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We study an extension of the Higgs sector of the minimal supersymmetric standard model (MSSM),
considering the effects of new degrees of freedom at the TeV scale and allowing for sources of CP
violation beyond the MSSM. We analyze the impact of the beyond-the-MSSM sources of CP violation on
the Higgs collider phenomenology and on low energy flavor and CP-violating observables. We identify
distinct Higgs collider signatures that cannot be realized, either in the case without CP-violating phases or
in the CP-violating MSSM, and investigate the prospects to probe them at the Tevatron and the LHC. The
most striking benchmark scenario has three neutral Higgs bosons that all decay dominantly into W boson
pairs and that are well within the reach of the 7 TeV LHC run. On the other hand, we also present scenarios
with three Higgs bosons that have masses My, = 150 GeV and decay dominantly into bb. Such scenarios
are much more challenging to probe and can even lie completely outside the reach of the 7 TeV LHC run.
We explore complementary scenarios with standard MSSM Higgs signals that allow us to accommodate a
nonstandard B, mixing phase as indicated by DO, as well as the excess in B, — u* s~ candidates recently
reported by CDF. We find that, in contrast to the MSSM, a minimal flavor-violating soft sector is sufficient
to generate significant corrections to CP-violating observables in meson mixing, compatible with Electric
Dipole Moment constraints. In particular, a B, mixing phase S, 4 = 0.15 can be achieved for specific
regions of parameter space, compatible with all the presently available experimental constraints on flavor
observables. Such a nonstandard B, mixing phase would unambiguously imply a sizable suppression of
Sk, With respect to the standard model prediction and a BR(B; — u™ ™) close to its 95% C.L. upper

bound of 1.1 X 1078.

DOI: 10.1103/PhysRevD.84.095027

L. INTRODUCTION

Extensions of the standard model that are based on
supersymmetry (SUSY) are arguably the most popular
models of new physics (NP) at the TeV scale. In particular,
the minimal supersymmetric standard model (MSSM) is
one of the most studied NP models. On the other hand,
arguments based on the naturalness criterion suggest that
the minimal Higgs sector of the MSSM should be extended
in order to raise the tree-level mass of the lightest Higgs
boson above its MSSM limit of M, cos28 [1-3]. Many
such supersymmetric models that contain physics beyond
the MSSM (BMSSM) (e.g. an enlarged gauge sector, addi-
tional singlets) have been constructed (see, e.g. [4—14]). As
long as the scale of the beyond MSSM physics M is
sufficiently larger than the mass scales of the MSSM
Higgs sector, it is possible to describe the effects of the
new degrees of freedom in an effective theory approach,
where higher dimensional operators are added to the
MSSM [15-21]. It was shown that, in such an effective
field theory approach (the so-called BMSSM), the lightest
Higgs boson can easily be enhanced at the tree level and
reach a mass of around 200 GeV, as long as M is not larger
than a few TeV.

In this work, we consider the BMSSM framework where
the MSSM Higgs sector is extended by the leading
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SUSY-preserving and SUSY-breaking dimension-5 opera-
tors [16]. Extensions of the MSSM, including also
dimension-6 operators, have been studied in [19-21], and
examples of possible UV completions have been presented
in [19]. One interesting feature of the model in [16] is that,
in contrast to the MSSM, it allows for CP violation in the
Higgs sector already at the tree level. Most studies of this
framework in the literature assume the absence of new
sources of CP violation and consist of analyses of the
vacuum structure of the model [22,23], dark matter
[24-26], and the Higgs collider phenomenology [27].
The possible effects of CP violation induced by the
higher-dimensional operators have been mainly studied
in the context of electroweak baryogenesis [24,28,29].
Differently, in the first part of this work, we study the
impact of the BMSSM sources of CP violation on the
Higgs collider phenomenology, extending the analysis of
the CP-conserving case of [27]. In [27], the expected
signals of the CP-conserving BMSSM at the Tevatron
and at the LHC have been worked out in detail. Higgs
production and decay patterns that are markedly different
from the MSSM have been identified. One example is
scenarios where both CP-even scalar Higgs bosons decay
dominantly into a pair of gauge bosons. In this work, we
identify characteristic collider signatures of the BMSSM
with CP violation that cannot be realized, either in the case
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without CP-violating phases or in the CP-violating
MSSM, and investigate the prospects to probe the model
at the Tevatron and the LHC.

In the second part of this work, we analyze possible
characteristic signals of the higher-dimensional operators
in flavor physics. As the higher-dimensional operators
mainly modify the spectrum and couplings of the neutral
Higgs bosons of the MSSM, significant deviations from the
MSSM predictions are expected in those flavor observables
that are highly sensitive to the exchange of neutral Higgs
bosons. Consequently, we analyze the rare B,, — u™ u™
decays as well as B, — Bd“Y mixing that can receive
sizable NP contributions in the large tanfB regime from
Higgs and double Higgs penguins, respectively. In particu-
lar, we study if the BMSSM with minimal flavor violation
(MFV), i.e. the BMSSM with no additional sources of
flavor violation apart from the Cabibbo-Kobayashi-
Maskawa (CKM) matrix [30-32] but new sources of CP
violation from the dimension-5 operators, can accommo-
date a large phase in B, mixing, as indicated by recent
experimental results from Tevatron, especially the very
recent DO result on the like-sign dimuon charge asymmetry
[33]. In view of the excess of B, — u™*u~ candidates
recently reported by CDF [34], we, in particular, also
analyze the correlation between the B, mixing phase and
the BR(B;, — u* u~) in the BMSSM with MFV. A com-
plementary discussion of other flavor observables in the
BMSSM appeared recently in [35].

The paper is organized as follows. In Sec. II, we review
the extended Higgs sector of the BMSSM with sources of
CP violation at tree level. We discuss the Higgs potential in
presence of the higher dimensional operators and the vac-
uum structure of the model. We analyze the Higgs
spectrum, emphasizing the possible role of the new
CP-violating phases. In Sec. III, we discuss constraints
coming from electric dipole moments (EDMs) that are
induced by the new phases appearing in the Higgs sector.
The Higgs collider phenomenology of the model is dis-
cussed in Sec. IV. We address constraints coming from
direct Higgs searches at LEP and Tevatron and present
benchmark scenarios showing Higgs spectra and couplings
that are specific to the BMSSM with CP violation. We
outline the most promising Higgs search strategies in these
scenarios. In Sec. V, we discuss distinct BMSSM signals in
flavor physics, concentrating on the phase of B, mixing and
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its correlation with the rare B, — u* u~ decay. We con-
clude in Sec. VI. The appendices contain some details on
the chargino, neutralino, and squark masses in the
BMSSM, a short discussion about electroweak precision
tests, as well as a compendium of loop functions.

II. THE EXTENDED HIGGS
SECTOR OF THE MODEL

We study the framework first presented in [16], where
the leading higher-dimensional operators are added to the
MSSM Higgs sector. The scale M at which these operators
arise is assumed to be not far above the TeV scale.

A. The Higgs potential

At the 1/M order, the most general Higgs superpotential
reads [16]

A A w A A
W= lu’Hqu + W(Hqu)zy (1)

where H, and H, are the Higgs superfields with hyper-
charge +1/2 and —1/2, respectively, and we denote
H,H, = I:I,TI:I; - FAISI:I?,. The dimensionless parameter
w is taken to be of order 1 and complex.

In addition to the 1/M suppressed term in the super-
potential, a corresponding SUSY-breaking term is added to
the Lagrangian [16],

wmg
2M

LDa (H,H,), 2
where « is another free parameter of order 1 and complex.
The scale myg is the scale of the SUSY-breaking terms of
the physics beyond the MSSM and, therefore, mg << M is
necessary to integrate out the complete SUSY multiplets of
the new degrees of freedom at a common scale M. The
scale mg can be connected to the scale of the soft SUSY-
breaking terms of the MSSM (i.e. the sfermion and
gaugino masses), but it is possible to allow for sizable
differences between these scales. To ensure validity of
the effective description of the BMSSM physics in terms
of higher-dimensional operators, mg (as well as ) has to
be sufficiently small compared to M, for a and w of O(1).

At the renormalizable level, the resulting tree-level sca-
lar potential then reads

(H,H,)(HIH, + H H,) + H.c.)

2 2
= (my, + |\WPHIH, + 3y, + |pPYHIHy + (Bu(H,H) + He) + 2= (HIH)? + - (HH, P
w w

g
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and for later convenience we define

2 wm o
(H}ILId)(HJm)+%(Hfizﬁld)uﬁzr:;hu)+(ozZ—MS(JLfruhu)2 ~ 2% (H,H,)(HIH, +H$Hd)+H.c.), 3)
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The 1/M operator in the superpotential leads to two addi-
tional nonrenormalizable dimension-6 terms:

A
Ve = ﬁi (H,H)(HIH)HIH,)

/
S8 (HH)EEDEE), O
with Ay = A} = |w|?. These terms are essential to stabilize
the supersymmetric electroweak symmetry-breaking vacua
analyzed in [22]. Thanks to these nonrenormalizable terms,
the potential is automatically bounded from below.

At the 1/M? order, there can be additional operators in
the Kéhler potential that modify the quartic couplings of
the Higgs potential. Their possible impact has been ana-
lyzed in [19,20]. In this work, instead we focus on the
leading effects generated by the 1/M operators in (1) and
(2). While additional 1/M? operators can lead to an addi-
tional increase of the lightest Higgs mass, we do not expect
them to change our main conclusions.

The three parameters Bu, «, and w can in general be
complex. We follow the usual convention adopted in stud-
ies of the MSSM and absorb the phase of Bu by a rephas-
ing of the two Higgs doublets. In addition, we will assume
all possible complex parameters of the MSSM (e.g. gau-
gino masses, u parameter, etc.) to be real. If these parame-
ters were complex, CP-violating effects in the Higgs sector
would be possible at the 1-loop level and would add to the
tree-level effects. In this work, we consider the phases of «
and w as the only beyond the standard model sources of
CP violation.

B. The minimum of the potential
We parametrize the Higgs fields as’

+
H, = el H
“ %(vu +h, +ia,) )

vy + hy +iay)
Hy= et V2007 70T (©6)
Hy
where v, = vsinf8 = vsg and v, = vcosf = vcg with

v = 246 GeV are the two vacuum expectation values
(VEVs) and tan8 = 15 = v, /v, is their ratio.

While the relative phase of the Higgs fields 6, — 6, can
be rotated away by a U(1)y transformation, 8 = 6, + 6, is
a physical phase. Therefore, the following three extremal
point conditions have to be satisfied at the minimum of the
potential

"Here, we neglect the possibility of charge-breaking VEVs. As
shown in [23], this is a good approximation in regions of
parameter space that lead to a stable vacuum.
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Using the first two conditions in Eq. (7), the two soft
masses my and my, can be traded for v and tanf. The
third condition determines the phase of the Higgs VEV, 6,
as a function of the phases of @ and w and reads

U2C'BSB|)\5| Sin(¢5 + 20)
+ v?| Agl sin(¢pg + ) — 2B sinf = 0. 8)

Contrary to the MSSM, the BMSSM predicts, in general
already at tree level, a nonzero phase of the Higgs fields at
the minimum. In Sec. III, we will show that constraints
coming from EDMs imply that the phase of the VEV is
typically rather small 8 < O(0.1).

To ensure that the stationary point of the potential de-
fined by (7) is a minimum, the corresponding Hessian has
to be positive definite. However, the conditions to have a
stationary point and the requirement on the Hessian do not
necessarily lead to a unique solution. If the quartic cou-
plings along the D-flat direction are negative, then a sec-
ond minimum in the v,—v, plane may arise for large field
values that is stabilized by the 1/M? suppressed terms in
(5). If this second minimum is deeper, the physical mini-
mum at v = 246 GeV is unstable and will decay into the
second deeper minimum. In Fig. 1, we show in the u-mg
plane the region that is allowed by the requirement of
absolute vacuum stability. The criterion of absolute stabil-
ity particularly leads to stringent upper bounds on the value
of the u parameter. In accordance with the findings of [23],
we observe that the portion of allowed parameter space
shrinks for smaller values of the charged Higgs mass. This
behavior with M= holds, varying the value of the NP scale
M or the two phases of @ and «, even if their value can
have a rather sizable impact on the allowed values for w.
Combining the requirement of vacuum stability with the
bound on the mass of the chargino, that leads to a lower
bound on the absolute value of w of ~100 GeV, the
allowed regions for w are strongly constrained, especially
for low values of the charged Higgs mass (see the blue
[inside] contours in Fig. 1 corresponding to Mpy= =
150 GeV).

However, one should keep in mind that the requirement
of absolute vacuum stability is rather conservative: it
would be sufficient to impose that the electroweak (EW)
vacuum is metastable, provided that its lifetime is longer
than the age of the Universe. This possibility has been
discussed in [23] in the context of the BMSSM without
CP violation. Using simple analytic approximations for the
bounce action [36], we checked that the viable parameter
space indeed opens up to some extent if we allow for a
metastable vacuum. However, to be conservative, we re-
quire always absolute stability of the vacuum in the dis-
cussion of the Higgs phenomenology.
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FIG. 1 (color online).
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Constraints in the pu—mg plane from vacuum stability. The region within the blue (green, red) contour leads to

an absolute stable electroweak vacuum for a charged Higgs mass of 150 GeV (250 GeV, 350 GeV). The NP scale M is fixed to 2 TeV,
tanB = 2, |o| = |a| = 1, m; = 800 GeV, and A, = 2m;. In the left plot, both @ and w are real and positive, while the right plot shows
the situation with maximal phases Arg(a) = Arg(w) = /2. The gray band is excluded by direct bounds on the chargino mass.

C. The Higgs spectrum

We now briefly review the effects of the higher-
dimensional operators introduced in the previous section
and, in particular, of the new physics phases on the Higgs
spectrum. In order to keep a clear comparison to the case
without CP violation, we write the mass matrices of the
neutral Higgs bosons in the basis that would diagonalize it
in the absence of new sources of CP violation:

()= C )Gy G- 0000

9)
The angle « is given by
M2 + M2 2v%|A +26
sin2a=— A" "Zginpp + - | 6'205(‘1’62 ) (o)
My — M My — M
M2 — M
cos2a = — —5——5 Cos2f3
My — Mj,
2|A + 20
v | 5|0205(¢>52 ) 0528. (11)
My — Mj,

In absence of CP violation, M4 is the mass of the pseudo-
scalar Higgs:2

2
M3sgcg = Bucosf — %I)\él cos(¢pg + 0)

- ‘U2|/\5|S'3C'3 COS(¢5 + 26), (12)

’In the CP-violating scenario we are studying, M, as well as
M, and My are only auxiliary parameters and not physical
masses.

and M% and M,Zi are the masses of the two scalars, namely,
the eigenvalues of the mass matrix
“CpSp
h

2 2
c —CpS N
mi=mi( * Al 7Y B
§ A —CgS S2 “ —CgS
58 Sh 555
(13)

2¢css 1
+ 12| Ag| cos(pg + 6)( A8 )
1 2CBSIB

g 0
+ v%|As| cos(ps + 26) .

0 s%
While the Goldstone boson G is not affected by the pres-
ence of CP violation, the 3 physical Higgs bosons mix in

presence of CP-violating phases. In the basis (i, H, A),
their mass matrix can be written as

M0 M,
My=| o M} M%, | (14)
Mj, My, M;
where the mixing terms are given by
v2 .
My = = = (cpralAsl sin(¢s +26)
- 2Sﬁ*a|A6| Sin(¢6 + 0))) (15)
V2 .
My, = _7(53+a|)\5| sin(¢s + 26)
- 2C,3—a|/\6| Sin(¢6 + 0)) (16)

The Higgs mass matrix (14) can be diagonalized by an
orthogonal matrix O:
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The lightest neutral Higgs mass in the Arg(a)-Arg(w) plane for two different values of tanB = 2, 5. The

remaining parameters are fixed to: || = |w| = 1, u = mg = 150 GeV, M = 1.5 TeV, M= = 200 GeV, m; = 800 GeV, and A, =
2m;. In the red hatched region, the electroweak symmetry-breaking vacuum is only a local minimum of the potential.

0T M}0 = diag(M3,, M3, , M3,), (17)

where M 1%1,- are the three eigenvalues.

In order to get an analytical understanding of the depen-
dence of the Higgs spectrum of the model on the several
phases, we give approximate expressions for the masses in
the decoupling limit M, > M,, performing a simulta-
neous expansion in 1/ tanB and 1/M:

2 , | 4 vt 2c0s2
M3, =M+ | Aglcos(d +0) + - A Pcos? (g + )

B M
4 ~2 2 4
m; my A, A, ]
~ A5 A~ 1() Y _F - > ]'8
27 vz[ g(m,z) 2 6l (18)

2
v
1L1%12 ~ ZL[% + 75"/\5 |(C()S(qb5 + 2269) — 1)’ (1 9)

2
v
M%]3 =~ M3 + 7|)\5|(c0s(¢5 +20) + 1). (20)

In the second line of (18), we also included the dominant 1-
loop corrections to the lightest Higgs mass for which they
are most relevant. As one notes from the approximate tree-
level part of the expression in (18), the BMSSM effects on
the lightest Higgs mass are relevant for not-too-large val-
ues of tanB and of the NP scale M (entering the approxi-
mate expression through Ag). Their sign depends mainly on
the phase of Ag, namely, the phase of . Dependence on the
phase of A5 and, correspondingly, on the phase of aw
arises first at the order 1/(tan’> BM), i.e. it is only relevant
for very small values of tanfB. This feature is also illus-
trated in Fig. 2, where we compare the value of the mass of
the lightest Higgs boson in the Arg(a)-Arg(w) plane, for

tanB = 2 (left) and tanB = 5 (right), fixing the remaining
free parameters of the model to a reference point.

In Fig. 2, as well as in the remainder of this work, in the
numerical computation of the Higgs spectrum, we always
include the 2-loop supersymmetric corrections to the Higgs
potential as given in [37,38] and diagonalize the 3 X 3
Higgs mass matrix (14) numerically.

The two plots in Fig. 2 show the decoupling of the NP
effects on the lightest Higgs mass with tang. For tanf8 =
10, the lightest Higgs mass differs from the MSSM expec-
tation only by few GeV. From the figure, it is also evident
that the maximal values for the lightest Higgs mass are
obtained in the CP-conserving case Arg(a) = Arg(w) = 0.

For completeness, we also give the analytical expression
for the charged Higgs mass:

2
v
M2, = M3 + Mj, + 7|/\5| cos(¢ps + 26)

1 1 2
~ B cosf) — —— —|Ag| cos(g + )
C,BS,B C,Bsﬁ 2

2
- ”7 | As] cos(bs + 26) + M3, 1)

In presence of CP violation, it is customary to characterize
the Higgs sector in terms of tan/3 and M-+ instead of tanf3
and M, given that M, is no longer a physical mass. Unlike
in the MSSM, however, we note that, in the BMSSM, there
is not necessarily a one-to-one correspondence between
Bp and My= already in the CP-conserving case. In the
upper plot of Fig. 3, we show in an example of a
CP-conserving scenario the charged Higgs mass as a func-
tion of Bu for several values of tanf. Choosing, for
example, tanB = 20, we observe that charged Higgs
masses between 100 GeV and 250 GeV can be realized
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FIG. 3 (color online).

Top: The charged Higgs mass M+ as a function of the Bu parameter for different values of tanf3, as indicated

in the plot. Bottom: The three neutral Higgs masses M, as a function of M= for tang = 20. In all plots, the remaining parameters are
fixed as: |a| = |w| = 1, u = mg = 150 GeV, M = 1.5 TeV, m; = 800 GeV, A, = 2m;, and Arg(a) = Arg(w) = 0.

by two different choices of Bu. The nonmonotonic depen-
dence of M= on B u arises because the phase of the Higgs
VEV that enters Eq. (21) changes by varying Bu. In fact,
in the CP-conserving case, for large enough values of Bu,
the minimization condition (8) implies 8 = 0, and the
charged Higgs mass decreases with decreasing Bu (see
solid curves in Fig. 3). On the other hand, for very small
values of By and a positive Ag, the condition (8) implies
6 = r, and the charged Higgs mass increases again for
further decreasing Bu (see dashed curves in Fig. 3).? The
range of charged Higgs masses that can be realized by two
different values of Bu becomes smaller for smaller tan83
and |A¢| and eventually vanishes.

*For intermediate B, there exists a region of spontaneous CP
violation where the phase of the Higgs VEV changes continu-
ously from O to 7. That region is, however, not phenomenolog-
ically viable as the neutral Higgs spectrum becomes tachionic.

Given the fact that one Higgs mass can potentially be
realized by two different values of Bu, we conclude that
fixing the charged Higgs mass, tanf3, as well as A5 and
Ag, does not uniquely determine the Higgs sector of the
theory. This is further illustrated in the lower plots of
Fig. 3 that show the neutral Higgs spectrum as function
of the charged Higgs mass with all other parameters
fixed. The solid curves correspond to large values of
the Lagrangian parameter Bu (and consequently 6 =
0), while the dashed curves correspond to small Bu
(and consequently 6 = 7). In particular, for the lightest
Higgs mass, one observes a significant shift between the
two cases.

In the scenarios that we are analyzing in the remainder
of this work, tanf3 is fixed to a rather small value, and we
checked that the given charged Higgs masses do fix the
Higgs sector of the model and specifying the By term is
not necessary.
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FIG. 4. Contributions to the electric and chromoelectric dipole moments most relevant for our analysis. Diagram a) is a 1-loop wino-
Higgsino-sneutrino contribution to the electron EDM, while diagram b) is a gluino-down squark contribution to the down quark (C)
EDM. Diagram c) represents the dominant 2-loop Barr-Zee—type contribution to both the electron EDM and down-quark (C)EDM.

III. CONSTRAINTS FROM ELECTRIC
DIPOLE MOMENTS

In this section, we discuss the constraints coming from
EDMs on the new CP-violating phases arising in the Higgs
sector.

EDMs are known to be highly sensitive probes of CP
violation in extensions of the standard model [39]. Indeed,
the current bounds on experimentally accessible EDMs, like
the ones of Thallium, Mercury, and the neutron [40-42],

dp =9.4XxX107% ecm @90% C.L., (22)

dyy = 3.1 X 1072 ecm @95% C.L., (23)

d, =29X107% ecm @90% C.L., (24)

generically lead to very tight constraints on new sources of
CP violation that can be present in extensions of the standard
model. In particular, in the MSSM with SUSY particles at
the TeV scale, the flavor diagonal CP-violating phases of,
e.g., the gaugino masses, the Higgsino mass parameter, and
the trilinear couplings are strongly constrained [43-45].

In the following, we take all MSSM parameters real and
concentrate on effects of the phases of the BMSSM pa-
rameters « and w. In this setup, important NP effects on
the experimentally accessible EDMs are induced by con-
tributions to the lepton and quark (chromo)electric dipole
moments ([C]JEDMs), both at the 1-loop and at the 2-loop
level.* Concerning the 1-loop contributions, note that the
higher-dimensional operators do not only modify the
Higgs sector of the model, but, after electroweak symmetry
breaking, also lead to complex entries in the chargino,
neutralino and squark mass matrices (see Appendix A).
In particular, the most important effect arises from the
phase of the Higgs VEV that enters these mass matrices,
resulting in potentially large 1-loop contributions to both

“We explicitly checked that in the scenarios that we consider
in the present work, four fermion operators [46] are always
subdominant. Still, they are consistently included in our numeri-
cal analysis.

the electron and quark (C)EDMs, even if the gaugino and
Higgsino masses, as well as the trilinear couplings, are
assumed to be real. In our numerical analysis, we include
the full set of SUSY 1-loop contributions calculated in the
mass eigenstate basis following [43]. The most important
diagrams are a Higgsino-wino-sneutrino loop for the elec-
tron EDM and a gluino-down squark loop for the down
quark (C)EDM. They are shown in Fig. 4 and have the
following approximate expressions:

g ~5 e ; t mM; ~
(e, 83y = gt e (BB ), )

1 + Gdt,B
(25)
7. B M,
affe=2m, Im[e HW]W Folipx2). (26)

These expressions show clearly that the 1-loop EDMs are
mainly induced by the Higgs phase 6. The loop functions
fa» fa» and f, depend on the mass ratios x, = M2/i?,
x, = p?/m?, and x, = M3/im?, and their analytical ex-
pressions are given in Appendix C. For simplicity, we set
all sfermion masses to a common mass scale / in the
approximate expressions we show in this work. The €
terms appearing in the all-order tan8 resummation factors
arise from nonholomorphic corrections to the down quark
and electron Yukawa couplings. Such corrections become
relevant in the large tan8 regime and read

el + el +€¥, e =€,

- a, 8uM; . " mz,uA .
=33 nge Y1105, EH:E?QMIZ rhzte f1 ()
W
. a3 uM, _.
GW:_ﬁEm—zze O fy(x0x,). (27)

Here, we only included gluino, Higgsino, and wino loops,
but neglected bino loops that are typically not relevant.
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The loop functions f; and f, can again be found in
Appendix C.

It is interesting to note that the 1-loop contributions that
are sensitive to the phase of the Higgs VEV are those that
involve nonholomorphic couplings of the electron and
down quark to the up-type Higgs and are, therefore, tan3
enhanced.” Similarly, also in the expressions of the tanf3
resummation factors, the phase of the Higgs VEV appears.

At the 2-loop level, the most important contributions
come from Barr-Zee diagrams, including a top-quark loop,
that are directly sensitive to the mixing of the scalar and
pseudoscalar Higgs bosons [47]. The diagrams are again
shown in Fig. 4. Their dominant contribution is tanf
enhanced and can be approximated by the following
expressions:

2
d(e2)t/e ~ ArUpy, ime Re[ tanB :Iﬂ
167* 3 1+ etp M3,
3 2
1 K c m
X —03i<_a 0, + —aou)f<—t ) (28)
I:ZIMIZL SB S.B M%‘I,
~ Re[l + €yt ] 1 a, 3
4o GO < M Bl for {_’_s_}' 29
tdg" /e dg"} m, Re[l + ;1] /e3aem8 29

Here, O;; are the elements of the matrix O defined in (17)
that diagonalize the neutral Higgs mass matrix. Subleading
contributions that are not enhanced by tanf can become
important for small values of tanB. The 2-loop function f
that enters Eq. (28) can be found in Appendix C. The
expression (28) can be further expanded in the decoupling
limit and by performing an expansion in 1/M. We find

3 2

1 s c m
—2—0.—“0.+—“0.)( ’)

& 7\[%{[ 31<SB 2i Sﬁ 1i f ;”2

H,
- (v2|A5| sin(¢ps +20)  v*|Ag|?sin(2¢g + 29))
B 2M% 2MA M2

X [f(2) + z0.f(2)] (30)

with the mass ratio z = m?/M3. Equation (30) clearly
shows that the 2-loop EDMs are directly induced by the
new phases of the higher-dimensional operators. In the
scenarios we consider, the Higgs bosons are always light
compared to sfermions, and the 2-loop contributions can
compete with, or even dominate, the 1-loop contributions
discussed above. If the stop mass is small, then in addition,
also 2-loop diagrams with stop loops are often relevant. For
large values of tanf, (s)bottom and (s)tau loops can also
become important. Even though the sparticle masses are
rather large in the scenarios that we consider in the follow-

5One-loop contributions to the up quark (C)EDM that are
sensitive to the phase of the Higgs VEV are thus 1/tan8 sup-
pressed and only relevant for a very small tanf3 = 1.
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ing, we include the full set of 2-loop Barr-Zee contribu-
tions from [46—48] in our numerical analysis.

Expressing the experimentally accessible EDMs of
Thallium, Mercury, and the neutron through the quark
and electron (C)EDMs induces sizable uncertainties
related to QCD, nuclear, and atomic interactions.
Approximately one finds the following relations [39,49]

dyy = —585d,, 31
dyy =7 % 107%e(d, — dg) +1072d,, (32

d, = 1.4(d; — 0.25d,) + 1.1e(d; + 0.5d,). (33)

The quark (C)EDMs in the above expressions are under-
stood to be evaluated at a scale of 1 GeV. Expressions for
the running of the EDMs down from the high matching
scale can be found, e.g., in [50]. While the prediction for
the Thallium EDM is rather robust, the uncertainty in the
neutron EDM is estimated to be at the level of 50% and the
expression for the Mercury EDM is only accurate up to a
factor of 2—-3 [49]. We take these uncertainties into account
when evaluating the corresponding constraints.

As the dominant contributions to the EDMs are tanf
enhanced, larger values of tanB lead to stronger con-
straints. Here, we restrict the discussion to the low-tanf3
regime, where we expect the most interesting Higgs col-
lider phenomenology (see Sec. IV). A detailed treatment of
EDM s for large tanB will be important when we explore a
complementary region of parameter space analyzing inter-
esting effects in the flavor phenomenology (see Sec. V).

In Fig. 5, we show the constraints coming from the
EDMs in the Arg(w)-Arg(a) plane for two example sce-
narios with tan3 = 2. We observe that the most stringent
constraint comes from the Thallium EDM that is domi-
nantly induced by the 1-loop chargino contribution to the
electron EDM. From Eq. (26), one expects that the allowed
region therefore corresponds to small values of the phase of
the Higgs VEV 6, as it is also shown in Fig. 5, where the
values of € are indicated by dotted contours. In Eq. (26),
we neglected additional 1/M-suppressed corrections that
can be incorporated by replacing the Higgsino mass with
an effective term pe®— e’ — w¥sgeze?. Therefore,
the region compatible with the Thallium EDM is slightly
tilted with respect to the & = 0 line in the plots of Fig. 5.

Concerning the Mercury EDM, we find that, generically,
it is mainly induced by the 2-loop (C)EDM of the down
quark in Eq. (29). Interestingly, also the regions allowed by
the Mercury EDM correspond to small values of the phase
of the Higgs VEV in Fig. 5. Given its large theory uncer-
tainty however, the Mercury EDM is typically less con-
straining than the Thallium EDM.

It is instructive to derive from Eq. (8) an analytical
expression for the # = 0 line where the EDM constraints
are, in general, more easily satisfied. Defining ¢, =
Arg(w) and ¢, = Arg(a), one has
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FIG. 5 (color online).
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Arg(w)

Arg(a)

Bounds from the EDMs in the Arg(a)-Arg(w) plane for two different values of |a| = 1, 0.5. The remaining

parameters are fixed to tan = 2, |w| = 1, u = mg = 150 GeV, M = 1.5 TeV, My- = 200 GeV, /i = 800 GeV, A, = 2/, A, =
A, =0, and M; = 3M, = 6M; = 1200 GeV. The solid and dashed black lines correspond to the Thallium and Mercury EDMs,
respectively. The neutron EDM does not lead to constraints in the considered scenarios. The dotted blue lines indicate the values of the
phase of the Higgs VEV 6. In the red hatched region, the electroweak symmetry breaking vacuum is only a local minimum of the

Higgs potential.

|a|ms

sing,, = —sgcg sin(¢p, + ¢,,). (34)
This shows that for smaller values of |a| and larger values
of tanf, the allowed region corresponds to smaller values
of ¢,. Usually one finds that the full range —m <
Arg(a) < 7 remains allowed if Arg(w) is chosen appro-
priately. For this reason, in the following we will study
observables in the Higgs collider phenomenology mainly
as function of Arg(a).

IV. HIGGS COLLIDER PHENOMENOLOGY
A. LEP and Tevatron bounds

In this section, we study the LEP and Tevatron bounds
on the Higgs bosons of the model. In order to evaluate the
bounds from direct Higgs searches on the BMSSM pa-
rameter space, knowledge of the couplings of the Higgs
bosons is required. It is convenient to work with effective
couplings that are normalized to the corresponding SM
couplings. For the effective H;ZZ and H;WW couplings,
that are essential both for the Higgs production at LEP and
the Higgs decays at the Tevatron and the LHC, one finds
expressions that have the same structure as in the MSSM
with CP violation

Ezzn, = Ewwn, = Sg-a01i T 002 (35)

We stress, however, that the angle « and the rotation matrix
O differ from the MSSM. They are highly sensitive to the
higher-dimensional operators of the BMSSM and given in
Egs. (10), (11), and (17). The couplings obey the relation

> &, = 1. (36)

Possible deviations from the above expressions arise from
1/M?-suppressed operators [19] that we, however, do not
consider here. Similarly, in the considered framework, also
the Higgs-quark and Higgs-lepton couplings have the same
structure as in the MSSM with CP violation, with the angle
« and the rotation matrix O given by their BMSSM ex-
pressions (10), (11), and (17).

We calculate the effective H;gg and H;yy couplings
from the ratios of the LO decay widths to the LO SM decay
widths

I'H; — LO
2 (H, w)LO’ 37)
Yv F(Hi - 77)SM
2 _ F(Hi - 88)LO ~ a(gg - Hi) ‘ (38)
st I(H, — g9 o(gg — Hsm

In our calculation, we incorporate the full set of SM and
SUSY particle contributions using the expressions in [51].
As stated in Eq. (38), we assume that the effective H;gg
coupling approximates the ratio between the gg — H;
production cross sections at Tevatron and LHC and the
corresponding SM cross sections. This approach has also
been adopted in [27], where it has been explicitly checked
that it leads to results in the CP-conserving BMSSM that
are accurate within 5%-20%, depending on tanf3. We do
not expect this to change in presence of CP violation.

To check compatibility with Higgs searches at LEP and
Tevatron, we use the latest version of HIGGSBOUNDS

095027-9



ALTMANNSHOEFER et al.
200+

150

?00 150 200 250 300
My: [GeV]

PHYSICAL REVIEW D 84, 095027 (2011)

A E

-3 -2 -1 0 1 2 3 ’
Arg(e)

FIG. 6. Lightest Higgs boson mass as a function of the charged Higgs boson mass (left) and the phase of « (right). Shown are the points
excluded by EDM constraints (in light gray), LEP (in dark gray), and Tevatron (in black). Gray points are allowed. The scan is performed
fixingtanf8 = 2, mg = u = 150 GeV, a common squark mass of 77 = 800 GeV, a common slepton mass of 77, = 1100 GeV, trilinear
couplings A, = 2/, A, = A, = 0, and gaugino masses M; = 3M, = 6M, = 1200 GeV and scanning over «, @, M, and My= in the
ranges a = (0.5-2)e¢@ with Arg(a) € [0, 27], @ = (0.5-2)e~ /A pp = (1-3) TeV and M- < 350 GeV, respectively.

[52,53] in the effective coupling approximation. To obtain
the total decay width of the Higgs bosons of the BMSSM,
we make use of the results collected in [51], replacing the
MSSM couplings with the BMSSM ones. In the computa-
tion of the several partial decay width, we use ratios of
partial decay widths in the BMSSM and the SM and multi-
ply the results with the state of the art SM partial decay
widths obtained from HDECAY [54], when applicable. We
also cross checked our results using a version of CPSUPERH
[51,55] with appropriately modified couplings.

We remark that by default, HIGGSBOUNDS uses the latest
combined SM Higgs exclusion from the Tevatron [56] only
for Higgs bosons that satisfy very restrictive requirements
on their “SM-likeness”. In particular, a Higgs boson is
considered SM-like by HIGGSBOUNDS if its different cross
sections normalized to the SM values differ at most by 2%
from a common scale factor. For Higgs bosons that do not
satisfy this requirement, the strongest constraint used is then
typically the gg— H;— WW analysis in [57] that is consid-
erably weaker. In our BMSSM scenarios discussed below,
the most distinct cases are those in which the three neutral
Higgs bosons share couplings to gauge bosons and fermions
in a non-SM-like way. In order to get a reasonable estimate
of the current Tevatron bounds on the BMSSM parameter
space, we therefore consider, in addition to HIGGSBOUNDS,
also the latest Tevatron exclusion. As in the region that is
excluded by Tevatron Higgs searches, the dominant process
is gg— H,—WW, we compute the corresponding cross
section in the BMSSM normalized to the SM and apply
the bounds given in [56] for Higgs masses in the range
145GeV <My, <200GeV, where the effect of vector boson
fusion and associated production is minimal.

Also in the low mass region, HIGGSBOUNDS does not
use the combined Tevatron exclusion [58] but applies
separately the different analyses which enter the combina-
tion, for most of the BMSSM parameter space. We find,

however, that even the combined low mass bounds from
[58], that are dominated by search channels where the Higgs
is produced in association with a vector boson and decays
into bb, are not strong enough yet to excludle BMSSM
parameter space.

In Fig. 6, we present the result of a parameter scan of the
model as defined in the figure caption, for the mass of
the lightest Higgs boson as a function of the mass of the
charged Higgs on the left and as a function of the phase of «
on the right. All the shown points satisfy the requirement of
a correct electroweak symmetry breaking (see Sec. Il B). In
addition, we impose constraints from EDMs (points in light
gray are excluded), then we check the compatibility with
LEP using HIGGSBOUNDS (points in dark gray are ex-
cluded), and, finally, we impose the Tevatron bounds as
described previously (points in black are excluded). It is
interesting to note that points satisfying all the constraints
(in gray) arise in the entire range for the phase of «, i.e. in
spite of the strong constraints coming from EDMs, large
CP-violating phases are allowed in the model.

As expected, due to the higher dimensional operators, the
values of the lightest Higgs mass cover a much larger range
as compared to the MSSM and reach up to = 210 GeV,
even in the presence of large CP-violating phases (see right
panel of Fig. 6). As discussed in [19], in the CP-conserving
case, effects of higher dimensional operators at the 1/M?
order can increase that limit further up to = 300 GeV. As
we will discuss in the next section, a rather heavy lightest
Higgs boson (in the range 170-210 GeV) has usually a
gluon-gluon fusion production cross section times branch-
ing ratio into vector bosons that is enhanced with respect to
the SM. Such a Higgs boson will be easily probed at the
LHC already with 1 fb™! (see Fig. 7).

The few allowed points below the SM LEP bound of
114.4 GeV, correspond to relatively light charged Higgs
masses (~ 130-170 GeV). These points can be reached
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Left: 95% C.L. sensitivities of Tevatron and LHC in the H — WW/ZZ channels. Right: 95% C.L. sensitivities

of Tevatron in the H — bb decay channels with the Higgs produced in association with a vector boson. The black lines in the left plot
are the combined expected ATLAS and CMS sensitivities for 1, 5, and 10 fb™!. The gray region in both plots is excluded by Tevatron,
the dashed gray line shows a naive extrapolation of the Tevatron sensitivity with 10 fb~!. The blue triangles, green diamonds, and
orange squares correspond to the Higgs bosons of Scenario I.A, I.B, and II, respectively. The red circle in the right plot corresponds to
the lightest Higgs boson in a scenario with large B, mixing phase, to be discussed in Sec. V.

both in the CP-conserving and in the CP-violating cases
(see right panel of Fig. 6) and arise once the lightest Higgs
boson is close to a pseudo scalar state, namely, with a
strongly reduced coupling to gauge bosons. Corres-
pondingly, such Higgs bosons are very difficult to probe
both at the Tevatron and at the LHC.

B. Characteristic scenarios for collider searches

In this section, we present our analysis of the Higgs
collider phenomenology of the model. Taking into account
constraints from vacuum stability and EDMs as well as
collider constraints from LEP and the Tevatron, we con-
centrate on those aspects that can distinguish the BMSSM
with CP violation from the case without CP violation that
has been extensively studied in [27].

Genuine signatures of the new CP-violating phases of the
BMSSM can, in principle, occur in CP asymmetries based
on the longitudinal 7 polarization in the WW — H; — 77
channel. Such asymmetries can be resonantly enhanced in
scenarios where two (or all three) neutral Higgs bosons are
nearly degenerate, with mass differences comparable to
their decay widths [59]. A measurement of these observ-
ables, however, appears to be challenging at the LHC, and a
detailed study of them is beyond the scope of the present
work. We concentrate instead on distinct features in the
Higgs spectrum, the Higgs-vector boson couplings, the
gg — H, production cross sections, and the Higgs branch-
ing fractions that we analyze first in a generic scan of the
parameter space (Sec. IVB 1) and, secondly, in several
representative scenarios (Sec. IV B 3). We calculate the
Higgs branching ratios using the results collected in [51]

in combination with HDECAY [54], after implementing the
BMSSM Higgs spectrum and couplings appropriately.

As the higher dimensional operators of the BMSSM
have the strongest impact on the mass of the lightest
neutral Higgs boson for small values of tanf3, we concen-
trate our discussion here to scenarios in the low tanf
regime. This has the additional advantage that constraints
from EDMs are kept at a minimum.

1. Generic features of the parameter scan

In the mass range My = 140(120) GeV, the process
gg— H;— WW/ZZ is the dominant one for Higgs
searches at the Tevatron (LHC). For lower Higgs masses,
My, <125 GeV, the associated production with subse-
quent decay into bb, V — VH; — bb, is the main search
channel at the Tevatron. At the LHC, on the other hand, the
gg — H; — 7y channel is the most important one for low
Higgs masses. The production in vector boson fusion and
decay into 7777, WW — H; — 7177, as well as the as-
sociated production of boosted Higgs bosons that decay
into bb, are only marginally important at the 7 TeV LHC
run. We remark that the BMSSM effects in the Higgs
couplings can of course modify the relative importance
of the different search channels. In the following, we
consider a parameter scan, analyzing the most relevant
Higgs search channels mentioned above. We use the
same parameter scan already described in the previous
section for the study of LEP and Tevatron bounds.

The left panels of Fig. 8 show the product of the gg —
H; production cross sections and Higgs branching ratios
into WW, normalized to the SM values. In the right panels
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instead, the cross section of the complementary LHC
channel WW — H; — 77 normalized to the SM cross
section is shown. For the low values of tan8 considered
here, the effective H;bb and H;77 couplings are the same
to an excellent approximation. In addition, also the ratios
of the Higgs production cross sections in vector boson
fusion and associated production with the corresponding
SM values are identical. Correspondingly, the WW —
H; — 77 plots are also valid for the low-mass Higgs search
at the Tevatron in the V — VH, — Vbb channel and,
similarly, also for the boosted Higgs analysis at LHC
[60,61]. In Fig. 8, we do not present instead the cross
sections of the gg — H; — 77 channel, since we find, in
the case of CP violation, that the lightest Higgs boson
generically does not show any sizable enhancement com-
pared to the SM predictions (see also Sec. IV B 2 below).
The two heavier Higgs bosons show a considerable en-
hancement only for rather heavy masses (= 250 GeV) for
which the diphoton branching ratio is tiny anyway.

From the first row of Fig. 8, we observe that, typically,
there are good prospects for the detection of the lightest
Higgs boson in the WW channel, both in the
CP-conserving case (orange/dark gray) and in the
CP-violating case (green/light gray). For My =
140 GeV, the product o(gg — H;) BR(H;, — WW) is
suppressed with respect to the SM; still for many points
of the scan, the suppression is not large (in the range 0.8—
0.6) and does not prevent the possibility to probe the
lightest Higgs boson in the WW channel at the Tevatron
and the LHC. We also note that the upper bound on the
product o(gg — H;)BR(H, — WW) is due to the maxi-
mal value for the charged Higgs mass that we allow in the
scan; taking larger masses for the charged Higgs boson
would allow us to reach values closer to 1 for smaller My, .

Concerning the decay of the lightest Higgs to 77, we
note typically a slight enhancement over the SM predic-
tion, even in the low mass region (115-130 GeV). This
enhancement is connected to a suppression of the H; —
WW branching ratio as observed above. Given the rather
limited sensitivity of ATLAS and CMS for the 77 channel
[62,63], the enhancement is, however, not sufficient to
probe the Higgs boson in this channel alone at the ongoing
7 TeV LHC run.

Similarly, also the two heavier Higgs bosons can only be
discovered in the WW channel. The 77 channel is, in fact,
sensibly enhanced over the SM prediction only for masses
above 140-150 GeV, for which the (not SM-normalized)
o(WW — H,3)BR(H,; — 77) is too small to allow the
detection of the heavier Higgs bosons.

In the case of CP conservation, the second lightest
Higgs is typically the pseudoscalar state and, therefore,
does not couple to gauge bosons. In the presence of CP
violation however, also the second-lightest Higgs has
nonzero couplings to WW and ZZ, and sizable gg —
H,— WW and WW — H, — 77 cross sections arise

PHYSICAL REVIEW D 84, 095027 (2011)

generically. On the other hand, it is interesting to note
that the gg — H, — WW cross section of the second-
lightest Higgs can even be larger than the SM prediction
both in the CP-violating case and even in the
CP-conserving case. This happens in regions of parame-
ter space where the pseudoscalar is either the lightest or
the heaviest Higgs.

In general, we observe that, from the scatter plots shown
in Fig. 9, it is rather difficult to distinguish the
CP-conserving from the CP-violating case, in particular,
for the lightest and the heaviest Higgs boson, since many
features that are characteristic for CP violation are ob-
scured by the general parameter scan. In the following, we
therefore discuss several concrete scenarios that allow a
distinction between the CP-violating and the
CP-conserving BMSSM. We analyze scenarios with an
enhanced diphoton signal, scenarios with Higgs cascade
decays, and, in particular, scenarios with three neutral
heavy Higgs bosons that show features that are character-
istic for the presence of CP violation.

2. CP-conserving BMSSM scenarios

The BMSSM without CP phases is of course a subset of
the parameter space that we are considering here. In the
following we comment on two benchmark scenarios which
are present already in the absence of CP phases but become
rather fine tuned once CP phases are turned on.

Scenarios with enhanced diphoton signal

As discussed in [27], for the framework of the BMSSM
without additional sources of CP violation, scenarios with
an enhanced diphoton signal are, in principle, possible only
in regions of parameter space where the H,bb coupling is
strongly suppressed with respect to the SM. In that way,
enhancements in the gg — H; — 7y cross sections up to
an order of magnitude compared to the SM can be
achieved. Such scenarios are also present in our frame-
work. However, for nontrivial phases, they are much more
difficult to realize. Neglecting for simplicity tan8 resum-
mation corrections, the H,bb coupling in presence of CP
violation reads

£ = _ﬂtaﬂlg[<c—a021 _S_aoll)Ele - 0315i’}/5bH1 ]
v S,B S.B

(39)

In the absence of CP violation, one has O, = O3 = 0,
0y, =1, and a suppressed H,bb coupling simply corre-
sponds to s, < cg. In the presence of CP violation, how-
ever, one has to simultaneously ensure O3; < 1/tanB and
€a021 = 5,011 K cg. This requires a large amount of
fine-tuning between several parameters. We conclude that
a strongly enhanced diphoton signal would not be a char-
acteristic signal of CP phases in the BMSSM, but would be
a hint toward the absence of additional sources of CP
violation.
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FIG. 8 (color online).

Left: gg — H; production cross sections times Higgs branching ratios into WW, normalized to the SM values.

Right: WW — H,; production cross sections and Higgs branching ratios into 77, normalized to the SM values. Orange (dark gray)
points correspond to approximate CP conservation (JArg(a, )| < 0.1); green (light gray) points correspond to the CP violating case
(lArg(a, )| > 0.1). Only points allowed by LEP and Tevatron bounds, vacuum stability, and EDMs are shown. The gray region is
excluded by the latest combined Tevatron analysis with 8.2 fb~! [56]. See caption of Fig. 6 for the details of the scan.
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FIG. 9 (color online). Higgs spectrum, Higgs-vector boson couplings, gg — H; production cross sections, and Higgs branching
ratios as a function of the phase of « for the Scenario I.A. The phase of w is fixed to Arg(w) = —Arg(a)/5 in the plots, to keep under
control EDM constraints. The side bands (light red shaded regions) correspond to vacua that are only local minima of the potential and
the central band (light gray shaded region) is excluded by Tevatron Higgs searches.
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Scenarios with Higgs cascade decays

As discussed in [27,64], multi-Higgs decay chains can
be realized in the BMSSM without CP phases. The sce-
narios considered in these works contain a (very) light
pseudoscalar Higgs that avoids the LEP bound, as it does
not couple to the Z boson. The higher-dimensional opera-
tors in the BMSSM ensure that the two scalar Higgs bosons
are heavy enough in order not to violate LEP constraints.
The h/H — AA — 2b27 or 47 decays can then be the most
promising search channels for the scalar Higgs bosons.
However, in the presence of CP violation, the three
Higgs bosons mix and, therefore, the would-be pseudosca-
lar will always couple to some extent to gauge bosons.
Therefore, for nontrivial phases, it is typically more diffi-
cult to have a Higgs boson considerably below 114.4 GeV
while avoiding the LEP bounds.

In addition, we stress that, in scenarios with a light
pseudoscalarlike Higgs boson, it is very difficult to simul-
taneously fulfill constraints coming from vacuum stability
and the lightest chargino mass. As seen in Sec. II B, the
vacuum stability constraint then becomes even stronger
once CP phases are introduced. Furthermore, due to the
very light Higgs spectrum, also EDM constraints are ex-
tremely stringent in such a scenario and allow for non-
trivial phases only in very fine-tuned strips in parameter
space. Again, we conclude that scenarios with Higgs cas-
cade decays into a light pseudoscalarlike Higgs are not
characteristic of the CP-violating BMSSM but more
generic in absence of CP violation.

3. Characteristic CP-violating
scenarios with 3 heavy Higgs bosons

One of the distinct features of the BMSSM is the possi-
bility to have three heavy neutral Higgs bosons with
masses My = 140 GeV. In the following, we discuss
three concrete scenarios in which this is realized. The input
parameters for all the scenarios are conveniently collected
in Table I. A detailed discussion of the Tevatron and LHC
sensitivities to the scenarios is given at the end of the
section. (For a detailed analysis of the Tevatron sensitivity
to MSSM Higgs bosons see [65,66]).

Scenario 1.A

In the first scenario, all three neutral Higgs bosons are
heavier than 150 GeV and decay dominantly into WW.
This scenario cannot be realized, either in the BMSSM
without CP-violating phases or in the CP-violating
MSSM, but is unique to the BMSSM with CP violation.
In the BMSSM without CP violation, only the two scalar
Higgs bosons couple to the weak gauge bosons, and in the
MSSM with CP violation, one Higgs is always light
(MH1 =< 130 GeV) and, therefore, has only a small-to-
moderate branching ratio into WW. Table II shows the
predictions for the Higgs spectrum, effective Higgs-ZZ,
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TABLE I. Input parameters for the scenarios discussed in the
present section. For all scenarios, we choose a common squark
mass of /m = 800 GeV, a common slepton mass of i, =
1100 GeV, trilinear couplings A, = 2m, A, = A, = 0, and gau-
gino masses M; = 3M, = 6M; = 1200 GeV.

Sc. LA Sc. I.B Sc. II
|| 1 1 0.8
|w| 2 1 1.6
Arg(a) /2 /4 —27/3
Arg(w) —7/10 —7/20 /20
tanf 2 2 3
My~ [GeV] 195 225 166
M [TeV] 25 2 2
m [GeV] 160 190 140
myg [GeV] 160 400 100

and Higgs-gg couplings, as well as the most important
Higgs branching ratios for the example parameter set given
in the first row of Table I that realizes such a scenario.
Figure 10 shows these quantities as functions of the phase
of «, keeping the phase of w fixed to the same ratio
Arg(w)/Arg(a) = —1/5, as in the first row of Table I.

In general, both in this as well as in the other scenarios
considered below, one observes a strong dependence of the
Higgs couplings and branching ratios on the phase of «,
accompanied by a non-negligible dependence of the mass
spectrum as well. For nontrivial values of Arg(a), all three
Higgs bosons couple to the gauge bosons, and all three
couplings can be large enough that all three Higgs bosons
decay dominantly into WW (see, for example, Arg(a) ~ 1.5).

Concerning the spectrum, we remark that, for —1 <
Arg(a) =1, the lightest Higgs boson lies between
160 GeV and 165 GeV, a region where the SM Higgs is
excluded by the Tevatron. Because of the fact that in our
scenario, this Higgs decays mainly into WW and has a
production cross section that is only slightly reduced com-
pared to the SM case, Tevatron data indeed excludes small
values of Arg(a). In addition, we observe that the heaviest
Higgs is around 200 GeV in the full range for Arg(a) and,
therefore, has a sizable branching fraction, not only to WW
but also to ZZ. Correspondingly, such a heaviest Higgs would
first be detected in the H3; — ZZ — 4¢ channel at the LHC.

We remark, however, that scenarios in which all three
Higgs bosons decay dominantly to WW do not necessarily
imply a heavy Higgs with a mass of My, = 200 GeV. We
also found scenarios with all Higgs masses in the range
155-180 GeV, where the main decay channel for all Higgs
bosons is H; — WW.

Scenario I.B
This scenario consists of a heavy SM-like Higgs with a
mass of My =~ 150 GeV that decays mainly into WW and
two additional heavy Higgs bosons with masses My, , =
200 GeV. An example input parameter set for such a
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TABLE II.
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Predictions for the Higgs spectrum, the effective ZZH; and ggH, couplings, as well

as the branching ratios for the most important decay channels of the Higgs bosons in the example
scenarios defined in Table I. The corresponding SM branching ratios for a SM Higgs with the
same mass are given in parenthesis. In all scenarios of this section, the H; — 77 branching ratios
are given approximately by BR(H; — 77) = {;BR(H,; — bb).

Scenario [.A H, H, H,
My, [GeV] 157 177 202
5%21-1, 0.94 0.04 0.02
éz;gH’_ 0.72 0.62 0.47
BR(H; — bb) 15% (8%) 34% (0.6%) 24% (0.2%)
BR(H; — WW) 76% (83%) 58% (95%) 53% (74%)
BR(H; — Z2) 6% (7%) 2% (4%) 19% (26%)
BR(H; — yy) X 10* 9 (9) 0.8 (1.2) 0.2 (0.5)
Scenario [.B H, H, H;
My, [GeV] 153 201 233
f%ZH, 0.96 0.03 0.004
Eoet, 0.84 0.64 0.35
BR(H; — bb) 19% (13%) 21% (0.2%) 51% (0.1%)
BR(H; — WW) 69% (74%) 56% (74%) 29% (71%)
BR(H; — ZZ) 7% (8%) 19% (26%) 12% (29%)
BR(H; — yy) X 10* 12 (12) 0.6 (0.5) 0.5 (0.3)
Scenario II H, H, H;
My, [GeV] 147 150 162
é%ZH, 0.62 0.32 0.06
Eoet, 0.41 0.53 0.39
BR(H; — bb) 69% (22%) 72% (16%) 65% (2%)
BR(H; — WW) 20% (63%) 17% (69%) 26% (94%)
BR(H; — ZZ) 3% (8%) 2% (8%) 1% (3%)
BR(H; — yy) X 10* 6 (16) 3 (13) 05 4)

scenario can be found in the second row of Table I. In
Table II, the corresponding Higgs spectrum, effective
Higgs-ZZ, and Higgs-gg couplings, as well as the most
important Higgs branching ratios, are shown. Finally,
Fig. 10 shows them as functions of the phase of «, for
the same ratio Arg(w)/Arg(ae) = —1/5 as in the second
row in Table I.

From the plots in Fig. 10, we observe that the H; — WW
decay is indeed the main channel for the lightest Higgs for
the full allowed region of Arg(«). The largest branching
fraction for the heaviest Higgs, on the other hand, is always
Hy — bb. While the heaviest Higgs mainly corresponds to
the heavy scalar of the theory, its coupling to gauge bosons
is tiny. This happens because this scenario already ap-
proaches the decoupling limit where the lightest Higgs is
SM-like and carries basically the full coupling to gauge
bosons. In absence of CP violation, the second heaviest
Higgs is the pseudoscalar and, therefore, does not couple at
all to gauge bosons. For nontrivial values of the phase of «,
however (see, e.g. Arg(a) = —1), the would-be pseudosca-
lar can mix sufficiently strongly with the light scalar,

acquiring a non-negligible coupling to gauge bosons and
decaying mainly into WW.

As the lightest Higgs has a mass of about 150-155 GeV
and is SM-like, it might be even in the reach of Tevatron.
Also, the second Higgs decays mainly into gauge bosons,
and the best search channel at LHC is H, — ZZ — 4¢.
Even though the heaviest Higgs has the largest branching
ratio into bb we expect the most promising search channel
to be Hy — ZZ — 44, due to the non-negligible branching
ratio into ZZ at the level of 10%. Still, very high statistics
will be required to probe this Higgs boson.

Scenario 11

In this scenario, all three Higgs bosons have similar
masses in the range 145 GeV = M H = 160 GeV, and
one would naively expect them to decay dominantly into
WW. However, the situation is reversed compared to
Scenario I.A discussed above, since all the three Higgs
bosons are decaying mainly into bb. An example parame-
ter point that leads to such a scenario is given in the third
row of Table I. Its Higgs spectrum, effective Higgs-ZZ, and
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FIG. 10 (color online). Higgs spectrum, Higgs-vector boson couplings, gg — H; production cross sections, and Higgs branching
ratios as function of the phase of « for the Scenario I.B. The phase of w is fixed to Arg(w) = —Arg(a)/5 in the plots, to keep
under control EDM constraints. The side bands (light red shaded regions) correspond to vacua that are only local minima of the

potential.
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FIG. 11 (color online). Higgs spectrum, Higgs-vector boson couplings, gg — H; production cross sections, and Higgs branching
ratios as function of the phase of « for the Scenario II. The phase of w is fixed to Arg(w) = /20 in the plots, to keep under control
EDM constraints. The inner band (light gray shaded region) is excluded by EDM constraints. The external bands (light red shaded
regions) correspond to vacua that are only local minima of the potential.
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Higgs-gg couplings, as well as the most important Higgs
branching ratios, are again summarized in Table II and also
shown as function of the phase of « in Fig. 11, with Arg(w)
fixed to 7/20.

From the plots in Fig. 11, we observe that the H; — bb
decay is indeed the main channel for the three Higgs
bosons in the region close to Arg(a)~ —2. While for
nontrivial phases the H;WW coupling is again shared
among all three Higgs bosons, this time it is made small
enough such that the dominant decay mode for all three
Higgs bosons is H; — bb. Correspondingly, such a sce-
nario is essentially unconstrained by Tevatron.

Concerning the Higgs searches at the 7 TeV LHC,
probing this scenario appears to be very challenging. As
it is evident from Table II, the gg — H; — 7y7y cross sec-
tions are strongly suppressed compared to the SM by a
factor of 5-15. Even though the V— VH,— V771
channels are enhanced compared to the SM by a factor
of 1.5-2, the large masses of the Higgs bosons in the
considered scenario prevent the Higgs bosons from being
probed in this search mode. A similar conclusion is ex-
pected for the boosted Higgs search. Therefore, despite the
suppressed branching ratios, the most promising channel
seems to be still H; — WW, even if large statistics will be
required in order to be sensitive to the small signal that the
scenario predicts.

Figure 7 shows the Tevatron and LHC sensitivities to the
three scenarios discussed above. The blue triangles, green
diamonds, and orange squares correspond to the Higgs
bosons of Scenario LA, I.B and II, respectively. The left
plot shows the product of the gg — H; production cross
section times the branching ratio into vector bosons nor-
malized to the SM value. The gray region is excluded at the
95% confidence level by current Tevatron data and is based
on a naive combination of CDF and DO bounds [67-69].
We mention that the H; — WW /ZZ results in [67-69] are
not only based on gluon-gluon fusion but contain also
vector boson fusion and associated production at a level
of up to 25%. Still, as the gg — H; — WW /ZZ channel
dominates the obtained constraints, we consider the shown
bound to be a reasonable estimate of the combined
Tevatron exclusion reach. The gray dashed line shows the
expected Tevatron sensitivity, extrapolating the CDF and
DO bounds to an integrated luminosity of 10 fb~! each. To
be conservative, for the extrapolation, we only take into
account the higher statistics and do not assume any addi-
tional improvements of the analysis. The black lines cor-
respond to a combination of the expected sensitivities from
ATLAS [62] and CMS [63] at a center of mass energy of
7 TeV. The ATLAS and CMS curves are based on a
combination of several production mechanisms.
However, in the shown region with M H = 140 GeV, the
dominant production mechanism is gg — H,;, with vector
boson fusion and associated production contributing only
~10% and ~5%, respectively, (see, e.g. Table 2 in [62]).
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We observe that the lightest Higgs bosons of Scenarios
I.A and LB are close to the current Tevatron exclusion and
just outside the final expected Tevatron sensitivity. They
should be easily accessible at the LHC already with an
integrated luminosity of 1 fb~!. As expected, all three
Higgs bosons of Scenario I.LA are well within the LHC
sensitivity and can be probed with 5 fb~!. In Scenario I.B,
on the other hand, only the two lightest Higgs bosons can
be probed in the H; — WW channel, while the heaviest
Higgs that decays mainly into bb is inaccessible in the
7 TeV LHC run, unless more than 20 fb~! per experiment
are collected.

In Scenario II, finally, despite their large masses, all
three Higgs bosons decay mainly into bb and are corre-
spondingly harder to probe in the H; — WW channel.
Combining the sensitivities of both ATLAS and CMS,
one would need more than 10 fb~! at the 7 TeV LHC to
probe the three Higgs bosons in this scenario.’

The right plot of Fig. 7 shows the Tevatron sensitivity to
the Higgs bosons of the three scenarios in the production in
association with a vector boson and the subsequent decay
into a bb pair. The gray region is excluded by current
Tevatron data at the 95% confidence level and based on a
naive combination of CDF and DO results [70-77]. We
checked that our combination roughly approximates the
official Tevatron combination in the low mass region [58].
The dashed gray line shows a conservative extrapolation of
the Tevatron sensitivity with 10 fb~! from both CDF and
DO, taking into account only the higher statistics in the
extrapolation. Even though several Higgs bosons of our
scenarios show a signal that is enhanced by a factor of
1.5-2 compared to the SM, we observe that, due to their
rather heavy masses, they are far outside the expected
Tevatron bounds. The same is true for the WW — H; —
777~ mode and the boosted Higgs searches at the 7 TeV
LHC.

V. THE B; MIXING PHASE IN THE BMSSM

In this section, we study the possible impact of the new
CP phases in the Higgs sector of the BMSSM on CP
violation in meson mixing.

The B, mixing phase is predicted to be tiny in the stan-
dard model and, therefore, offers an excellent opportunity to
probe new sources of CP violation in NP models.
Interestingly, combining data from CDF and DO on the
time-dependent CP asymmetry in B, — ¢ [78-81] as
well as a DO analysis of the like-sign dimuon charge asym-
metry [82], one finds a large B, mixing phase at the level of

“The two lightest Higgs bosons of Scenario II are very close in
mass with a mass splitting of only 3 GeV. Given the finite mass
resolution of ATLAS and CMS, these two Higgs bosons could
appear as a single particle with the combined cross section and,
thus, might be accessible in the particular scenario considered
here.
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(2-3)0 above the SM prediction [83,84]. A very recent
update of the DO analysis [33] finds a discrepancy in the
like-sign dimuon charge asymmetry of 3.90 with respect to
the SM and strengthens this result. In addition, tensions in
the fits of the CKM matrix seem to hint towards sizable NP
contributions to CP violation in B, mixing [84-87].

As shown in [88,89], generic two-Higgs doublet models
with MFV, where the CKM matrix is the only source of
flavor violation [30-32] and additional CP-violating
phases in the Yukawa and the Higgs sector are allowed,
are able to generate large effects both in the B, and B,
mixing phases in agreement with the present experimental
data and compatible with constraints from BR(B,, —
ut ) and EDMs. The same is not true in the MSSM
with MFV. While 1-loop box contributions to meson mix-
ing are generically small [90], sizable effects can, in prin-
ciple, be generated at the 2-loop level in the large tanS
regime by so-called double Higgs penguin contributions
[91,92]. However, these double Higgs penguins are
strongly constrained by the experimental bound on the
branching ratio of the rare B, — u™ u~ decay [93]. As a
result, one finds that CP violation in meson mixing
remains SM-like in the MSSM with MFV [94,95]” and
additional sources of flavor violation are required to gen-
erate large NP effects in meson mixing phases.®

In the following, we analyze to which extent this result is
changed in the BMSSM. We consider a minimal-flavor-
violating soft sector, i.e. no new sources of flavor violation
in addition to the CKM matrix, and investigate the impact
of the higher-dimensional operators with new sources of
CP violation on B physics observables.

A. Basics of meson mixing

The B, mixing amplitude is given by
_ i
(B | H |B,) = M, — 5F‘{z. (40)

Assuming no NP effects in the absorptive part I', that is
dominated by SM tree level contributions, the effects of
new short distance dynamics can be conveniently parame-
trized by

M, = (M{y)sm + (M)np = Cp,e?s(M{)sy. (41

The B, mass differences and the CP asymmetries Sk,
and S 4 in the B; — ¢ Kg and B; — ¢ ¢ decays are then
given by

A sizable B, mixing phase can be possible in the so-called
uplifted SUSY Higgs region [96,97], even though such a frame-
work is strongly constrained by B physics observables and
(gg— 2), [98].

SUSY models that contain sources of flavor violation beyond
the CKM matrix and that are capable of generating a sizable B,
mixing phase have been studied, for example, in [95,99-107].
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AM, = 2IM},| = (AM,)suCs,, (42)

Syk, = sin(Arg(M%,)) = sin(2B + 26,), (43)

Sye = —sin(Arg(M3,)) = sin(2|B,| — 26,),  (44)

where the SM angles 8 and B, are the phases of the
CKM elements V,; and V,, in the standard CKM phase
convention

Vg = Viyle B, Ve = —|V,le s (45)

While the SM predictions for the mass differences are in
excellent agreement with the experimental determinations,
the same is not true for the mixing phases. Using as input
the CKM parameters from the NP fit in [84], one finds

S5, = 0.81700%, SN = 0.04470003.  (46)
This should be compared to the measured values [108,109]
Sk, = 0.67 = 0.02, Sye =078013 (47

that differ by (2-3)o from the SM predictions.”

B. BMSSM contributions to B meson mixing

New physics contributions to the B, mixing amplitude
can be encoded in the effective Hamiltonian
5 3
HE =—>.60,— Y CO, (48)
i=1 i=1

with the operators O; and O; given, e.g., in [110,111].

In the BMSSM with no new sources of flavor violation
in addition to the CKM matrix, sizable contributions to the
mixing amplitudes can be generated in the large-tanf
regime. The two most important operators that contribute
to B, mixing in such a framework read

0, = (brqr)(brqy), 04 = (brqr)(brqr). (49)

To evaluate the corresponding contributions to the mixing
amplitudes, renormalization group evolution [110,111] is
used to run down the corresponding Wilson coefficients Cy
and C, from the matching scale to the scale of the B
mesons where the hadronic operator matrix elements are
given [112].

In the following, we discuss the contributions to the
Wilson coefficients, showing the leading terms in tanf
and performing a v/m expansion. However, in our numeri-
cal analysis, we implement these contributions following
the procedure described in [92] that goes beyond these
approximations.

°Note that the result for S we from [109] does not include yet
the updates on the time-dependent CP asymmetries in By — ¢
from CDF and DO [80,81]. As these updates are in better
agreement with the SM prediction, including them is expected
to slightly decrease the central value for S, .
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FIG. 12. Diagrams a) and b) show the most important double Higgs penguin contributions to B; mixing in our framework. Diagram
c) is the dominant contribution to B; — u* u~. The leading tanB-enhanced contributions to the mixing and decay amplitudes come
from flavor-changing self-energy corrections in diagrams where the Higgs propagators are attached to the external quark legs.

The Wilson coefficients of the above operators are
mainly generated by double Higgs penguin contributions.
In the case of B, mixing, the dominant Higgsino loop
diagrams are shown in Fig. 12 and can be approximated by

_ 3 y
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These expressions assume a common mass 7 for the
squarks. MFV frameworks, in principle, allow for a mass
splitting between the first two and the third generation of
left-handed squarks that can be induced radiatively through
the Yukawa couplings. In such a case, in addition
to the Higgsino contributions shown here, also gluino
contributions to flavor-changing neutral current processes
arise and can become relevant [113,114]. They are consis-
tently included in our numerical analysis. The tan8 resum-
mation factors appearing in Eqgs. (50) and (51) can be
approximated by
€, =€t + el + €Y, €= el + eV, (52)

with the gluino, Higgsino, and wino contributions given
already in Eq. (27). The loop function f; is given in
Appendix C.

Expanding the Higgs propagators in Egs. (50) and (51)
in M%/M3, cotB, and 1/M, we find, in agreement with
[115],

3

2
0, — “01,-) + 0%,»]
zM2 [( Sg

=W(1 + 0(1/M)), (53)

3
1 2
ZM—zKC—aOzt sa0u’) 03
i=1 H,‘ sﬁ
Cu Sa
—2z03,( 0, —01,)]
Sp
Uz)\*€72i0 v4(/\*)26—2i9
s A (54)
MA MAMh

Some comments are in order: the contribution to Cj is
proportional to m m,, for B, mixing and to m,m,, in case of
B, mixing and, therefore, completely negligible in the
latter case. The phase of the contribution to C, is given
by the same tiny phase appearing in the SM contribution
2Arg(V},) = —28, = 2°, even for complex u and A,. This
is true in the approximation that enters the above equation
that the squarks are all degenerate with a mass 7. 10
Compared to the MSSM, the contributions to C, receive
only corrections at the 1/M level.

The contribution to C, is proportional to m? both for B
and B, mixing, leading to NP effects in B, and B; mixing
that are comparable in size. In the absence of the higher-
dimensional operators in the Higgs sector, i.e. in the
MSSM, the contribution to C, is highly suppressed by
cot? BM3,/M7 and, despite its enhancement by m,/m,
compared to C,, it is usually completely irrelevant
[92,93,115]. In the BMSSM, on the other hand, once
1/M effects are taken into account, C, has the same
tan* 8 dependence as C, and is only suppressed by 1/M
and v?/M?3. Correspondingly, due to its enhancement by
my,/m,, it is typically much more important than Cy, in
particular, for small Higgs masses. In addition, the contri-
bution to C, is very sensitive to NP sources of CP viola-
tion. Its phase, that in turn generates a phase of the mixing

1OFor large splittings between the strange and the bottom
squark masses, also C, can, in principle, depend on NP phases
[93,97,116].

095027-21



ALTMANNSHOEFER et al.

amplitude M, through Eq. (41), can be induced by uA,,
the phase of the Higgs VEV 4, or directly through the
Higgs propagator by the parameters A5 and Aq. A sizable
complex C, is the main qualitative difference between the
BMSSM and the MSSM in the flavor sector.

C. Constraints from other flavor observables

There are several severe flavor constraints on MFV
frameworks in the large-tanf regime [98,117]. In our
case, the most important ones are the rare B, — ™ u~
and B — X,y decays. While also the B— 7v, B— D7v,
and K — uv decays are known to be very sensitive probes
of extended Higgs sectors, they are much less constraining
than B, — u* u~ and B — X,y in regions of parameter
space where the B; mixing amplitude receives sizable NP
contributions."!

1. By— p'u”
Recently, the CDF collaboration presented the first two-
sided bound on the branching ratio of the rare decay B, —
*u~ [34]. They find
BR (B, — ¥ i )egp = (18755 X 1075, (55)
with a central value that is roughly a factor of 6 above the
SM prediction [119]
BR(B, — utu )gu = (3.2 £0.2) X 107°. (56)
CDF also provides an upper bound on the branching ratio
at the 95% C.L.: [34]

BR(B, — 't 17 )eyp < 4.0 X 1075, (57)

In our numerical analysis in Sec. V D, we will use the upper
bound (57) and comment on the implications if the central
value in Eq. (55) will be confirmed with larger
significance.

As it is well-known, the B, — u ™ u~ decay constitutes
a very important constraint of the MSSM in the large- tan 8
regime, as its branching ratio grows with tan® 8 [120,121],
and enhancements by orders of magnitude compared to the
SM prediction are possible. Approximately, one has

BR(B, — pu"u")

——— = |SI>+ |1 — P> (58)
BR(B; — " 7 )sm

Boup =

The dominant Higgsino contributions to S and P are illus-
trated in Fig. 12 and given by

""While there is a tension at the (2-3)o level between the
experimental determination of BR(B — 7v) and the low value of
V., that is preferred by fits of the unitarity triangle [118], a more
conservative SM prediction of the BR(B — 7v)), that is based on
the Particle Data Group value of V,,,, still leaves sizable room for
NP contributions to B — 7v.
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SII] _ m2 t?b mtz MAtem
B(1+ eptp)(1 + €5tp)(1 + €tg) 8M3, 1
X 1
« 1) ( 0y — 22 o= i03,-)
YO(xt) i= 1MH
X <—a 0y — —aou), (59)
Sp Sp
I 7 m phe”
Bo(1 + e;;rﬁ)(l + eptp)(l + €otg) 8M3, i’
fl(x ( sa )
0 i + l 0 i 0 i 0‘ i
Y()(x[) Z 3i 2i SB 1 3
(60)

For the SM loop function, one has Y,(x,) = 0.96. Gluino
contributions to S and P are possible within MFV for a
splitting between the first two and the third generation of
left-handed squarks [114] and are included in our numeri-
cal analysis. In the decoupling limit and at leading order in
the 1/M expansion, the Higgs propagators entering in the
above expressions reduce to

21
20y, —i0y (£ 05 2= 0y,)
Sp 5 5

zMz ( Oy —

:M_g(l +0(1/M), 1)
S|
— (05 + 0 i220,,)05
,=21Mé< 3i l 2i P lz) 3i
1
zM_i(l + 0(1/M)), (62)

and one recovers to first order the well-known expressions
in the MSSM with MFV. The expressions for S and P in
Egs. (59) and (60) scale as tan®B/M3 at the amplitude
level. As they depend on the same combination of SUSY
parameters as the double Higgs penguin contributions to B,
mixing, the NP contributions to B, — u* u~ and B, mix-
ing are strongly correlated in the large- tan regime.

We stress that, relative to the MSSM expectations for the
branching ratio of the B, — u*u~ decay, the BMSSM
physics only leads to 1/M-suppressed corrections that we,
however, include in our numerical analysis. Analogously,
also the B; — u* u~ decay remains to first approximation
MSSM-like in the BMSSM and, given the current experi-
mental bound on its branching ratio BR(B; — u*u™) <
6.0 X 1079 [34], it is much less constraining than the B; —
utu~ decay in models with MFV.

2. B— X,y

Combining the latest experimental results for the
branching ratio of the B — X,y decay from [108] with
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the next-to-next-to leading-order SM prediction [122] (see
also [123,124]), one finds

BR(B — X
Rpy= RB=XY) 130010 (63)
BR(B — X¥)sm

In frameworks with minimal flavor violation, the predic-
tion for the branching ratio can be approximated by
[125,126]

Rpysy = 1+ a77|CYPI% + gs| CYPI2 + Re(a7CYP)
+ Re(agCR?) + Re(asCYPCND), (64)

where the coefficients 4, are given by d; = —2.41 + 0.214,
&g = —-0.75 — 019l, é77 = 159, &88 = 026, and &78 =
0.82 — 0.30i [126]. The NP contributions to the Wilson
coefficients C; and Cy are evaluated at a scale of 160 GeV
in the above equation. The Wilson coefficients entering
Eq. (64) receive the most important contributions from
charged Higgs-top loops and Higgsino-stop loops in the
scenarios that we consider. Apart from small
cotB/M-suppressed corrections that are included in our
numerical analysis, they have the same form as in the
MSSM. At the matching scale, they read

1 — ejtanf

=———h , 65

H*
C7,8

7 tanf A
1 + €jtanB 7>

3

A _
C7,S -

€i0f7,8 (x,u,): (66)

8]

m

with y, = m? /M3, and the loop functions /5 and f ¢ are
collected in Appendix C. Gluino contributions to C;g in
the context of MFV are discussed in [114,127] and in-
cluded in our numerical analysis. As long as possible
phases in the tanf resummation factors do not play an
important role, the charged Higgs contributions interfere
constructively with the SM contribution. They can be
partially canceled by the tanB-enhanced chargino contri-
butions if sign(uA,) = +1. We note the appearance of the
phase of the Higgs VEV in the chargino contribution that,
as already mentioned in Sec. III, is connected to the tan8
enhancement.

D. Numerical analysis

Because of the strong correlation between the Higgs
penguin contributions to B, — u*u~ and the double
Higgs penguin contributions to the B; mixing amplitude,
one expects that possible NP effects in B, mixing are
severely constrained by the data on BR(B;, — u™ ™).
We stress, however, the different behavior of the contribu-
tions to the B, mixing amplitude and B, — u* u~ with the
Higgs mass and tanf. In the decoupling limit, one has
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1
C, = tan*B—,
) | (67)
- v 3
C, tan“,BM—i and S, P « tan BM—/%

Correspondingly, to keep the BR(B; — ™ u ™) under con-
trol and simultaneously keep a sizable C,, low values of the
Higgs masses and moderate values of tan3 appear to be the
most promising region of parameter space.

Making tanB as low as possible while keeping a sizable
B, mixing amplitude requires certain choices for the re-
maining parameters entering the expression of C,. Apart
from the obvious requirements of small Higgs masses, a
large A5 and A,, also a sizable negative w term increases
the size of C, significantly through the tan resummation
factors.

The requirement of a large u term implies that, in the
regions of parameter space where a sizable B, mixing
phase is possible, the vacuum is generically not absolutely
stable (see discussion in Sec. II B and, in particular, Fig. 1).
In the minimal BMSSM setup that we considered up to
now, typically a very deep second minimum of the Higgs
potential arises along the D-flat direction, corresponding to

a VEVof v =~ /uM/w. Using simple analytic expressions
for the bounce action [36] to estimate the tunneling rate
from the electroweak vacuum to the deeper vacuum, we
find that the lifetimes of these electroweak vacua are
typically much shorter than the age of the Universe. This
strongly constrains the allowed parameter space and
prevents to large extent a large B, mixing phase.
However, we remark the following: As discussed also in
Sec. 1IB, this second minimum arises due to negative
quartic Higgs couplings that are stabilized by the
1/M?-suppressed dimension-6 terms (5) that, in turn, are
induced by the dimension-5 operator in the superpotential.
At the 1/M? level, there are, however, several other opera-
tors that can modify the Higgs potential [19,20] and that
are not even necessarily suppressed by the same scale M.
These operators can induce additional dimension-6 terms
in the Higgs potential that have a strong impact on the
vacuum structure for large field values. Adding to the
Higgs potential dimension-6 terms as in Eq. (5) with order
1 coefficients, we checked that they can indeed remove the
second minimum, as long as their scale is not too large,
around M =2 TeV. Generically, the additional 1/M? op-
erators also induce corrections to the quartic couplings of
the Higgs potential and, therefore, can affect also the Higgs
spectrum in the usual electroweak vacuum with v =
246 GeV. However, these corrections of the quartic cou-
plings depend on combinations of coefficients of the 1/M?
operators that are independent of the coefficients entering
the induced dimension-6 terms. Correspondingly, in the
adopted effective theory approach, one is free to choose the
1/M? corrections to the Higgs potential such that their
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FIG. 13 (color online). Possible values of S 4 in the M= —
tanB plane for the example scenario described in the text. The
dark gray region is excluded by the constraints from AM, (dotted
black line), from BR(B — X,v) (dashed-dotted black line), and
the LEP bound on the lightest Higgs mass (dashed black line).
The light gray region is excluded by the data on BR(B; —
ut ™) (solid black line) only.

impact on the quartic couplings is small and, simulta-
neously, the electroweak vacuum is stabilized.

The very light Higgs spectrum, together with the large
negative u term, also leads to very large charged Higgs
contributions to the b — sy amplitude. Still, one can be in
agreement with the experimental constraint due to the
chargino contributions that can (at least partially) cancel
the Higgs contribution on the condition that sign(uA,) =
+1. This condition has the advantage that gluino and
chargino contributions to the tanf resummation factors
add up constructively. Additionally, the mass of the stops
should be rather low. We chose to split the masses of the
3rd generation of squarks from the first 2 generations. This
opens up the possibility to have also gluino contributions to
the FCNC amplitudes, which can further enhance 6’2
slightly.

In Fig. 13, we show an example scenario capable of
producing a large B, mixing phase and being generically in
agreement with the experimental constraints on My , AM,
BR(B, — u"u”), and BR(B — X,y). We fix |o| = 0.4,
law| =2, Arg(w) = —0.75, Argla)=—-2, u=
—950 GeV, mg = 1000 GeV, M = 6 TeV, 3rd generation
squark soft masses m; = mj; = 500 GeV, 1st- and 2nd-
generation squark masses 71 =4 TeV, slepton masses
my = 4 TeV, trilinear couplings A, = —2.5m;, gaugino
masses M, =200 GeV, M, =400 GeV, M; =
1200 GeV. We plot contours of constant Sy, in the
M= — tanf plane.

As expected, the largest values for §,, that are in
agreement with the BR(B; — u* ™) bound are obtained
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for a rather light Higgs spectrum (Mpy+ ~ 240 GeV) and
moderate values of tanB = 11. Values for the B; mixing
phase up to S, 4 = 0.3 can be reached in this example
scenario.

The chosen large phases for w and «, together with the
light Higgs spectrum and the not-very-small tangB, will
generically also induce huge contributions to EDMs. In
Fig. 14, we show the value of S, in the Arg(a)-Arg(w)
plane, fixing tan8 and My= to 11 and 240 GeV, respec-
tively, and all the other parameters chosen as in the sce-
nario presented above. While in the left plot only the
constraints from AM, the lightest Higgs mass, BR(B —
X,v) and BR(B;, — u* ™) are applied, the right plot
shows the regions that are excluded by the EDMs. We
observe that, even though the EDMs severely restrict the
allowed values for Arg(a) and Arg(w), there are regions in
parameter space with sizable S, 4 that pass the constraints
from the EDMs. This happens because the contributions to
the B, mixing amplitude and the contributions to the EDMs
depend on different combinations of the phases Arg(«) and
Arg(w).

We remark that the Thallium, Mercury, and neutron
EDMs, in principle, also depend on different combinations
of the NP phases because of their different sensitivity to the
1- and 2-loop contributions. For not-very-small tanf, the
different EDMs tend to generically give complementary
constraints in the Arg(a)-Arg(w) plane and largely
exclude nontrivial phases. This does not happen in the
example scenario above, where we chose heavy Ist- and
2nd-generation squark, as well as heavy sleptons. In that
way, the 1-loop contributions to the EDMs decouple to a
large extent and the Thallium, Mercury, and neutron EDM
are all dominated by very similar 2-loop contributions,
leading to approximately aligned constraints in the
Arg(a)-Arg(w) plane.

We also remark that the right plot of Fig. 14 reflects the
situation where Arg(a) and Arg(w) are the only
CP-violating phases of the model. If also the w term or
the soft SUSY-breaking parameter introduce CP violation,
additional 1-loop contributions to EDMs arise. Large can-
cellations among the several contributions can then, in
principle, occur, and the parameter space for Arg(a) and
Arg(w) opens up. An extensive analysis of the model, also
allowing for a complex u term and a complex soft SUSY-
breaking sector is, however, beyond the scope of this work.

Having established that there are indeed regions in
parameter space where a sizable S, is possible, we
show in Fig. 15 the results of a parameter scan of the
model. We keep the gaugino, slepton, and Ist-two-
generation squark masses, as well as the scale M, to the
values of the example scenario defined above and allow the
remaining parameters to vary in the ranges |w| <1,
law| <2, —m<Arg(w), Arg(a) <, —1000 GeV < u <
=500 GeV, 500 GeV <mg <1000 GeV, 500GeV <
my=m;<1000GeV, A,=—(2-3)m;, tanB <20 and
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Arg(w)

Arg(a)

FIG. 14 (color online). Left: Possible values of Sy, in the Arg(a)-Arg(w) plane for the example scenario of Fig. 13 (see text for
details). The dark gray region is excluded by the constraint from AM , the LEP bound on the lightest Higgs mass, and the experimental
data on BR(B; — u* u~) and BR(B — X, 7). Right: Same plot as on the left, but with constraints from EDMs. The solid, dashed, and
dotted black lines correspond to the Thallium, Mercury, and neutron EDMs, respectively.
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FIG. 15 (color online). Left: Correlation between S, 4 and BR(B; — u™ u ™). The solid green line represents the current central
value of the CDF result [34] on BR(B; — u* u ™), while the dashed lines correspond to the experimental 1o range. The dotted line
finally shows the 95% C.L. bound. Right: Correlation between S, and S k.. The green areas show the fit results for S, from [84]
combined with the experimental measurement of S, at the 1, 2, and 30 level. Red (light gray) points are allowed by all constraints
and (dark) gray points are excluded by BR(B; — w1 ™). In both plots, the black point shows the central SM values. In the right plot,
the vertical black lines indicates the 1o uncertainty of the SM prediction of S, ..

M= <500 GeV. The left plot of Fig. 15 shows the corre-
lation between S, and BR(B, — u*u™). We observe
that, in our framework, the current experimental data on
BR(B; — u" ™) gives an absolute limit on the B;
mixing phase of S, = 0.4,"> with the central value for

2However, if we assume the absence of the additional opera-
tors arising at the 1/M? level that can stabilize the EW mini-
mum, then the requirement of an absolute stable EW minimum
implies S4 = 0.1.

BR(B; — u*u”) leading to Sy, =< 0.25. Furthermore,
for any given value of S 4, the model predicts a lower
bound on BR(B; — u* u™). For §,,4 = 0.2, for example,
we obtain BR(B;, — u"u~) = 1.5 X 1078, Such values
will be probed in the near future by LHCb [128].

The right plot shows the strong correlation between S, 4
and Sk, in the studied model. Large positive effects in
Sy ¢ always imply sizable negative effects in S, ¢ a1~1d vice
versa, as it is expected because of their origin from C,. The
NP effects in the B, mixing phase soften the tension
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between the SM prediction and the value for S, 4 preferred
by recent fits [83,84], and, simultaneously, the effects
in §,g can lead to a very good agreement with its
measurement.

We end this section by listing further predictions
in the region of parameter space with the largest B,
mixing phase. As it is evident from Fig. 13, the mass of
the lightest Higgs is close to the LEP bound of 114.4 GeV,
while the two heavier Higgs bosons have masses of
Mpy,,~(200-300)GeV. Despite the rather large mass
splitting, the lightest Higgs does contain non-negligible
components of the non-SM-like Higgs bosons in that
region of parameter space and, therefore, has enhanced
couplings to 77 and, in particular, to bb, due to the tan8
resummation factors. Correspondingly, its branching ratio
to yy is strongly suppressed, such that observing this
light Higgs boson at the LHC will be very challenging.
On the other hand, due to the enhanced branching ratio
into bb, it might be possible to probe this Higgs in the
HV — bb channel, analyzing the full Tevatron data, as
shown in Fig. 7. Also the two heavy Higgs bosons have
enhanced couplings to bottoms and taus, and they can be
probed at the LHC in the inclusive H,3 — 77 channels.
The stops in this scenario are rather light with masses
m; = 500 GeV, while the squarks of the st two gener-
ations and also the sleptons are expected to be very heavy
in the multi-TeV range.

All EDMs are generically predicted to be close to
the current experimental bounds. However, no absolute
lower bound can be put on the EDMs due to the
possibility of large cancellations among different
contributions.

Finally, we mention that, in SUSY frameworks where
the CKM matrix is (effectively) the only source of flavor
violation but additional CP phases are considered, visible
effects in observables that are sensitive to CP violation in
the b — sy transition are also generically predicted
[50,94]. Examples of such observables include the CP
asymmetry in the B — X,y decay [129-131], time depen-
dent CP asymmetries in the B — ¢Kg and B — n'Kj
decays [132], as well as CP asymmetries in the B —
K*€* ¢~ decay [133,134]. However, in general, no clear
correlation with the B; mixing phase can be established, as
these observables have different dependence on the SUSY
parameters.

VI. CONCLUSIONS

In addition to the MSSM particle content, new degrees
of freedom beyond the MSSM (BMSSM) might be present
slightly above the TeV scale. In an effective field theory
approach, the leading corrections from the BMSSM phys-
ics to the MSSM Higgs sector can be described by two
dimension-5 operators. These two operators are a potential
source of CP violation at the tree level. In this work, we
studied the impact of these new sources of CP violation
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beyond the MSSM on Higgs searches and B-meson
observables, taking into account constraints from
electric dipole moments. In the first part of the work, we
concentrated on the Higgs collider phenomenology that is
specific of the BMSSM with CP violation. In the second
part, we analyzed a complementary region of parameter
space where interesting effects in flavor physics are
possible.

In contrast to the MSSM, the Higgs sector of the
BMSSM generically is CP-violating already at the tree
level. Correspondingly, the physical spectrum consists of
one charged Higgs and three neutral Higgs bosons that are
mixtures of the neutral scalar and pseudoscalar states.
Taking into account constraints from vacuum stability
and electric dipole moments as well as collider constraints
from LEP and Tevatron, we worked out the Higgs collider
phenomenology of the model. We discussed the Higgs
spectrum and couplings as well as the dominant production
cross sections and the Higgs branching fractions in several
scenarios that show distinct features of the BMSSM with
CP violation.

As long as tanf (as well as the BMSSM scale M)
is not too large (tanB =< 5), the higher-dimensional opera-
tors can significantly enhance the mass of the lightest
neutral Higgs boson above the bound of M, < 135 GeV
that holds in the MSSM. As also EDM constraints become
extremely strong for large values of tanf3, we concentrated
on the low-tanB regime in our analysis of the Higgs
collider phenomenology. The CP-violating phases of the
higher-dimensional operators allow for sizable couplings
of all three Higgs bosons to the weak gauge bosons.
Correspondingly, we found that the most striking
scenario that can be realized in the BMSSM with CP
violation are three neutral Higgs bosons that all decay to
the WW final state. Such a scenario cannot be realized,
either in the MSSM with CP violation or in the BMSSM
without CP violation and is unique to the framework
considered in this work. It can be probed at the 7 TeV
run of LHC.

We also find that the model allows for benchmark sce-
narios where all three Higgs bosons are heavy with masses
My = 150 GeV but still all decay dominantly into bb.
Correspondingly, it will be challenging to probe such
scenarios at the 7 TeV run of LHC, as they predict signals
in the studied Higgs search channels that are at the very
border or even below the expected sensitivities with
10 fb~ 1.

We also discussed distinct signals of the modified Higgs
sector on flavor observables in a complementary region of
parameter space, where the direct Higgs searches do not
significantly depart from the MSSM expectations. In the
large- tan B regime, significant deviations from the MSSM
predictions can, in principle, be expected in the B, —
ut p” decays and in B, mixing. Such processes can be
affected by NP contributions from Higgs and double Higgs
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penguins and are, therefore, highly sensitive to the Higgs
spectrum and couplings. We find that the main qualitative
difference with respect to the MSSM are NP contributions
to the AF =2 operator (hP,q)*>. In the MSSM, this
operator is highly suppressed by cot’ 8M3%,/M3 and com-
pletely negligible. Instead, the leading double Higgs con-
tributions to the meson mixing amplitudes in the MSSM
generate the operator (bPgq)(bP; q). Assuming minimal
flavor violation, i.e. the absence of new sources of
flavor violation in addition to the CKM matrix, these
contributions are proportional to m,m, and m,my,
in the case of B; and B, mixing, respectively. Such
contributions are strongly constrained by the upper bound
on the branching ratio of the B, — u* u~ decay in the
MSSM with MFV and, therefore, CP violation in meson
mixing remains SM-like. Correspondingly, the hints from
Tevatron toward a large B, mixing phase cannot be ad-
dressed in the MSSM with MFV.

In the BMSSM with MFV, on the other hand, the
(bP; g)* operator typically gives the dominant contribu-
tion. It is proportional to m?, both for B, and B, mixing,
and can induce large CP phases to both mixing amplitudes
that are equal in size and phase. Even though the B, —
ut u~ decay still gives the strongest constraint on double
Higgs penguin contributions to meson mixing, we find that
a B, mixing phase up to S, = 0.4 can be achieved in the
BMSSM with MFV, compatible with EDM constraints. We
find that stability of the electroweak vacuum in the region
of parameter space with a large B, mixing phase requires
the presence of additional 1/M? operators with appropri-
ately chosen coefficients. In addition, a large B, mixing
phase of S, 4 =~ 0.4 implies a sizable suppression of the SM
prediction for the B, mixing phase S ¢, which is welcome
in view of the observed tensions in the determination of the
unitarity triangle. Simultaneously, also the BR(B; —
ut ) is predicted close to the upper bound of the region
recently reported by CDF. Interestingly, a sizable S, 4 =
0.25 implies a lower bound on BR(B;, — uu~) =
2 X 1078, which is just above the central value given by
CDFE.

To conclude, in this paper, we have shown that the
BMSSM with CP violation can lead to complementary
benchmark scenarios that either show novel signatures
in Higgs collider physics or can ameliorate some
tensions in present B physics data. The predicted signals
are characteristic of the presence of NP phases in the Higgs
potential and allow us to distinguish the model, both
from the CP-violating MSSM and the BMSSM without
CP violation, and will be tested in the near future at
the LHC.
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Note added.— After the completion of this work, new
Tevatron and LHC bounds on Higgs searches [137-139]
and on the branching ratio of the decay B, — " u~ [140]
appeared.

The ATLAS collaboration presented the combined ex-
clusion limit for a standard model (SM) Higgs with an
integrated luminosity ranging from 1.04 to 1.21 fb~!
[138]. The CMS collaboration presented the combination
of six SM Higgs boson searches corresponding to
1-1.1 fb~! of integrated luminosity [139]. Our Higgs
scenarios lie beyond the range presently probed by the
LHC, even if the lightest Higgs boson of the first two
scenarios will be soon tested by the LHC data. We ob-
serve that, for Higgs masses below ~180 GeV, the ob-
served limits of ATLAS and CMS are weaker than the
projected limits we presented in Fig. 7.

Concerning the branching ratio of the rare decay B, —
ut ™, a preliminary combination has been performed
using the LHCb collaboration bound obtained with
337 pb~! of integrated luminosity (1.5 X 107%) and
the CMS bound obtained with 1.14 fb~! of integrated
luminosity (1.9 X 1078). The combined value is
BR(B,— u"u~)<1.1Xx10"% at the 95% C.L. [140].
This result does not confirm the excess observed by CDF
[34]. Using this updated bound on the decay of the B
meson, we find that the possible range for the B,—B,
mixing phase is S, 4 = 0.15 (as observed from Fig. 15).
This value is, however, considerably larger than the one
possible in the MSSM with MFV.

APPENDIX A: CHARGINO, NEUTRALINO
AND SQUARK MASSES

In this appendix, we summarize the impact of the
1/M-suppressed operators in the Higgs sector on the char-
gino, neutralino, and squark masses.

We decide to factor out the phases 6, and 6, of the
fields H, and H, (see Eq. (6)) also on the Higgsino fields
I:Iu,d, i.e. we factor out the phases on the entire Higgs
superfields Flu,d. In this way, the terms that mix the
Higgsinos and gauginos after electroweak symmetry
breaking are real, and the physical Higgs phase 6 appears
only in the Higgsino part of the chargino and neutralino
mass matrices. In particular, the 2 X 2 chargino mass
matrix reads

M, S2p5

h YO B
M,- = . Y 2 . sio | (A1)
77511(:3 pe'’ — wygrsgege”

and the 4 X 4 neutralino mass matrix is given by
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X —2vcg Ly w % czﬁew —pe + 2w ¥ s gc e’
8 _ & _ ., ,if v? 2i6 v2 2 26
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Given the nonzero phase of the Higgs VEVs, we also perform a phase shift on the right-handed quark and lepton fields in
order to have real Yukawas at the tree level. As in case of the Higgs fields, we apply these phase shifts on the entire quark
and lepton superfields. In that way, the left-right mixing terms in the squark and slepton mass matrices only contain the

physical phase 6 and not 8, and 6, separately. The up and down squark masses read

m* + mi — £ (M% — AM3,)

M; = . .
—m, (A} + ,u,/tﬁe”9 — wl"ﬁczﬂema)

m? + m3 — Z£ (M3 + 2M3,)

M3 =
¢ —m (A% + utge® — w2 s%e2i?
d\Ag T Kip 158

where, for simplicity, we assumed a common mass 7 for
the left-handed squark doublets and the right-handed
squark singlets.

APPENDIX B: ELECTROWEAK
PRECISION CONSTRAINTS

In this appendix, we report the expressions for the con-
tributions to the S and 7' parameter [135] from the Higgs
sector of the BMSSM with CP violation. Generalizing the

results given in [19,136] to our case with CP violation, we
find

1
WM%S = Zf%zﬂiie?jk[BZZ(szM%[j’M%Ik)
ijk
- Bzz(Mz,M?_lryM%Ii)]
+ Zf%ZHi[fBzz(Mz,M%,MIZﬂ) — By (M3, M7, M,
i

ref
— M3 Bo(M%, M3, M3, ) + M3 Bo(M%, M3, M2%)],
(B1)
167s3, M3, T =3 &2, (G(M},, M%) — G(M2;, M)
i

- G(M}, M§y) + G(M7, M3,))
+ ZlfWHH,lzG(Mzi: M3,.)

1
- Z.kf%”’f 5 G M3, M), (B2)
ij
For the loop function G, one has
1 by X
Gy =5+~ log(T). @3
X—Yy y

—m, (A, + p*/tge”? — w’i‘%c%e_zw) A3
2 4+ m2 + 228 22 ’
u 3 zZ°W
—mg(Ag + pitge”" — aff“ﬁzs%eﬂw)
72 + m2 — 28 )22 ’ (A4)
i + mj — 3£ Mjsy,

|
and B,, and B, can be found in [136]. The mass M,
represents a reference value for the Higgs boson mass in
the SM. The effective couplings of the Higgs bosons with
two gauge bosons, &7, and the effective couplings of the
Higgs bosons with the charged Higgs boson and a W,
Ewnn,» that enter the above expressions, are given by

Ewnn, = Sp-a02i — Cp-a01; — 103;, (B4)

Ezzn, = Sp-a01i T cg_a 0. (B5)

We explicitly checked that all the scenarios considered in
this work are compatible with the constraints from S and 7.

APPENDIX C: LOOP FUNCTIONS

41+ 5x) | 8x(2 + x)logx
fl == T oa—nr >~ P
N 2+ 11) | (x* — 16x — 9)logx
fa¥) = =303 T
e )=7y—x(y—7)—13 (2 + x)logx
VTP 20— 06— )
(2 + y)logy ©3)

2(1 = yP(x = y)’

) = [01 dxl —2x(1 — x) 10g<x(lz_x)>, ()

x(1—x)—z

1
f1(x)=1_x+

5 logx, (C5)

X
(1—x)
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