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Abstract

The Higgs sector of the Minimal Supersymmetric Extension of the Standard Model may be
described with a two Higgs doublet model with properties that depend on the soft supersymmetry
breaking parameters. For instance, flavor independent CP-violating phases associated with the
gaugino masses, the squark trilinear mass parameters and the Higgsino mass parameter ;4 may lead
to sizable CP-violation in the Higgs sector. For these CP-violating effects to affect the properties
of the recently observed SM-like Higgs resonance, the non-standard charged and neutral Higgs
bosons masses must be of the order of the weak scale, and both p as well as the trilinear stop
mass parameter A; must be of the order or larger than the stop mass parameters. Constraints on
this possibility come from direct searches for non-standard Higgs bosons, precision measurements
on the lightest neutral Higgs properties, including its mass, and electric dipole moments. In this
article, we discuss these constraints within the MSSM, trying to evaluate the possible size of the
CP-odd component of the lightest neutral Higgs boson, and the possible experimental tests of this
CP-violating effect at the LHC.



I. INTRODUCTION

The Minimal Supersymmetric Extension of the Standard Model (MSSM) is an attractive
scenario that leads to a well defined spectrum of particles at low energies, with dimensionless
couplings that are related to the Standard Model (SM) ones by symmetry relations. For
third generation superpartners with masses of the order of the TeV scale, this scenario leads
to radiative electroweak symmetry breaking, it is consistent with unification of couplings at
high energies [I] and in the presence of R-Parity contains a Dark Matter particle identified
with the lightest neutralino [2],[3].

The Higgs sector of the theory contains two doublets, and at tree-level supersymmetry
demands it to be of type-II and CP-conserving, with an upper bound on the lightest CP-
even Higgs mass equal to the gauge boson mass M. These properties are modified at the
quantum level [4]-[23]. On one hand, as it is well known, in the absence of CP-violation,
the upper bound on the lightest CP-even Higgs mass is no longer My but could be raised
to values of order 130 GeV for stop masses of the order of a few TeV and sizable values of
the trilinear stop mass parameter A;. The observed values of the Higgs mass may be then
well explained in this scenario [24]. On the other hand, radiative corrections also induce
deviations from the type-II behavior that become more prominent for large values of the
ratio of vacuum expectation values tan § and small values of the non-standard Higgs boson
masses.

CP violation in the effective two Higgs Doublet Model (2HDM) can be induced by phases
of the soft SUSY-breaking parameters at the loop level [25]-[33]. In this model, the lightest
neutral Higgs is no longer a CP-eigenstate, but a mixture of CP-even and CP-odd states.
The presence of CP-violation in the mass parameters of the theory is natural within the
MSSM, and may be related to the mechanism that explains the baryon asymmetry in the
universe [34]. Indeed, it is known that the CP-violation present in the SM is not sufficient to
explain the baryon asymmetry and new CP-violating effects are necessary. The presence of
CP-violation in the Higgs sector may lead to a modification of the neutral Higgs properties
that may be tested at the LHC in the near future. In particular, the recently discovered Higgs
boson at the LHC [35] may be the lightest of the three neutral states, with a non-vanishing
CP-odd component.

Due to the current lack of observation of CP-violation observables beyond those present in



the Standard Model, in particular the electron and the neutron electric dipole moments [36]—
[39], large phases in the gaugino mass and the p parameters tend to be in conflict with a
light supersymmetric spectrum [40]-[47]. These restrictions may be alleviated by assuming
large values of the first and second generation slepton and squark masses. Even in this case,
two-loop CP-violating effects may be large enough to lead to observable CP-violating effects
which may be in conflict with present experimental bounds.

In a recent article [49], the authors analyzed the CP-odd mixing of the heavy neutral
states, allowed by the current flavor physics, Higgs and electric dipole moment constraints.
In this article, we shall concentrate on an analysis of the CP-odd component of the lightest
neutral Higgs in the MSSM, given all available constraints from both the experimental
and the theoretical side (for a previous study, see Ref. [48]). We provide an analytical
understanding of the parameters that control this CP-odd component and analyze the impact
of these parameters on the Higgs observables. We shall compare these analytical results with
the ones provided by CPsuperH2.3, which is used to calculate the masses of neutral Higgs,
their production rates, decay widths and couplings with other particles [29, [32], 33]. Based
on this analysis, we found that if the stop particles are assumed to be lighter than a few TeV,
the requirement of obtaining a 125.5 GeV Higgs mass already puts a strong constraint to the
parameter space and already restricts the possibility of a CP-odd mixing higher than about
10%. Moreover, the current measurements of the lightest CP-even Higgs production rates
puts further constraints on this possibility and so does the non-observation of the electron,
neutron and Mercury electric dipole moments. Based on these facts, we study the capability
of the LHC to detect the small CP-odd components of the lightest neutral Higgs within the
MSSM.

This article is organized as follows. In section [[I] we describe the relevant parameters
controlling the CP-violating effects in the neutral Higgs sector. In section [[II] we provide
analytical formulae for the neutral Higgs mass matrix elements and describe the interrelation
between the CP-odd component of the lightest Higgs and its mass. In section [[V]we describe
similar constraints affecting the decay branching ratios of the lightest neutral Higgs boson.
In sections [V] and [VI] we discuss the constraints coming from electric dipole moments and
flavor physics. We discuss the possible measurement of the lightest neutral Higgs CP-odd

component at the LHC in section [VII] We reserve section [VITI] for our conclusions.



II. CP-ODD COMPONENT OF THE LIGHTEST NEUTRAL HIGGS BOSON

The CP-violating phases in the low energy 2HDM may come in the MSSM soft breaking
parameters. Since these CP-violating effects are induced at the loop-level, the only relevant
phases are the ones associated with supersymmetric particles that couple strongly to the
Higgs bosons, namely the stops, sbottoms and staus, and the gluinos that couple strongly to
these particles [25]-[33]. The relevant complex phases are then the ones of the trilinear soft
couplings of the stops, sbottoms and staus to the Higgs field, ®4,, ®4,, P4,, respectively,
the phase of the gluino mass parameter ®,,., and the one of the Higgsino mass parameter p,
®,,. Besides, one should also consider the variations of the magnitude of tan 3, |A¢ s -|, |Mj],
|pe|, my+, and the mass parameter Mgygy, that controls the overall third generation mass
scale. CP-violating effects are induced by non-decoupling threshold corrections and become
relevant whenever the imaginary part of A, and/or of uMj is non-zero and of the order
or larger than the square of the third generation sfermion masses, which we shall assume to
be of the order of a few TeV.

Our objective is to study regions of parameter space in which a large CP-odd component
of the lightest neutral Higgs is present. Since this component may only be induced by mixing
between the would-be CP-even and CP-odd Higgs states, it is clear that the heavier neutral
Higgs bosons should be light, with masses not much larger than the weak scale. Such values
of the non-standard Higgs boson masses lead naturally to large variations of the fermion
couplings to the lightest neutral Higgs with respect to the Standard Model ones, and also
leads to a reduction of the lightest neutral Higgs mass via the mixing with the other neutral
states.

In the analysis of the parameters of the model, we shall require the mass of the lightest
neutral state to be consistent with the measured value of about 125.5 GeV. Due to theoretical
uncertainties in the calculation of the neutral Higgs masses, which is of the order of 3 GeV,
we shall retain values of the parameters which lead to a Higgs mass between 122.5 and
128.5 GeV. Moreover, the bottom and tau couplings of the lightest Higgs boson cannot differ
significantly from the ones of the SM without leading to significant variations of the Higgs
decay branching ratios, in conflict with observations at the ATLAS and CMS experiments.
In general, since the electroweak gauge boson couplings of the lightest Higgs tend to be close

to the SM ones, variations of the effective bottom coupling gy, of more than about 20%



with respect to the SM (leading to variations of the branching ratio of the decay of the Higgs
boson to pairs of gauge bosons of about 30%) are disfavored by data.

Although currently only one Higgs boson has been detected, there is information on the
possible presence of additional Higgs bosons within the MSSM due to the non-observation
of non-standard Higgs signatures. Currently, the strongest bounds on the presence of
non-standard neutral Higgs bosons come from the searches of the gluon fusion or bb®
production of heavy neutral Higgs bosons at the LHC, with subsequent decays into tau
pairs [50],[51],[52]. These searches become particularly efficient for large values of tan 5 and
low values of the charged Higgs mass mpy+, for which the production rate is large. These
searches, combined with previous LEP results, gave a strong constraint on the tan 3 — My
two dimensional plane (CP-violation was not considered in the LHC analyses). A small win-
dow of tan 3 survives in lower-M,4 region, where larger CP-violation is most likely to arise.
In particular, for non-standard Higgs boson masses of the order of the weak scale, values
of tan § > 10 are strongly restricted by the searches performed by the CMS and ATLAS

experiments.

III. CONSTRAINTS ON CP VIOLATION IN THE HIGGS SECTOR FROM THE
LIGHTEST NEUTRAL HIGGS MASS

Since the LHC has measured a Higgs boson with mass around 125.5 GeV, it is natural
to identify it with the lightest neutral Higgs boson, which tends to have SM-like properties
when masses of the heavier Higgs bosons are larger than 200 GeV. For stop masses of the
order of a few TeV, this strongly restricts the plausible MSSM parameter space. As the
charged Higgs mass goes up, the lightest CP-even Higgs mass depends mostly on |X;|, with
Xy = Ay — p*/tan B [25]-[31]. For values of the stop masses of the order of a few TeV a
maximum value of the order of 130 GeV is obtained for values of | X;| of about 2.4 Msysy,
for large values of the charged Higgs mass, and goes smoothly down for smaller values of
mpy+. Thus acceptable values of the Higgs mass are obtained for values of | X;| larger than
Msusy but not larger than 3Mgysy. For values of |X;| larger than 3 Mgysy the lightest
CP-even Higgs mass decreases sharply and, in addition, problems with vacuum stability
may be generated [53].

To explore the correlation between the CP-odd component and the mass of the lightest



Higgs, we’ll start from the 3 x 3 mass matrix, defining the mixing between the would-be
CP-even components of the two Higgs doublets and the CP-odd Higgs boson in the absence
of CP-violating effects, ¢1, ¢ and a, respectively. Let’s separate out the tree-level terms
and investigate the contributions from the CP-violating phases, taken as small perturbations
here, to see how those perturbations affect the mass eigenstates of the neutral Higgs sector.

The full mass matrix can be written as,

M? = Mi,.. + Mo, (1)
MZ2s% 4+ M2ck  —(M2 + M2)sgcg 0 Ay A 6

= | —(MZ+ MZ)spes M30%+Mz23?3 0 + | Qg Az b (2)
0 0 M? 6 & 0

where 6;,A\;; can be considered as perturbations and we’ll investigate their effects on Higgs
mass in the following. With the relative phase £ between the two Higgs doublets set to be

zero, 0;, A;j can be expanded as follows,

61 = v*(Im(Xs)ss + Im(Xg)cg)
5o = v2(Im(Ns)cg + Im(\7)sp)
Ay = —v* (205 + 2Re(X5)s5 + 2Re(Xg)spcg) — Mych (3)
Arp = Aoy = —v*(Aaspes + Re(Xe)ch + Re(Ar)s3) + M7 sscs
Agy = —v*(2Xas5 + 2Re(X5) 5 + 2Re(Ar)spcg) — My s
The values of the quartic couplings may be found in Ref. [27]. In order to understand
the main effects, we should go to the Higgs basis ({¢1, p2}—{h1,he}) by rotating by the
angle 3, which becomes the proper diagonalization angle in the decoupling limit. The
transformation matrix O links the 3 neutral Higgs further with their mass eigenstates by
{h1, ho,a}T = O{H,, Hy, H3}T, thus H; can be expanded as H; = O11hy + Og1hg + Oz1a. In

this case, we get,

OM3,, 0"
M2 cos? 203 M2 cos2Bsin28 0 cg sp 0 Ay Ay 6 cg —s5 0
= | M%cos2Bsin2f3 (mi—i—M%sinz Qﬁ) 0 |+ —s5 ¢50 A1 Aoy sg ¢ 0
0 0 m2 0o 01)\ & 6 of/\o o1



M2 cos?28 +n 0 &

= 0 m2+ Msin?28+p & (4)
&2 &1 mg
where M giag is the eigenvalue matrix and

& = —0153 + dacp
& = 01cp + 0255
0 = (Ago — Ayy)sin fcos B+ A cos 23 — M2 cos 23 sin 23
n= Allc% + Ams% + Aqp8in 26
In the result of equation(4), we can see that the final corrections to mj3; come from
the three terms, &,6,7n. In this limit, & defines the strength of the mixing between a

and h, i.e. it fixes the CP-odd component of the lightest Higgs. Defining the parameter

Y, = A, + p* tan 5, one can demonstrate that, at one loop

3h4 2 oin4 M2 X 2 X 2
,’7 — tv S21n /6 log SU28Y _'_ | 2t| 1_ | t2| (6)
81 my Mgysy 12 Mgysy
h4 2 12 in?2 M2
0 = —M} cos23sin23 + 3hyv Silg fsm 8 {log (%)
™ t
7
X, XYy X, ")
to — tRel w5 — |1 — 5 —
2Mgysy 2Mgysy 6 Mgysy
¢ = Im 3hiv?sin? Bsin 23 X;Y;* - |X2t|2 ®)
3272 Mgysy 6 Mgysy

where v ~ 246 GeV is the Higgs vacuum expectation value. The above equations provide a
generalization of the expressions for the Higgs mixing parameters in terms of X; and Y; in
the CP-conserving case [54]. The parameter n displays the well known one-loop radiative
corrections to the lightest (would be CP-even) Higgs mass, which are maximized for values
of the stop mixing parameter | X;| = V6 Mgysy. Notoriously, for the same values of the stop
mixing parameter the parameter & vanishes. Hence, a sizable CP-odd component of the
lightest neutral Higgs boson is always associated with departures from the maximal values

of its mass.
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FIG. 1: Correlation between the H; CP-odd component and its mass for tan 3 = 5.5 and a charged
Higgs mass Mpy+ = 260 GeV. The moduli and phases of all relevant parameters Ay, Mgz and p
were varied in the range explained in the text and the overall stop mass scale Mgysy was fixed at

2 TeV.
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FIG. 2: Correlation between the H; CP-odd component and its mass for tan 5 = 20 and a charged
Higgs mass Mpy+ = 800 GeV. The moduli and phases of all relevant parameters Ay, Mgz and p
were varied in the range explained in the text and the overall stop mass scale Mgysy was fixed at

2 TeV.

The above property is clearly shown in Figures (1| and [2] where we display the value



of the CP-odd component of the lightest neutral Higgs against its mass, obtained by the
CPsuperH code [32],[33]. for two different values of tan /5 and the charged Higgs boson
mass, consistent with the current experimental bounds coming from direct searches for non-
standard Higgs bosons at the LEP and LHC experiments. During this procedure, 400,000
points were randomly generated and uniformly scattered all over the space spanned by
the relevant parameters. We choose the values of the supersymmetry breaking parameter
Mgsysy = 2 TeV and the rest of the parameters were varied in the following ranges : A; from
2 TeV to 6 TeV, |u| from 2 TeV to 6 TeV, @y, $a, @, py from —180° to +180°, |Ms]
from 500 GeV to 3 TeV. The hierarchy factor p, denoting the difference between the masses
of the first and second generation sfermions and the third generation ones plays only a small
role in this analysis and was chosen to be equal to one. From this plot we see that there is
an upper limit for the lightest neutral Higgs mass around 127 GeV for a charged Higgs mass,
M+ = 260 GeV and tan 8 = 5.5, which increases to 131 GeV for a larger M+ = 800 GeV
and tan 8 = 20. These maximal values arise with zero CP-odd component in Higgs sector,
as expected from our discussion above.

For values of | X;|/Msusy # V6, the value of & may increase and the CP-odd component
of the lightest neutral Higgs may be sizable. However, the parameter n is pushed to lower
values lowering the Higgs mass. Moreover, the existence of large & or 6, no matter positive
or negative, will drag qul further down due to mixing effects. That’s the reason why we
have a anti-correlation between CP-violation and Higgs mass in the MSSM.

In Figures [1] and 2] , as before, the CP-odd component was defined to be Os;. As the
mass goes down, the CP-odd component may increase but is constrained by the requirement
of obtaining agreement with the measured Higgs mass value. Although one obtains larger
values of my, for Mg+ = 800 GeV the parabola-like upper limit on the CP-odd component
of the lightest Higgs is much sharper, which implies much smaller CP-odd components in
the acceptable Higgs mass range. Such a behavior is not surprising, and reflects the decrease

of the mixing angle O3; with the charged Higgs mass, namely
031 ~ _52/MI%I+ (9)

Rewriting the above equation in terms of the mass parameters y and A;, from Eq. one

finds

0310(—

3hiv? sin B Im(uA,) (1 | X;|? > | (10)

2,02 2 - 2
1672m, . Mgusy 6 Mgygy

9



where we have neglected subleading terms, suppressed by 1/tan? § factors.

Therefore, the largest CP-violating effects that can be generated at larger my+ is when
|A¢| and |p| acquire large values, while the angle arg(pAy) is fixed to give the largest possible
value of the im(pA;), but still rendering X; at acceptable values to obtain the proper Higgs
mass. For smaller values of the charged Higgs mass, the arg(uAy) tends to be pushed to

lower values, in order to reduce the mixing effects and keep the Higgs mass in an acceptable

range.
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FIG. 3: CP-odd component of H; and My, as a function of the phase of A u, for |A = |u| =
3 Mgysy and for values of other relevant parameters varied in the ranges given in the text. The blue
and red points represent the values obtained for Mg+ = 300 GeV and 800 GeV, respectively. The
solid and dashed black lines in the left panel are the estimated value of the H; CP-Odd component
by using Eq. , with h; evaluated at the Mg+ scale, for Mg+ = 300 GeV and 800 GeV,
respectively. The dashed contour lines in the right panel represent the values of |X;|/GeV. The

overall supersymmetry breaking stop mass scale Mgysy was fixed to 2 TeV.

To confirm this intuition, we swept the phases of  and Ay from —180° to 4+-180° but fixed
the modulus of both p and Ay to large values, |u| = |Af| = 3Mgusy, with Mgusy = 2 TeV
and tan 8 = 5. The gaugino masses were fixed to M; = 200 GeV, M, = 200 GeV and
Mz = 2.7 TeV and the phases of three gaugino mass terms were fixed to zero. The left
panel of Figure [3| shows the variation of the lightest neutral Higgs boson CP-odd component

10



with the arg(pA;). We see that, if the Higgs mass constraint is ignored, a maximum of the
CP-odd component is obtained for phases larger than 90 degrees, actually near 120 degrees.
The reason for that lies in Eq.(10). The dependence of O3 on this phase is parametrized
by the multiplication of two terms, Im(uA;) and (1 — | X;|?/(6 MZ;qy)). It is easy to show
that for the parameters chosen the maximum moves away from a phase of 90 degrees, since
larger values of the product of these terms may be obtained by decreasing Im(uA;) but
increasing the second term. The analytical extremes for |u| = |A¢| = 3Msysy and tan § =5
are located at values of ¢4, = arg(uA;) such that cos ¢4, ~ —0.5 and cos ¢4, =~ 0.94. This
correspond to arg(uA;) ~ 120° and 240° (maxima), and 20° and 340° (minima), respectively.
To verify this effect, we plotted Eq. as a function of arg(pA;) on top of the left panel
of Fig. (the dashed line for my+ = 800 GeV and the solid line for my+ = 300 GeV).
In each case, the top Yukawa coupling was chosen at the charged Higgs mass scale. We
find that Eq. describes within a good approximation the lightest neutral Higgs CP-odd
component computed by CPsuperH.
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FIG. 4: Values of the Higgs mass for Mg+ = 300 GeV, corresponding to the right panel of Fig.
but with the scattered points colored according to the value of arg(A;M3). The subdominant
dependence of the Higgs mass on arg(A;M3) explains the spread of the Higgs mass values in

Fig. |3l We can see an enhancement of Higgs mass when arg(A;M3) = 0 and a minimum for values

of arg(A:M3) = £180°.
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Consistency with the observed Higgs mass puts additional constraints on arg(uA;). The
right panel of Figure [3| shows the strong dependence of the Higgs mass on the amplitude of
X; for both my+ = 300 GeV and mg+ = 800 GeV. Since Mgysy = 2 TeV, the maximization
of Higgs mass occurs close to |X;| = 4.8 TeV, about 2.4 Mgysy, which is consistent with
our analysis above and for |u| = |A;| = 3Mgusy and tan 8 = 5 corresponds to a phase of
1A, close to zero. As the phase increase the CP-odd component increases, but the Higgs
mass decreases. In order to keep the Higgs mass within the acceptable range, one needs
| X¢| < 6 TeV, and should keep |arg(uA;)| below 80 degrees, putting a bound on the possible
CP-odd component of the lightest Higgs boson. This bound is about 5 percent in the
particular case of Mg+ = 300 GeV.

Observe that the Higgs mass is not a single-valued function of | X;| but for each |X;| the
Higgs mass values are within a broad band, which is due to the fact that there are small
changes in the lightest Higgs mass induced by the variation in the phase of A;M], and
mostly coming from threshold corrections to the top Yukawa coupling. An example of this
variation is shown in Figure [d, where we show that indeed, besides the overall dependence
on X;, which is fixed by the phase of pA;, there is a dependence on the phase of A,M;
leading to larger Higgs mass values for these phases equal to zero. Observe that, since this
effect does not depend on the sign of the arg(A;Mj3), in Figure |4 we present the results as
a function of |arg(A;My)|.

IV. CONSTRAINTS FROM THE HIGGS H; BRANCHING RATIOS

As stressed above, a large CP-odd component of the lightest neutral Higgs may only
be obtained for low values of the charged Higgs mass. Such values of the charged Higgs
mass lead in general to large mixings not only with the would-be CP-odd Higgs but also
between the two would-be CP-even Higgs bosons. Since the would-be CP-odd Higgs and
the heavier would-be CP-even Higgs have tan 5 enhanced couplings to the down fermions, in
general one expects significant deviations of the down couplings of the lightest neutral Higgs
with respect to the SM one. This can be seen by writing the down-quark couplings [30],
normalized to the SM values, in the Higgs basis

1

g - —sin 091 + cos 011
JHdd = TS h T Ahg tan

cos 3

{Re(hd + 5hd)

12



021 COSB + 011 Sinﬁ _

cos f3

+ Re(Ahyg) [Im(hg + Shg) tan f — Im(Ahg)] 031} (11)

_ ! {(Re(Ahg) — Re(hq + 6hy) tan 8) Oy,

P
JHdd = S by + Ahg tan 8
— sin 5021 -+ cos 5011 021 COS ﬂ + 011 sin ﬁ
, (12)
cos 3

cos f3

— Im(hg + dhyg) — Im(Ahyg)

where we have assumed that

md\/§

v

hqg+ 0hg + Ahgtan § = (13)

is real and positive. For moderate or small values of tan S one can in a first approximation

ignore the small radiative correction effects and, hence

ggldd ~ 011 —tanﬁ 021
ggldd ~ —(QOs3; tan S. (14)

Then, as anticipated, the corrections to the down-quark and charged lepton couplings are
proportional to the non-standard components of the lightest neutral Higgs, Oy and Os,
but enhanced by a tan  factor. Morever, while O3; is approximately given by Eq. @,

0

021 >~ — 3 (15)
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FIG. 5: gzl w5 coupling for different values of my+. We have fixed |[A¢| = 3Mgysy= 6 TeV; varying
|p| from 2 to 6TeV, and ® 4, Pps2, Pars, P, from —180° to 180°.
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As we can see from Fig., the scalar coupling of the lightest Higgs boson, gi,l 4> ormal-
ized to its SM value, can grow significantly when mpyg+ is pulled down. Large deviations,
however, are in tension with current experimental measurements [55],[50],[57] that show a
good agreement of the Higgs production rates with the SM predictions.

Since we are considering the possibility of sizable values of & (the CP-odd component),
the deviations from SM Higgs branching ratios may be minimized if 6, which controls the
mixing between two CP-even components, is kept small. Small values of 8 correspond to the
condition of alignment in the case of CP-conservation [54],[58],[59] and can be achieved for
moderate values of tan 8 ~ O(10) if |u|/Msusy and |A¢|/Msuysy become sizable. However,
as we shall see, for alignment to happen with |A;| and |u| smaller than 3 Msysy, Re(A:u)
must be maximized. Since maximal values of this quantity are obtained for small values
of Im(Asu) controlling the CP-odd component of the lightest Higgs, there must be some
correlation between the CP-odd component of H; and the deviation of the H; down quark
couplings with respect to the SM-ones. We can obtain an analytical understanding of this

correlation by approximating the mass of the lightest Higgs by
m;, ~ M} cos® 28 +n, (16)

with 7 given in Eq. @ This is what happens for small or moderate mixing in the neutral
Higgs sector. One can now rewrite Eqgs. and as

1 3hiv?sin B X (Y — X)) | X, |2
0 = —M?% cos 2 2 4t PRe ot (1 0 17
tang | Mzeos2B - miy ¥ =g Re =y o)) 1

1 4,2 ;4 - X 2
[ 3htv? sin ﬁIm M 1— # : (18)
tanfg 1672 Mgysy 6Msysy

Since for moderate or large values of tan 8, X; ~ A;, ;" — X ~ ptan S and cos 28 ~ —1, one

can see that the parameter 6 can only be reduced if the real part of a loop suppressed quantity
proportional to Re(A;u) is of order of m%,l + M%. This loop suppressed quantity is the same
one whose imaginary part controls the CP-odd component. Hence, when & becomes sizable,
quite generally 6 cannot be suppressed and becomes also sizable. Therefore, from Egs. @D,
(15) and , we conclude that a significant CP-odd component in general leads to large
deviations of the bottom coupling to H; with respect to the SM value.

The deviation of the H; couplings to the gauge bosons with respect to the SM ones depend

on O3, and O%, which are in general small quantities, much smaller than the parameters
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controlling the deviation of the bottom and tau couplings. It is then expected that for
moderate or large values of tan 8 the variation in the BR(H; — VV), with V. =W, Z ~, is
mainly governed by the variation of the bottom quark coupling to H;. The deviation in H;
down quark coupling with respect to the SM can then be inferred by the observed branching
ratios of the lightest neutral Higgs to gauge bosons, namely H —- WW* H — ZZ* H — v,
which have been measured at the LHC up to rather high confidence level [55],[56],[57].
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FIG. 6: Correlation between the CP-odd component of H; and the H; decay branching ratio in
the ZZ channel. The left panel shows the case when mg+ = 300 GeV, |u| = 3Mgysy=6 TeV, while
the right panel corresponds to mg+ = 600 GeV and |u| = Mgysy=2 TeV. In both scans, we have
varied the phase of 1 and the value tan 3, while the rest of the relevant parameters were fixed to
the values shown on the plot. All points shown here satisfy our My, constraint(122.5-128.5 GeV).

The different colors represent different values of tan 5.

We calculated the H — ZZ* branching ratio in the MSSM using CPSuperH2.3 and also
its value predicted by the SM for the same Higgs mass. We plotted the correlation between
the CP-odd component of H; and its decay branching ratio into Z gauge bosons. In the
left panel of Fig. [6| we show the dependence of these quantities on the variables tan § and

®,. tanf is varied from 4.0 to 10.0 and ®, from —180° to 180°. Other parameters are

[
chosen to maximize the Higgs mass i.e. arg(A;M;) =~ 0, (in this particular example the
choice of @4 = —177.9° and @y, = 173.9° came from a scan of parameters to be presented

below). Seen from this plot, the variation of tan 8 determines the shape of the arch, while
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®,, explains the spreading along the axis of the CP-odd component. A correlation between
the lightest Higgs boson CP-odd component and its branching ratio into gauge bosons is
thus observed for each independent tan 3, more specifically, the larger CP-odd component is
chosen, the lower becomes the branching ratios, i.e. the more deviated from the SM values.
The requirement that these branching ratios do not deviate by more than 30% of the SM
values sets a constraint for the CP-odd component of Hy, which according to Fig. [0]is tightly
below 5% for My+ = 300 GeV.

For comparison, in the right panel of Fig. [6] we present the results for smaller values
of |u| and larger values of the charged Higgs mass, namely |u| = Mgsysy = 2 TeV and
my+ = 600 GeV. The value of the stop mixing parameter was kept at |A;] = 3 Mgusy.
The values of the CP-odd component are reduced by an order of magnitude with respect to
the case described in the left panel, as it is expected from the fact that Os; is proportional
to |u|/m3,. There is an additional small reduction, associated with the fact that for this
value of |u| the possible range of ®4,, required to obtain values of |X;| consistent with the
mpy, constraints is smaller than in the previous case. On the other hand, the branching
ratio BR(Hy, — ZZ) becomes closer to the SM value. Due to the correlation between O3
and the deviation of the H; decay branching ratios with respect to the SM ones discussed
above, if in the future LHC constrains the H; decay branching ratios to be closer to the
SM ones, this will lead to further constraints on the possible CP-odd component of H;. In
the following, we shall concentrate on finding the maximal value of the CP-violating phase
consistent with present constraints.

Under the above considerations, a careful scan of the whole parameter space was con-
ducted to find the maximum CP-odd component of H;. In order to maximize it, we
chose as low values of mpy+ as possible and for each fixed my+ we scan tan  within
the area not excluded by heavy Higgs boson searches. Since all what matters are rela-
tive phases, and the CP-violating effects are maximized for large values of |uA;|, we fixed
Mg = My = Mp = Mgysy = 2 TeV, |p| = |Ai] = 3 Msusy, My = 0.2 TeV, My = 0.2 TeV.
All five varied parameters can be found in the table. The maximal CP-odd component for
each scan is listed in Table [l and [l

In Table [l we show the results without including the constraints from the H; branching
ratios. For all values of mpy+, the larger CP-odd component of H; is obtained when the

lightest Higgs mass reached the lower bound we have set, i.e. 122.5 GeV', due to the tension
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between a large CP-odd component and a large enough H; mass we have proved before. As
mp+ goes up, we see that ®,4, is moving closer to 120° (or 240°). That’s because my+
is bringing up the mass of the lightest Higgs and allowing more fluctuation range in ®,,4,.
However the value of the H; CP-odd component gets lower because the suppression coming

for a larger my+ greatly compensates the impact of a larger phase ®,4,.

TABLE I: Maximum CP-odd(only mass constraint)

my+(fixed)|tan 8 B4, ®, M| Dup, | ®ua, CP-odd Mass ZHyssuifhZ0)

250 8.0 158.2° 114.0° 3000.0 134.0°(272.2° 8.87% 122.6 0.469
300 9.2 98.8° 2.67° 3000.0 108.6°(101.5° 5.72% 122.6 0.555
350 9.0 138.2° 115.9° 3000.0 129.5°|254.1° 3.87% 122.5 0.656

400 8.7 66.6° 39.3° 3000.0 76.5° [106.0° 2.81% 122.6 0.739

In Table [[I; we added the constraint on the H; decay branching ratios, which lead to
somewhat smaller CP-odd components for each fixed my+. For my+ = 250 GeV and
300 GeV, we see the branching ratio bound dominates the selection of the right Higgs mass
and for the maximum H; CP-odd components, the Higgs mass tends to be pushed away from
its theoretical lower bound. For mpy+ = 350 GeV and 400 GeV, instead, the Higgs mass is
still the main constraint for CP violation. The maximum value of the CP-odd component
appears for charged Higgs masses of about 300 GeV given both constraints. The trend in

® 4, is the same as that in table III

TABLE II: Maximum CP-odd (mass + Boson coupling constraints)

mp+(fixed) [tan 5 Dy, ®, |Mg] Prr; | Pua, CP-odd Mass Bg%jﬁff}f;?i?

250 8.3 18.3° -78.1° 3000.0 17.7° |300.2° 4.83% 126.6 0.703

300 9.5 -177.9° -94.0° 3000.0 173.9°| 88.1° 5.01% 1244 0.701
350 7.8 -44.3° -53.8° 3000.0 -52.1°(261.9° 3.80% 122.6 0.709
400 8.7 66.6° 39.3° 3000.0 76.5° {106.0° 2.81% 122.6 0.739
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V. CONSTRAINTS ON HIGGS CP VIOLATION FROM ELECTRIC DIPOLE
MOMENT EXPERIMENTS

In addition to the collider results on the high-energy end, low-energy experiments,
especially the Electric Dipole Moment (EDM) measurement with extremely high preci-
sion, impose strong constraints on the CP violation in the Higgs sector (see for instance
Refs. [60],]61]). In this section we shall explore the constraints on the possible CP violation
in the MSSM Higgs sector given the present bounds on the electron EDM (eEDM), the
neutron EDM and the Mercury EDM, namely [36]-[39)].

dn
1 < 2.9 x 10 %cem ( 95% confidence level)
e

—21 < 3.1 x 107*cm ( 95% confidence level) (19)

1 < 8.7 x 10" ¥cem (90% confidence level)

Theoretical calculations show that the primary contributions to EDM come from both
one-loop and two-loop diagrams [42]. The dominant two-loop contributions come from
the so-called Bar-Zee type diagrams [43],[44](there are other two-loop contributions [45],
not included in CPsuperH, which become subdominant in the regime we are working on).
The most important two-loop term comes from top-quark, chargino and top-squark loop
effects. The large Yukawa coupling of the 3rd generation particles induces a large two-loop
amplitude comparable to the one-loop contribution. The dominant two-loop electric dipole
moment contributions are proportional to the same CP-violating phases which governs the
CP violating strength in the Higgs sector, contrary to the one-loop contributions which
are governed by CP-violating phases associated to particles that couple only weakly to the
Higgs fields. In other words, large CP violation effects in the Higgs sector are likely to
be associated with large two-loop EDM contributions, beyond the experimentally observed
limits and could be therefore constrained by EDM experiments.

Therefore, to allow for large CP-violation effects in the Higgs sector we may need to
resort to cancellations between one-loop and two-loop EDM contributions. The main one-
loop contributions are from those diagrams involving loops of charginos, neutralinos and

gluinos with first and second generation sfermions [46],[47]. Therefore, the amplitudes of
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one-loop diagrams are in part determined by the mixing in the mass eigenstates of charginos
and neutralinos, which is associated with the values of u, M, My, tan, and in particular
the phases arg(u/;), which also affect the two loop chargino and neutralino contributions.
The one-loop contributions decrease for heavier first and second generation squarks and
sleptons. As we said before, we shall characterize the ratio of the first and second to the

third generation sfermion masses by a hierarchy factor p, which is an input parameter in the

CPsuperH code. .
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FIG. 7: One-loop contribution to the electron EDM. All the points shown in this plot lead to
a value of Mp, compatible with the observed Higgs mass. The relevant parameters are fixed as
follows : mpg+ is fixed at 325 GeV, |u| = |A] = 3Mgysy=6 TeV, tanj is varied from 4 to 9,
P, Pa, Par,, sy are varied from -180 to 180 and |M3| from 1.5 TeV to 3 TeV.

In Figure [7] we display the one-loop contribution to the electron EDM. From Figure
we find that, as expected, both the one-loop chargino and neutralino contributions to the
electron EDM decrease as we raise p. Up to p. The maximum chargino contribution remains
higher than the acceptable eEDM limit (8.7 x 1072?cm) up to values of p = O(10). Another
feature seen from this plot is that the amplitude of chargino-loop diagrams is pronouncedly
larger than that of neutralino-mediated ones, differing by an order of magnitude. Thus,
unless the phases are highly fine tuned, it is very difficult for EDM to cancel within one-loop

level diagrams.
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FIG. 8: Correlation between 1-loop and 2-loop Contributions to the electron EDM(’eEDM’ in the
axis labels stands for electron EDM). All the points shown give appropriate H; mass values, among
which the colored ones satisfy the electron EDM bound of 8.7 x 107?%¢ c¢m. This is the same scan
as in Fig. The colors in the left panel represent the values of p and in the right panel the H;
CP-0Odd component. This plot illustrates that the eEDM constraint can be avoided by cancellation

between the 1-loop and 2-loop contributions.

The left panel of Fig. [§| shows the correlation between the one and two-loop contri-
butions to the electron EDM for parameters which survive the current bounds on this
quantity(eEDM< 8.7 x 107%%¢ cm). Points in this figure are colored according to the value
of the hierarchy factor p. In the right panel we show the same correlation but points are
colored according to the size of the CP-odd component of the lightest neutral Higgs boson.

We find that most of the allowed points lie closely around a straight line across the origin
point with slope —1 which indicates that an approximately exact cancellation occurs between
one-loop and two-loop contributions to the electron EDM. Figure [9] shows the correlation
between the CP-odd component of H; and the hierarchy parameter p. As shown in the
right panel of Fig. [§ and Fig. [9] larger CPV coexists with larger two-loop (or one-loop)
EDM components and, for third generation squark masses of the order of one TeV, appears
around a p = 2 peak, where the one-loop contributions are sizable and cancellations between
one and two-loop contributions are significant. Therefore the possibility of a pronounced
CP-violating effect in the Higgs sector relies on significant cancellations between one-loop

and two-loop EDM contributions.
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FIG. 9: The H; CP-odd component vs the hierarchy factor p, using the same scan as in Fig.

All the points shown in this plot give appropriate H; mass values and satisfy the eEDM bound.

In order to explore the maximum allowed CP-odd component of H; given currently
measured EDMs, we use CPSuperH2.3 to scan over all relevant variables, choosing low
values of the charged Higgs mass and large values of the stop mixing. More specifically, we
chose Mgusy = 2 TeV (including all squark and slepton masses) and |u| = |[Af| = 3 Msusy-
The electroweak gaugino masses values were fix at |M;| = |Mz| = 200 GeV, &, = 0 (since
only the relative phases matter), and the charged Higgs mass was fixed at my+ = 300 GeV so
that we can get sizable CP violation and also keep BR(H — V'V') within an acceptable range
at the same time. The value of tan § was varied from 5.5 to 9.5 (consistent with the current
experimental bounds), the hierarchy factor p was varied between 1 and 10, while |M3| was
varied from 1.5 TeV to 3 TeV. The phases of the mass parameters ®4,, @, Pary, Pos, were
varied from —180° to +180°. To fight against the high elimination rate associated with the
experimental constraints and the huge complexity in computing EDMs, we implemented a
gradient descent method in the 3D subspace spanned by parameters ®,4,, ®,, and p to bring
the three EDM values into acceptable ranges. The descending process was fast with proper
steps and iteration algorithm. Finally we found 4200 points passing all constraints, with a
maximum CP-odd component of H; to be 3.07%, which is consistent with our observations
above.

To exemplify the values of the parameters leading to relevant Os;, in Table we show
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some of the points with maximal H; CP-odd component, the parameters for which they are

obtained, as well as the relevant parameters in the Higgs sector.

TABLE III: Maximum CP odd component points after taking EDM constraints into account.The
values of the stop and Higgsino mass parameter were fixed to |A;| = |u| = 3Msuysy = 6 TeV. The

other relevant parameters were varied in the range explained in the text.

No.[tanf @, Sy Mz @ M; P Do | my, ngss’;“&ffz)zz)z) CP-odd component
1|95 —45.7° —18.5° 2300 54.2° 9.17 11.3° |122.7 0.782 3.00%
2 | 9.0 —34.1° —-31.6° 3000 39.0° 3.86 10.2° |122.7 0.776 3.07%
3 | 89 —2.8° —62.7° 3000 9.9° 5.26 —18.9° |122.5 0.774 3.04%
4 | 85 23.3° —88.0° 3000 —17.0° 3.44 —39.9° |122.6 0.772 2.96%
5 | 8.6 177.4° —121.3° 2750 172.7° 8.53 —149.4°|123.8 0.796 2.41%

Observe that these five different examples have similar characteristics : The values of
arg(puMz) S 10°, as expected in order to cancel the large one-loop contribution to the
neutron EDM, induced by the gluino loops. Moreover, the value of arg(uMs) is within 30°
of 0 or 180°. The value of arg(uA;) ~ 65°, being sizable and of similar order in all examples,
is necessary to obtain a sizable CP-odd component of H; without inducing a large negative
correction to its mass or to the branching ratio of its decay into vector bosons. As is shown
in the table [[T]] the maximal CP-odd component is now again associated with the minimal
allowed values of the Higgs mass. This may be understood from the fact that, as shown in
Fig. , the largest values of mp, are associated with values of arg(A;M;) = 0. However,
since the electric dipole moment constraints lead to arg(A;Mj) ~ arg(A;u), a large CP-odd
component of H; leads to values of the Higgs mass away from its maximal value. Hence,
the Higgs mass combined with the constraints on electric dipole moments puts an additional
bound on the possible values of the H; CP-odd component.

We want to stress that |M;| and |M;| are not determinant factors in the determination
of the maximal H; CP-odd components. We changed |M;| = |Ms| to be 1 TeV but kept
ln| = |Ay| = 3 Msysy, and got the maximum CP-odd to be 2.91%, not much different
from the previous 3.07%. We also checked the maximal CP-violation in the CPX scenario
in which |u| = 4 Msusy, |Af| = 2 Msusy, |Mi] = |Ms] =1 TeV, M; = 3 TeV, while the

three trilinear coupling phases ®4,, —are independent. We did the scan for this scenario
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and found that it gave a smaller CP-odd component of about 2%. This effect comes mostly
from the change of |u| and |Ay|, which can be easily seen from Eq. [10 This agrees with
the numerical results of a recent paper [49] focusing on the CP Violation in the heavy Higgs

sector of the MSSM.

Il electron EDM 95% CL
I neutron EDM 95% CL
@ Mercury EDM 95% CL

FIG. 10: EDM constraints in the ®,7,—p plane. The allowed regions for the three kinds of EDMs are
drawn in different colours on this patch of the 2D parameter plane. The other relevant parameters
were chosen to be the same as in parameter set 1 in Table @ ie. tanf = 9.5,0, = —45°,
by = —18°, M3 = 2300 GeV, &y, = 55°. The dashed lines show countors of the ratio
BRmssv (H1 — ZZ) /BRsy (Hy — ZZ), which displays a tiny fluctuation of about 0.1% over

the whole range.

In general, we observe that the cancellation of the three EDMs needs some fine tuning at
level of order 10 in relevant phases. In order to illustrate the general pattern of cancellations
we investigate the behavior of the three EDMs around the points of maximal H; CP-odd
component found above. For instance, Fig.[10|shows the values of the three EDMs considered
here, for points around point 1 in Table III, and varying p and ®,;, only. The mass and
the lightest neutral Higgs boson CP-odd component contour lines are not shown on these
plots since they are almost constant over the whole region displayed (122.7 GeV and 3.0%
respectively). The dashed contour line indicates the ratio of the BR(H — ZZ) to the SM
values, showing acceptable values over this whole region of parameter space. The parameters

p and @), are chosen because they have nearly nothing to do with the neutral Higgs masses
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and affect only weakly the CP-violation in the Higgs sector (i.e. Os;) but they affect strongly
the EDMs through one-loop diagrams. As illustrated in these plots, there seems to be
no difficulty in finding some combinations of p and ¥,/ to circumvent the strong EDM
constraints, at least for the current bounds. All points allowed in these examples, however,
have values of p 2 4, implying that in this example one cannot achieve the maximum H;

CP-odd component, as we showed before, which are obtained for values of p ~ 2.
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I electron EDM 90% CL
I neutron EDM 95% CL
[ Mercury EDM 95% CL

My tan3=9.5
ol ®, =—18.5°
M| =2300 GeV
1201 Dy =54°

FIG. 11: EDM constraints in the ®, — ®,;, plane for different values of p. All other relevant

parameters are consistent with the ones in parameter set 1 in Table (the same as in Fig. .

Figure shows the correlation between the phases of u and My for the points which
are consistent with the electron, neutron and mercury EDM’s. As Fig. [11| shows, no matter
what value the hierarchy factor p takes, there is always some point where the three constraint
regions overlap with each other. As p goes up, one-loop contribution fades away and two-
loop diagrams dominate since propagators of first 2 generations of squarks and sleptons only
come into play in one-loop diagrams. The blue stripe allowed by eEDM measurement rotates
towards constant ®,. This phenomenon can be easily understood since ®,,, affects the mass

structure of charginos and neutralinos, which control the main one-loop contributions to
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the eEDM. The red stripe stands for Mercury EDM, which depends only weakly on ®,y,,
and it grows wider as p increases, which may be understood due to the smaller degree of
cancellation between ®, and the gluino phase necessary to be consistent with the current

experimental bounds on this quantity.

VI. FLAVOR PHYSICS CONSTRAINTS

The flavor physics implications of the MSSM depend very strongly on the exact flavor
structure of the soft supersymmetry breaking parameters. Small missalignments between
the squark and the quark mass matrices can induce large flavor violating effects, without
having an impact on any other observables. Since in our work we are considering the MSSM
as a low energy effective theory, without any assumption of the supersymmetry breaking
mechanism at high energies, it is not possible to obtain precise predictions on the flavor
observables. In order to obtain an estimate of the flavor violating effects, we used the
results of CPsuperH, which are based on the assumption of minimal flavor violation, with
additional flavor misallignments induced by up-Yukawa effects [62]-[68], which lead to non-
vanishing contributions from flavor violating couplings of the gluino with the left-handed
down-quarks and scalar down-quarks.

In general, since in the models under consideration the squarks are heavier than about
2 TeV, tan 3 is moderate and the charged Higgs mass is about 300 GeV, one does not expect
large flavor violating effects. These effects, however, may be enhanced by the presence of
large trilinear couplings between the Higgs and the third generation squarks. In Figure
we show the predictions for two relevant observables, namely the branching ratios of the

decays of B, — ptpu~ and B — X,v. The current experimental values of these observables,
BR(B — X, +7) = (3.55+£0.24709 +0.03) x 10~*
as estimated by the Heavy Flavor Averaging Group for E, > 1.6 GeV [69], and
BR(Bs — pt +p7)=(29+0.7) x 107°

as recorded by LHCb and CMS analyses [70] are in somewhat good agreement with the SM
predictions [71],[72],[74] given by

BR(B — X,y) = (3.154+0.23) x 107*
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(see Ref. [73] for an alternative calculation of this rate) and
BR(B, — ptp™) = (3.65£0.23) x 1077,

In our analysis, we performed a small rescaling of the values of B — X, given by CPsuperH

in order to obtain the proper SM results [72] for large squark and charged Higgs masses.
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FIG. 12: The branching ratio values of the decay channels By — p*+u~ and channel B — X+,
computed in CPsuperH, are displayed for points allowed by all experimental constraints considered
in this article. The points are colored by the CP-odd component of H;. The red pentagram marks
the current experimental values. The red triangle in the plot displays the prediction by Standard

Model. The regions allowed at the 68% and 96% C.L. are displayed by dashed lines.

In Figure[12] we show with dashed lines the regions allowed at the 68% and 96% confidence
level (C.L.). We see that under the above assumptions, for the maximal CP-violating effects
in the Higgs sector, the predicted values of these two observables are in good agreement
with the experimental values and actually this model leads to a similarly good description
of these observables to the one obtained in the SM. Therefore, these flavor observables do
not put additional constraints on the allowed values of the CP-odd component of the lightest

neutral Higgs boson.
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VII. PROBES OF THE H; CP-ODD COMPONENT AT THE LHC.

The small CP-odd components of the lightest CP-even Higgs boson make its detection
difficult. A variety of observables that may lead to the determination of the H; CP-odd
component have been constructed and different experiments are proposed to measure a CP
mixing directly, for example, the azimuthal angle correlations between two jets in Higgs
plus two jets channel via gluon fusion [75], the polarization correlation in the H — vZ and
H — ~7 channels [76], the angular distribution of the products in the ¢ttH channel [77],[78],
as well as the distribution over the angle between the planes of e”e™ pairs arising from
conversion in diphoton decays [79],[80].

A promising channel, h — 7771, has been proposed to investigate the CP nature of the
Higgs boson at the LHC [81],[82],[83], and becomes suitable to test CP-violation in the Higgs
sector of the MSSM. In the recent proposal, Ref. [82], the mixing angle, ¢, defined as:

s
tan ¢, = =3 (20)

hrr
can be determined by measuring the spin correlation of the tau lepton pairs, which lead to
particular differential distributions of the tau pairs in the Higgs decays. These correlations
are characterized by an angle ¢f.p, defined from the impact parameters and momenta of the
charged prongs a~ and a* in the decays 7= — a~ + X and 77 — a/T + X in the a~a'*
zero-momentum frame. The measured differential distribution of the Higgs boson decaying

into tau-pairs with respect to ¢fp can be described by:

do(pp — Hy — 77)
6%
The major background comes from the Drell-Yan production of 7 pairs whose effects can

~ ucos(Ppp — 2¢,) + v (21)

be minimized by cuts. It is claimed that the Higgs mixing angle ¢, can be measured to
a precision of A¢, ~ 14.3°(5.1°) at the high luminosity LHC (14 TeV) with an integrated
luminosity of 500 fo=*(3 ab™') (Ref. [81], instead, claims a sensitivity of about 11° at 3 ab™!).

In the Higgs basis, considering only the dominating terms, tan ¢, can be approximated

by
O3 tan 3
011 — 021 tanﬁ’

which leads to values of ¢, of order of 10° for values of O3; and Oy of a few percent and

tan ¢, ~ (22)

tan 8 ~ 10, and grows for larger values of tan .. For instance, for point 1 in Table [ITI] a
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value of tan ¢, = 0.236 is obtained, corresponding to ¢, = 13°, within the reach of LHC.
This is well within the claim reach of the high luminosity LHC.
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FIG. 13: Maximum value of ¢, Eq. (20)), in the tan 3 - p plane, obtained from a a scan of the phases
of all relevant parameters, A, p, Mg and Mo, for my+ = 300 GeV, |4A;| = |p| = 3Msysy = 6 TeV.
The values of tan 8 and p are varied within a fairly large range, and points consistent with the

present experimental constraints are selected.

To get a better perception of the power of the h — 777" measurement, in Fig we plot,
for the points we found satisfying all current experimental constraints considered in this
paper, the maximum value of ¢, in the tan §— p plane. In other words, these values represent
the experimental sensitivity needed in order to start probing the CP-odd component of H;
in the MSSM for that particular parameter region.

It is then clear that if the value of Os; is close to the maximal values consistent with
current experimental constraints, the LHC may probe this CP-violating effects in the high
luminosity run. It is also clear that in order for the LHC to probe the CP-odd component
of Hy in the MSSM, the charged Higgs mass should be of order of the weak scale and
tan 8 > 5. This region of parameters will be efficiently probed by the LHC in the search for
Higgs bosons decaying into 7-pairs in the near future. Moreover, as stressed before a large
CP-odd component of H; is in general associated with a modification of the branching ratios

of H; and hence precision measurements of the H; properties will further test the region of
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parameter space consistent with a significant CP-odd component of H;.

VIII. CONCLUSION

In this article, we studied the values of the CP-odd component of the lightest neutral
Higgs allowed by current experimental constraints. We derived new analytical expressions
in the Higgs basis that allow a good understanding of the parametric dependence of this
component on the supersymmetry breaking parameters. We showed that the values of the
stop left-right mixing parameter that maximize the lightest CP-even Higgs mass lead to
a suppression of the dominant loop contribution to the CP-odd component of the lightest
Higgs boson. Since for stop masses of order of the TeV scale, stop mixings close to the ones
that maximize mpy, are necessary in order to obtain SM-like Higgs masses of order of the
one observed experimentally, the measured Higgs mass puts a significant constraint on the
possible values of the H; CP-odd component.

Moreover, we showed that large H; CP-odd components lead necessarily to a significant
increase of the width of the lightest neutral Higgs decay into bottom quarks. Since the
width of H; — bb is the dominant decay width of H;, this increase leads also to a significant
modification of the branching ratio of the decays of H; to gauge bosons, what leads to a
further constraint into large H; CP-odd components.

Electric dipole moments put a further constraint on this possibility. Although cancel-
lations between one-loop and two-loop contributions may lead to acceptable values of the
electron EDM, which is the most precisely bounded one at this point, the strong alignment
between the phases of © and the gluino mass leads to further restrictions on the possible
obtention of a large H; CP-odd component. At the end, we showed that the CP-odd com-
ponent of H; is restricted to be smaller than about 3%. Furthermore, we analyzed relevant
flavor physics observables and shoed that they do not set additional constraints on this H;
property.

We also studied the possible experimental detection of the H; CP-odd component at the
LHC. The h — 77 channel presents a very efficient probe of this possibility. The CP-odd
coupling of the 7 lepton to H; is proportional to the H; CP-odd component but it is enhanced
by a tan 8 factor. Due to this enhancement, we showed that, for values of the charged Higgs

mass of the order of the weak scale and tan 8 > 5, a determination of the H; CP-odd mixing
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is possible at a high luminosity LHC, but only for values close to the largest allowed values
of this mixing. The observation of a non-vanishing CP-odd component of H; would then put
strong constraints on the parameter space of the MSSM. Further constraints coming from
precision measurement of the H; branching ratios and searches for heavy Higgs bosons may
further probe the parameter space consistent with an observable CP-odd component of H;
in the MSSM.

Let us emphasize in closing that the constraints on the CP-violating components of H;
discussed in this paper are specific for the MSSM and could not be generalized to more
general two Higgs doublet models, where larger CP-violating effects in the Higgs sector may
be present, as has been discussed in Refs. [75]-[83]. Some of these constraints are related to
the specific properties of the radiative corrections leading to the Higgs mass generation in
the MSSM and may be avoided in non-minimal supersymmetric extensions, like the NMSSM
(see for instance Ref. [84]). Finally, while the LHC capabilities are limited, measurement of
the CP-violating component of H; may be improved at lepton colliders, as was discussed in

detail in Refs. [85]-[88]. We plan to come back to these subjects in the near future.
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