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Extensions of the standard model (SM hereinafter) is a natural way to resolve some issues, which
cannot be fully dealt with in the theoretical framework of the conventional high energy physics.
In these proceedings the minimal supersymmetric standard model (MSSM) is considered through
its applications to mixing processes and rare decays in neutral mesons’ systems with a special
emphasis put on the former.
Selected results of symbolical calculations and their numerical simulations for a CP violating
(non-direct) parameter ε and a mass splitting value ∆mLS in K 0 -, B0d,s - and D0 -meson systems,
due to charged Higgs and chargino exchanges, are presented. The aforementioned results are
shown to constrain MSSM scenario-defining parameters (m±
H and tgβ ) helping to exclude certain
regions at the MSSM plane of parameters (namely for low values of tgβ < 4 and for high values
of tgβ > 35 with light charged scalars mH ± < 150GeV ). Prospects of future calculations for rare
decays are mentioned as well.
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1. Introduction

2. The Model
1. The MSSM of the basic type has been used thus providing us with two scalar doublets (we
shall refer to this fact as “THDM”). The Yukava sector, featured in the model under consideration, is of the second type [2]:
II
−LY
= gui j1 Q̄′i L Φ̃1 u′j R + gdi j 2 Q̄′i L Φ2 d ′j R + lept. sec. + h.c.,

(2.1)

which means Φ1 scalar field generates upper quark masses while scalar field Φ2 does the
same for down-type quarks.
2. As mentioned above, the Higgs sector contains two scalar doublets [3]. The MSSM effective
potential of the most common type [4, 5] was used at mt energy scale:
∗

2
2
U(Φ1 , Φ2 ) = − µ12 (Φ†1 Φ1 ) − µ22 (Φ†2 Φ2 ) − µ12
(Φ†1 Φ2 )− µ12
(Φ†2 Φ1 ) +

+λ1 (Φ†1 Φ1 )2 + λ2 (Φ†2 Φ2 )2 + λ3 (Φ†1 Φ1 )(Φ†2 Φ2 ) + λ4 (Φ†1 Φ2 )(Φ†2 Φ1 )+
2

(2.2)
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The standard model, which is verified perfectly by a great variety of precision experimental
data, is probably the finest creation of a human’s mind, at least in high energy physics. However, as
in the case of every profound physical theory, SM has its own constraints and limitations as well as
some problems it struggles to resolve and some subtle effects which are yet to be understood fully
(if ever) in terms of the coventional approach. Those problems include (but aren’t limited to): the
Higgs sector, where the fundamental scalar boson is yet to be discovered experimentally; an exact
number of fermion generations; an excess of arbitrary parameters of the model under consideration;
a mass hierarchy problem; possible extra dimensions etc.
Aforementioned problems is a reason, why various SM extensions are presently being thoroughly reviewed and investigated. MSSM [1] is a natural way to understand some of these problems while its predictions at a considerable span of defining parameters don’t contradict to any
experimental data. There are also such physical systems and such phenomena, which can hardly
be described by a common version of the MSSM and thus require some much needed constraints
over MSSM parameter space.
One bunch of such systems — neutral K 0 -, B0d,s - and D0 -mesons — is being considered in this
work. Two well-known physical quantities: a mass splitting ∆miLS and a measure of the (indirect)
CP violation ε — were carefully re-evaluated in the framework of a specific MSSM scenario with
an emphasis on charged Higgs contributions. The purpose of the work was to get constraints on
the MSSM parameter plane (tgβ , mH ± ) by comparing theoretical results with experimental values
of evaluated physical quantities.
A scene of the work is set in this short Introduction. The Model itself is briefly descibed in
the second paragraph. The third paragraph contains the most important results of symbolical
calculations as well as a tiny mention of various QCD corrections. Numerical results are presented
(in pictorial form) in the fourth part of the article. Prospects and conclusions of the work are being
summed up in the fifth paragraph.
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∗

λ5
λ5
+ (Φ†1 Φ2 )(Φ†1 Φ2 ) + (Φ†2 Φ1 )(Φ†2 Φ1 )+
2
2
∗

∗

+λ6 (Φ†1 Φ1 )(Φ†1 Φ2 )+ λ 6 (Φ†1 Φ1 )(Φ†2 Φ1 ) + λ7 (Φ†2 Φ2 )(Φ†1 Φ2 )+ λ 7 (Φ†2 Φ2 )(Φ†2 Φ1 ).
Parameters µ12 , λ5 , λ6 and λ7 are importantly complex after the SUSY breaking. They are
all equal to zero above the SUSY breaking scale, which we set at MSUSY = 500 GeV , but obtain imaginary contibutions from radiative corrections due to “triangle” and “box” one-loop
diagramms with an interaction between Higgs bosons and squarks of the third generation.

3. Symbolical Calculations
We shall mainly concentrate on a mass splitting value for K 0 - and B0d,s -meson systems. The
common formula can be presented the following way:
′

SD
LD
SD
∆mLS = ∆mLD
LS + ∆mLS = ∆mLS + B · ∆mLS ,

(3.1)

where the first summand corresponds to non-perturbative long-distance contributions, while the
second one is related to short-distance contributions from various SM, charged Higgs and chargino
“box” diagramms (see fig.1), including a set (ηi ) of perturbative QCD corrections from hard gluon
exchanges. B denotes non-perturbative QCD corrections via different intermediate hadron states at
low energies.
3.1 Standard model
In a framework of the SM, a (“short-distance”) mass splitting in K-mesons is defined by the
following well-known formula (by virtue of the GIM-mechanism — fig.1-1):
"
G2F fK2 mK BK
SD−WW
∗ 2 2 2
∆mLS
=
Re (Vcd
) Vcs mc η1 I(ξ1 ) +
6π 2

∗
VtsVcs η3 mc mt I(ξ2 , ξ3 ) ,
+ (Vtd∗ )2Vts2 mt2 η2 I(ξ2 ) + 2Vtd∗ Vcd
3

(3.2)
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3. After the diagonalization we obtain a mass spectrum of scalar fields in the model [5, 6].
By using the THDM we shall have three neutral and two charged scalar fields in addition
to three goldstone particles to be eaten by W ± - and Z 0 -bosons. In case of an explicit CP
violation with a pre-set relationship between parameters, governing radiative corrections
(µ = 2 At,b = 4 MSUSY — corresponds to a so-called ‘CPX’-scenario [7]), neutral scalar
modes mix into three non-CP eigenstates h1 , h2 , h3 , so that a VEV’s ratio tgβ and a mass of
the charged Higgs become MSSM defining parameters at the phenomenological level. Meanwhile, the latter quantity proves to be different from MSSM models with the CP preservation
[6]:
v2
2
+ m2A − (Re ∆λ5 − ∆λ4 ),
m2H ± = mW
(2.3)
2
where mA is the mass of pseudoscalar in CP-preservation limit (radiative corrections ∆λ4,5
can be seen in [6] as well), thus allowing lighter scalar fields in a wider tgβ range than is
usually expected.
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where I(ξi , ξ j ) and I(ξi ) is a couple of well-known Inami-Lim-Vysotski (ILV) functions [8, 9] and
ξ1 = ( mmWc )2 , ξ2 = ( mmWt )2 , ξ3 = ( mmct )2 .

3.2 Charged Higgs exchanges
By using the defined Model (sec. 2) we obtain additional contributions to a mass splitting
value from diagramms with charged Higgs (H ± — fig.1-2 and fig.1-3) and charginos (χ1,2 ). The
corresponding results (see [10] for detailed calculations) are presented below (’t-Hooft–Feynman
gauge has been used resulting in contributions from non-physical scalars G):

ms md
CH2 fK2 mK BK tg4 β m2s m2d
HH HH
HH
·
D1 (J11
, J12 ) −
· D2 (J21,22
)+
=
4
2
2
2
384π mW
4 · mH

m2H
5 BSK 2
HH HH
HH HH
+
· D3 (J31 , J32 ) + ·
· m · D4 (J41 , J42 ) ,
4 · tg4 β
8 BK s


mW
GF CH fK2 mK BK m2H
tg2 β ms md
HW
SD−HW
HW
E2 (J2 j ) ,
∆mLS
=
E1 (J1 j ) −
3
2 · tg2 β
mW
24π 2 · mW

∆mSD−HH
LS

∆mSD−HG
=
LS

(3.3)
(3.4)

GF CH fK2 mK BK m2H  2 2 2
HG HG
md ms tg β · F1 (J11
, J12 ) +
8
96π 2 mW

4
mW
HG HG
· F3 (J31
, J32 )
2 · tg2 β



5 BSK 2
ms md
2
2
HG HG
2
− ·
· m · ms + md − 2 − ms md tg β · F4 (J41 , J42 ) ,
4 BK W
tg β
2
HG HG
+ ms md mW
· F2 (J21
, J22 ) +

Here we have:
HH
∗
HH
∗
2 4
2 4
Di (JiHH
j ) = Re [(Vcd Vcs ) mc η7 Ji1 (ξ4 ) + (Vtd Vts ) mt η8 Ji1 (ξ5 ) +

4

(3.5)
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Figure 1: K 0 —K 0 vacuum transitions in the model under consideration. 1). WW -box of the SM; 2).-3).
MSSM contributions due to charged Higgs exchanges; 4). MSSM contributions due to chargino (χ̃1,2 ) and
3rd-generation squark t˜1,2 exchanges.
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∗
+ 2 Vtd∗ Vcd
VtsVcs m2c mt2 η9 Ji2HH (ξ3 , ξ4 , ξ5 )] (i = 1, 2, 3, 4; j = 1, 2) ,
∗
2 2
HW
∗
2 2
HW
Ei (JiHW
j ) = Re [(Vcd Vcs ) mc η4 Ji1 (ξ1 , ξ4 , ξ6 ) + (Vtd Vts ) mt η5 Ji1 (ξ2 , ξ5 , ξ6 ) +
∗
+ 2 Vtd∗ Vcd
VtsVcs mc mt η6 Ji2HW (ξ1 , ξ2 , ξ3 , ξ4 , ξ5 , ξ6 )] (i = 1, 2; j = 1, 2),
∗
2 4
HW
2 4
∗
HW
Fi (JiHG
j ) = Re [(Vcd Vcs ) mc η4 Ji1 (ξ1 , ξ4 , ξ6 ) + (Vtd Vts ) mt η5 Ji1 (ξ2 , ξ5 , ξ6 ) +
∗
+ 2 Vtd∗ Vcd
VtsVcs m2c mt2 η6 Ji2HW (ξ1 , ξ2 , ξ3 , ξ4 , ξ5 , ξ6 )] (i = 1, 2, 3, 4; j = 1, 2).

ξi variables). Their exact expressions are rather complicated; they are listed in [10]. CH =
is an analogue of Fermi constant for Yukava interaction.

√ 2
4 2mW
v2 m2H ±

3.3 Chargino — squark exchanges
Contributions from the SM superpartner exchanges, represented in fig.1-1, can be evaluated in
a similar way. Retaining only the leading order impacts (details can be found in [10]) we obtain:
SD−χ̃ t˜

∆mLS

=

mt4 fK2 mK BK · |Z p22 |4
· Re[(Vtd∗ Vts )2 · Q],
4
2
2
4
48π v · mχ̃1 · sin β

(3.6)

where
Q = (Zu∗63 Zu33 )2 · Jt˜11
+ (Zu∗66 Zu36 )2 · Jt˜11
+ 2 · Zu∗63 Zu33 Zu∗66 Zu36 · Jt˜12
.
1 ,t˜1
2 ,t˜2
1 ,t˜2
Here Z p22 = 0.98 is a matrix element of chargino mass matrix and Zui j are matrix elements of squark
mixing matrix. Jkl11 and Jkl12 are identical to corresonding JiHk
j (ξl ) functions, mentioned above.
3.4 QCD corrections and a measure of CP Violation
The results, listed above, can be easily adjusted to B0d,s -meson systems by replacing corresponding indices and CKM-matrix elements in aforementioned expressions with their B-analogues.
Expressions for D0 mixings are harder to esteem but a four-fermion approximation works well in
this case helping us to simplify the formulae. See [10] for details.
Perturbative QCD corrections ηi due to hard gluon exchanges were previously evaluated in
[11, 12], while non-perturbative corrections were re-evaluated in a manner of [13, 14] with a use of
finite energy sum rules formalism thus giving us values for BK,Bs ,Bd and BK . Finally, long-distance
contributions ∆mLD can be extracted from experimental data with a use of normalization procedure.
A following expression was also applied for evaluation of a non-direct CP violation value ε
via amplitudes of various SM and MSSM contributions:

1
|ε tot | = √
2 2

i=2

j=7

i=1

j=1

k=1

i=2

j=7

k=4

k=4

HG j
WW +
HHk
HWi +
MLS
∑ MLS + ∑ MLS
∑ MLS
WW
NLS

+∑

i=1

HWi +
NLS

∑

j=1

HG j
NLS
+

∑

k=1

.

(3.7)

HHk
NLS

It’s to be noted, that the amplitudes of box diagramms, listed above, are also the amplitudes
for different rare meson decays induced partially by the same type of Feynman graphs.
5
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A set of JiHk
j (ξl ) functions is fully similar to ILV functions of the standard model (as is the case of
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4. Numerical results
Various tables and graphs are thorougly presented in [10] and in other articles of the same
authors, which are listed in [10] bibliography. As a sample of obtained constraints we can address
fig.2, which selects certain regions of (tgβ , mH ± ) MSSM plane, where deviations from the experimental value of |εK | exceed 1, 3, 5 σ respectively, thus excluding (at different CL) low values of
tgβ for almost all possible mH ± , higher levels of tgβ for light charged scalars, and a certain region
of big tgβ (from Bs data) also for the lightest charged Higgs bosons.

A specific statictical method [15], developed by S. Bityukov and N. Krasnikov, to assess a
distuingishability between the new (MSSM) physics and the SM was tested in this work. Two
statistical estimators have been implemented — the distinguishability κ and the confidence level ζ
(not directly related to the CL). The following constraints on the (tgβ , mH ± ) MSSM plane were
obtained:
1. “Mild exclusion” (ζ > 1.05 σ and κ > 86%). The following regions are excluded with these
values of estimators: 1). tgβ < 5 (for all mH ± at considered range); 2). 5 < tgβ < 10 for
mH ± < 325 GeV; 3). tgβ > 30 for mH ± < 175 GeV.
2. “Normal exclusion” (ζ > 2 σ and κ > 97.5%). The following regions are excluded with
these values of estimators: 1). tgβ < 2 (for all mH ± ); 2). tgβ > 42 for mH ± < 125 GeV.

5. Conclusions and prospects
5.1 Conclusions
1. It’s shown that HW -, HH- and HG- contributions are tiny in comparison with those of the
SM in the largest region of the MSSM parameter plane as they also decrease with an increase
of tgβ and mH ± for K-mesons and B-mesons as well.
6
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Figure 2: Non-direct CP violation parameter |εK |, defined for neutral K 0 -mesons, as a function of the
charged Higgs mass mH ± and tgβ . Coloured lines correspond to a deviation of |εKtheory | from |εKexp |: red —
1 σ , blue — 3 σ , and green — 5 σ — if precision of measurements is raised by an order of magnitude.
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2. An entire set of Inami-Lim-Vysotski analogue functions is obtained. ILV analogues are
shown to have common limits with the results of four-fermion low-energy approximation.
3. An estimation of possible constraints of the MSSM parameters space has been performed
with the use of Bityukov-Krasnikov statistical approach. It’s shown for the first time (based
on B0s -meson studies) that considerable deviations from the SM do exist in the region of large
tgβ > 35 and low values of the charged Higgs mass mH ± < 150 GeV.

5.2 Future prospects
The following questions are in progress or going to be addressed in subsequent works of these
authors:
1. Mass splitting and non-direct CP-violation effects in neutral mesons due to chargino–stop
exchanges can be large on the outskirts of the MSSM parameter plane.
2. Evaluation of penguin and box diagrams with charged Higgs and charginos for direct CPviolation quantities and asymmetries.
3. Box and penguin diagrams for rare decays in B-, K- and D-meson systems with scalar bosons
and superpartners (look for some samples in fig.3).
4. Finite temperature effects and corresponding constraints for the MSSM parameter space.
The authors would like to thank the organizers of the QFTHEP’2010 Conference for an interesting and useful meeting. This work has been supported by grant RFBR 10-02-00525a.
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Figure 3: Various contributions of charged Higgs and chargino exchanges to the width of the B0s → µ µ̄ rare
decay via “box” (1–5) and “penguin” (6–8) diagramms in a framework of the MSSS. H denotes a charged
Higgs, χ̃1,2 go for charginoes, while t˜1,2 are squarks of the third generation.

Neutral mesons’ mixings and rare decays in the framework of MSSM

Alexey Sukachev

References
[1] H. Haber, G. Kane. The Search for Supersymmetry: Probing Physics Beyond the Standard Model,
Phys. Rep., 1985, 117, P. 75.
[2] S.L. Glashow, S. Weinberg., Phys. Rev. D, 1977, 15, N 7, P. 1958.
[3] T.D. Lee, A Theory of Spontaneous T Violation, Phys. Rev., 1973, D8, P. 1226.
[4] M. Carena, J. Ellis, A. Pilaftsis, C.E.M. Wagner, Higgs boson pole masses in the MSSM with explicit
CP violation, Nucl. Phys., 2002, B625, P. 345. [hep-ph/0111245]

[6] E.N. Akhmetzyanova, M.V. Dolgopolov, M.N. Dubinin, Higgs Bosons in the Two-Doublet Model with
CP Violation, Phys. Rev., 2005, D71, P. 075008. [hep-ph/0405264]
[7] M. Carena et al., CP violating MSSM Higgs bosons in the light of LEP-2, Phys. Lett., 2000, B495,
P. 155. [hep-ph/0009212]
[8] M.I. Vysotski, K 0 → K̄ 0 transition in the Standard SU(3) ⊗ SU(2) ⊗U(1) model, Phys. of At. Nucl.,
1980, 31, N 1-4, ó. 1535.
[9] T. Inami, C.S. Lim, Progr. Theor. Phys., 1981. 65, N 1. P. 297.
[10] M.N. Dubinin, A.I. Sukachev, K 0 -,B0 - and D0 —meson mixings in a framework of the MSSM with an
explicit CP-violation, SINP MSU preprint, N 2009-1/845, 2009.
[11] S. Herrlich, U. Nierste, Enhancement of the KL — KS mass difference by short distance QCD
corrections beyond leading logarithms, Nucl. Phys., 1994, B419, N 2, P. 292. [hep-ph/9310311]
[12] G. Buchalla et al. Renormalization Group Analysis of Charged Higgs Effects in ε ′ /ε for a Heavy Top
Quark, Nucl. Phys., 1991, B355, P. 305.
[13] K.G. Chetyrkin et al., Calculation of the K 0 − K 0 mixing paramterer via the QCD sum rules at finite
energies, Phys. Lett., 1986, B174, P. 104.
[14] N.V. Krasnikov, A.A. Pivovarov, N.N. Tavkhelidze, The use of the Finite Energetic Sum Rules for the
calculation of the light quark masses, Phys. Lett., 1983, B123, P. 93.
[15] S. Bityukov, N. Krasnikov, Distinguishability of hypotheses, Nucl. Instr. Meth., 2004, A534, P. 152.

8

PoS(QFTHEP2010)034

[5] M.N. Dubinin, A.V. Semenov, Triple and quartic interactions of Higgs bosons in the two Higgs
doublet model with CP violation, Eur. Phys. J. C, 2003, 28, P. 223. [hep-ph/9812246]

