denoted by he .
We see from the lower panel of Fig. 2 (a) that while h3 (grey/green) is
∼ mmod+
, tβ = 10, MH ± = 900 GeV
h

4

4

2

2

0
1.6
1.5
1.4
1.3
1.2
1.1

0
1.6
1.5
1.4
1.3
1.2
1.1

gg → h3
(13 TeV)

σLO
σ
σ w/o t̃, b̃

6

0.8

σ/σLO

0.4
0.2
0.0

0

π/2

π

(a)

3π/2

2π

φA t

σ/σLO

0.6

0

π/2

π

(b)

3π/2

2π

φA t

0

π/2

π

3π/2

2π

φA t

(c)

Fig. 2. (Colour on-line) Masses, mixing and gluon-fusion cross sections of h2 and h3
in the mmod+
-inspired scenario with tan β = 10. (a) Upper panel: Variation of h2
h
(black/violet, lower curve) and h3 (grey/green, upper curve) masses in GeV with
φAt . Lower panel: The CP-odd character |Ẑ aA |2 as a function of φAt . The solid
and dashed curves represent regions in φAt where h2 and h3 are predominantly
CP-even (he ) or -odd (ho ), respectively. At φAt = 0, the state h3 (grey/green) is
fully CP-odd whereas h2 (black/violet) is fully CP-even. (b), (c) LO (lowest red
curve) and best prediction (middle blue curve) for the gluon-fusion cross section for
(b) h2 and (c) h3 in fb as a function of φAt . The black dot-dashed curve depicts the
best prediction for the cross section without squark contributions (except through
Ẑ factors). In the lower panel, we show the K-factor σ/σLO .
3

We display the full range of the phase without imposing EDM constraints, following
the common approach in studies of Higgs phenomenology with CP-violation. See
Refs. [35, 36] for a recent discussion.
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fully CP-odd (|Ẑ aA |2 ∼ 1)4 at φAt = 0, and h2 (black/violet) is fully
CP-even (|Ẑ aA |2 ∼ 0) at φAt = 0, their CP-character varies widely as
we scan through φAt , with both of them being substantially admixed for
large parts of the φAt -space. Figure 2 (b) and (c) depicts the cross sections for gluon fusion production of h2 and h3 in fb. The lowest (red)
curves with the larger renormalisation and factorisation scale uncertainties associated with them show the variation of the LO cross section with
φAt . The middle (blue) curves with the reduced scale uncertainties show
our best prediction cross section, whereas the black dot-dashed curves depict the cross section with the squark contributions from loops turned off.
Therefore, the only squark contributions to the black dot-dashed curve
come from the Ẑ factors. One notices that the middle (blue) (best prediction) curve and the dot-dashed curves follow each other closely and have
a similar magnitude of the cross section. This implies that in this scenario, the phase dependence of the cross section comes mostly from the
Ẑ factors, and not directly from squark loops. Moreover, the phase dependence of the cross sections closely follows the CP-character of the Higgs
states in Fig. 2 (a). The lower panels of the cross section curves show the
K-factors, which lie between about 1.2 and 1.5 with the phase φAt and follow
the variation the mixing character of h3 and h3 .
Note that the curves for the cross sections of h2 and h3 have complementary shapes, and the two Higgs bosons are nearly mass degenerate. In
such a case of nearly mass degenerate Higgs bosons, it may not be possible
to experimentally resolve the two states as separate signals. The experimentally measured quantity would be the sum of the cross sections times
their branching ratios along with the interference contributions in the full
process of Higgs production and decay. We will explore the effects of these
CP-violating interference contributions in the next section.
4. Impact of interference contributions
At the LHC, so far all searches for additional heavy Higgs bosons that
have been interpreted in specific scenarios assume that the signal contributions from different Higgs bosons can be added incoherently, i.e. without any interference effects, which is a valid assumption for the case of
CP-conservation because the h–H interference becomes large only in a small
and already deeply excluded region of parameter space. However, if we allow
for CP violation, all three loop-corrected mass eigenstates ha , a ∈ {1, 2, 3}
can interfere. Such interference effects are especially significant when the
mass splitting between the Higgs bosons is smaller than the sum of their to4

Note that since the Ẑ matrix is non-unitary, its elements can have a value greater
than 1.
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tal widths, in which case the resonances can overlap. In order to accurately
interpret the experimental limits on σ×BR from Higgs searches at the LHC,
it is, therefore, crucial to also account for these interference contributions in
their predictions, which could significantly enhance or diminish the value of
σ×BR in comparison to their values for the CP-conserving case.
We now consider a full process of Higgs production and decay, and calculate the interference of amplitudes in an s-channel exchange of the Higgses
h1 , h2 and h3 in a generic 2 → 2 parton level process I → h1 , h2 , h3 → F ,
with the initial state I denoting the production process and final state F denoting the decay products. Later on, we will apply this to specific production
and decay mechanisms. The calculation of the interference factors is carried
out at leading order taking into account Higgs masses, total widths, and
Ẑ factors from FeynHiggs-2.13.0 computed with full one-loop and leading two-loop contributions. State-of-the-art higher-order contributions are
taken into account in the computation for production cross sections for I and
branching ratios for F . For the QCD corrections, a factorisation of higherorder corrections between initial and final states is often justified. This only
misses corrections connecting initial- and final-state particles. Therefore it
is well-motivated to apply the interference factor calculated at LO only, with
the full process containing higher-order corrections.
The interference term for a process I → F with h1,2,3 Higgs exchange
is obtained from the difference between the coherent and incoherent sum of
the 2 → 2 squared amplitudes [6–8]
|A|2int = |A|2coh − |A|2incoh ,

(15)

where the coherent and incoherent sums are defined as
|A|2coh

=

3
X

2

Aha

|A|2incoh

,

=

a=1

3
X

|Aha |2 .

(16)

a=1

The squared amplitudes in Eq. (15) and Eq. (16) can be used to define the
cross sections σint , σcoh and σincoh . The relative interference term for the
cross section of the full process is then defined as
η IF =

IF
σint
.
IF
σincoh

(17)

The total interference contribution to the process can be expressed as σint =
σint12 + σint23 + σint13 , where σintab denotes the interference term between ha
and hb . We then define the relative contribution for a single Higgs ha from
its interference with the Higgses hb and hc as
ηaIF =

IF
σint
ab

σhIFa + σhIFb

+

IF
σint
ac

σhIFa + σhIFc

.

(18)
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Using ηaIF , we can approximately factorise the experimentally measurable
(coherent) cross section as [6–8]
σ(pp → I → h1,2,3 → F ) '

3
X


σ(pp → I → ha ) 1 + ηaIF BR(ha → F ) .

a=1

(19)
Currently, SusHiMi implements the relative interference factors for the heavy
Higgs bosons, η2IF and η3IF , for the case where only h2 and h3 interfere using
Eq. (18) [4].
In the following, we will study the effects of interference between h2 and
h3 in the bb̄ → τ + τ − process. For this purpose, we define a benchmark
scenario, which we name CPInt. Similar to the mmod+
-inspired scenario,
h
the CPInt scenario contains an SM-like lightest Higgs, and two nearly mass
degenerate and strongly admixed heavy Higgs bosons h2 and h3 . Since h1 is
mostly CP-even and has a large mass splitting from h2,3 , we only consider
the interference between the two heavy Higgs bosons. The CPInt scenario
is defined with the following parameter values:
MSUSY = 1.5 TeV ,

µ = 1.5 TeV ,
π

M1 = 0.5 TeV ,
M2 = 1 TeV ,

 π
µ
At = tan β + 1.8 MSUSY ei 4 ,
MU3 = MQ3 = MD3 = MSUSY ,

M3 = 2.5 ei 3 TeV ,
Ab = At ,

Aτ = |At | ,

ML1,2 = ME1,2 = 0.5 TeV . (20)

The SM input parameters are MW = 80.385 GeV, MZ = 91.1876 GeV,
= 172.5 GeV, mMS
mOS
t
b (mb ) = 4.18 GeV, and αs (mZ ) = 0.118, in accordance with the recommendations in Ref. [37]. The phases of the parameters
At = Ab and M3 have been chosen to be non-maximal in view of the impact
of bounds from EDMs. This benchmark illustrates the effects of mixing and
interference in h2 , h3 production and decay. A more detailed study of the
EDM constraints will follow in a forthcoming publication [36].
In Fig. 3 (a), we show the relative interference factors η bb̄,τ τ for bb̄ →
h2 , h3 → τ + τ − in the (MH ± , tan β) plane. As a result of the mass degeneracy
between h2 and h3 and the fact that they are highly CP-admixed, the interference contribution in their coherent σ×BR is strongly destructive, with
η bb̄,τ τ reaching a minimum of almost −98% in parts of the parameter space.
This can be seen in Fig. 3 (a), where we observe a valley of strong destructive
interference of about −90% starting from around the points (550 GeV, 20)
to (1000 GeV, 11) in the parameter plane. Figure 3 (b) depicts the theoretical predictions for σ(pp → bb̄ → h2 , h3 → τ + τ − ) as a function of the mass
Mha of a neutral scalar resonance ha , along with the respective experimental limits for the production of a single resonance φ at mass Mφ obtained
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from
ATLAS searches for neutral Higgs bosons in Run 2 at 13 TeV with
R
L = 13.3 fb−1 reported in Ref. [38]. The black curves represent essentially
model-independent upper limits on the bb̄ production cross section times the
τ + τ − branching ratio of a scalar boson versus its mass. The solid black line
represents the observed exclusion bound and the dotted black line depicts
the expected bound. The theoretical predictions have been plotted for a
sample of tan β values as a function of Mha = Mh3 , where in the relevant
regions we also have Mh3 ' Mh2 . The top-most curve (red) for the predicted σ×BR corresponds to tan β = 18, while the bottom-most one (violet)
corresponds to tan β = 13. The comparison of the interference-corrected
σ×BR with the experimental limits can be understood as follows: the Mha
values corresponding to the parts of the predicted curves that lie above the
black experimentally measured curves are excluded at 95% C.L., while those
corresponding to the parts that lie below the experimental curves are still allowed. With this understanding, we can infer that for certain values of tan β,
the destructive interference suppresses the predicted σ×BR below the experimental limits such that values of Higgs masses that would have been
excluded if the interference contributions had not been taken into account
are now allowed.
MSUSY = µ = 1.5 TeV, φAt = π/4, φM3 = π/3
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Fig. 3. (Colour on-line)Interference effects in the bb̄ → h2 , h3 → τ + τ − channel:
(a) Contour plot for the interference factor η bb̄,τ τ in the (MH ± , tan β) plane, and
(b) comparison of σ×BR (in fb) for h2 and h3 including interference effects in
the CPInt scenario with the 95 % C.L. exclusion bounds obtained by ATLAS at
13 TeV [38].
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Finally, we analyse the exclusion limits in the (MH ± , tan β) plane using
the program HiggsBounds-5.1.1beta [39–42]. For any particular model,
HiggsBounds takes a selection of Higgs sector predictions as input and
uses the experimental topological cross-section limits from Higgs searches
at LEP, the Tevatron and the LHC to determine whether this parameter
point has been excluded at 95% C.L. In order to incorporate the interference effects into the prediction of σ(bb̄ → ha ) times the respective branching
model
ratio, the ratio σσSM of production cross sections which are used as input
to HiggsBounds are rescaled with the interference factor5 . In Fig. 4, we
show the modified exclusion bounds in the (MH ± , tan β) plane, overlayed
with mh1 contours. We see that accounting for the interference term and
the complex parameters in the σ×BR prediction leads to a “fjord” of destructive interference in the region between MH ± ∼ 550 GeV and 800 GeV
for tan β ∼ 13 to 20 that remains unexcluded due to the suppression of
the predicted σ×BR. It is worthwhile to note that Mh1 ∼ 125 GeV in this
unexcluded space, making it a phenomenologically important region.
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Fig. 4.
Exclusion bounds in the (MH ± , tan β) plane obtained with
HiggsBounds5.1.1beta for the CPInt scenario. The grey/blue region depicts the
exclusion bounds when interference terms in the production and decay of h2 and
h3 are taken into account for bb̄ → τ + τ − . The contour lines depict the mass Mh1
(in GeV) of the lightest Higgs boson.
5

In the new version of HiggsBounds, the interference factors can be directly given as
an input.
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5. Conclusions
Complex parameters in the MSSM give rise to rich and interesting phenomenology in the Higgs sector. Not only are such complex parameters
needed for explaining the matter–antimatter asymmetry of the universe,
they can also be extremely relevant for Higgs searches at the LHC. We presented the full LO cross section for gluon fusion supplemented with various
higher-order contributions, and examined the three ways in which complex
parameters affect the cross section, namely via Ẑ factors, complex Yukawa
couplings due to ∆b corrections, and Higgs–squark couplings. The bottomquark annihilation cross section was treated with a simple re-weighting procedure. Using the mmod+
-inspired scenario, we demonstrated the effects of
h
CP-violating Higgs mixing on the gluon-fusion Higgs production cross sections, and motivated the need to include interference contributions in the
predictions for the σ×BR of a full process of Higgs production and decay.
Furthermore, we reviewed a formalism to consistently include such interference effects in our theoretical predictions and showed that taking into account CP-violating mixing and interference contributions can significantly
alter exclusion bounds from the LHC. It is, therefore, essential to allow for
the possibility that the MSSM Higgs sector may not be CP-conserving when
interpreting the latest data from LHC Run 2.
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