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Exploring flavor structure of supersymmetry breaking from rare B decays
and the unitarity triangle
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We study effects of supersymmetric particles in various rareB decay processes as well as in the unitarity
triangle analysis. We consider three different supersymmetric models, the minimal supergravity,SU(5) SUSY
GUT with right-handed neutrinos, and the minimal supersymmetric standard model withU(2) flavor symme-
try. In the SU(5) SUSY GUT with right-handed neutrinos, we consider two cases of the mass matrix of the
right-handed neutrinos. We calculate direct and mixing-induced CP asymmetries in theb→sg decay and CP

asymmetry inBd→fKS as well as theBs–B̄s mixing amplitude for the unitarity triangle analysis in these
models. We show that large deviations are possible for theSU(5) SUSY GUT and theU(2) model. The
patterns and correlations of deviations from the standard model will be useful to discriminate the different
SUSY models in futureB experiments.

DOI: 10.1103/PhysRevD.70.035012 PACS number~s!: 12.60.Jv, 11.30.Er, 12.15.Hh, 14.40.Nd
-
e
he
-

ar
-

u-
C

ly
sh
r
n-
h
v
c

y
t

-

s
it

er

Y
he
they
We

on-
th

le,
sics
he

es
ex-
CP

s

and
in
-
in
if-

ex-
b-
r

2

I. INTRODUCTION

Success ofB factory experiments at KEK and SLAC in
dicates thatB physics is important to explore origins of th
flavor mixing and the CP violation in the quark sector. T
CP asymmetry in theBd→J/cKS mode is precisely deter
mined, and a CP violation parameter sin 2f1 ~or sin 2b) is
found to be consistent with the prediction in the stand
model ~SM! @1#. In addition, branching ratios and CP asym
metries in various rareB decays have been reported. In f
ture, we expect much improvement in measurements of
violation and rareB decays ate1e2 B factories as well as
hadronB experiments@2#.

Goals of futureB physics are not only to very precise
determine the parameters of the Cabbibo-Kobaya
Maskawa~CKM! matrix elements@3#, but also to search fo
new sources of CP violation and flavor mixings. For i
stance, scalar quark~squark! mass matrices could be suc
new sources in supersymmetric models. Since the fla
structure of the squark mass matrices depends on the me
nism of supersymmetry~SUSY! breaking at a higher energ
scale and interactions above the weak scale through
renormalization, futureB physics can provide quite impor
tant information on the origin of SUSY breaking.

In our previous papers@4,5#, we studied the flavor signal
in three different models, namely, the minimal supergrav
~mSUGRA!, the SU(5) SUSY GUT grand unified theory
~GUT! with right-handed neutrinos, and the minimal sup
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symmetric standard model~MSSM! with U(2) flavor sym-
metry @6,7#. These models are typical solutions of the SUS
flavor problem. They have different flavor structures in t
squark mass matrices at the electroweak scale. Thus,
may be distinguished by low-energy quark flavor signals.
calculated SUSY contributions to theBd–B̄d , Bs–B̄s , and
K0–K̄0 mixings in these models, and showed that the c
sistency test of the unitarity triangle from angle and leng
measurements are useful to discriminate these models.

In addition to the consistency test of the unitarity triang
there are several promising ways to search for new phy
effects throughB decay processes. As pointed out in t
context of SUSY models@8,9#, comparison of time-
dependent CP asymmetries inBd→J/cKS , Bd→fKS , and
Bd→h8KS provides us with information on new CP phas
in the b→s transition, because these asymmetries are
pected to be the same in the SM. Recent results on the
asymmetry inBd→fKS by Belle and BaBar collaboration
indicate a 2.7s deviation from the SM prediction@10#. This
anomaly may be attributed to new physics, SUSY withR
parity @11,12#, SUSY withoutR parity @13#, or other models
@14#. Moreover, the CP asymmetries in theb→sg process
@15,16# have been extensively studied in several models,
they would exhibit substantial deviation from the SM
some models@17#. The branching ratio and decay distribu
tions of b→sl l̄ have also examined by several authors
different contexts of new physics, and they may probe d
ferent aspects of new physics@18,19#.

In this paper, we extend our previous analysis@4# to rareB
decay processes, especiallyb→s transitions. We investigate
the direct CP asymmetry inb→sg, and the mixing-induced
CP violation inBd→Msg process, whereMs is a CP eigen-
state hadron with strangeness, and CP asymmetry inBd
→fKS process. We show that the above three models
hibit different patterns of deviation from the SM. These o
servables as well as those studied in our previous pape@4#

,
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could play an important role in a new physics search at
ture B experiments, such as a superB factory @20# and had-
ron B experiments@2#.

The strategy of the present work and@4# is different from
most other works. For each model of SUSY, we calcul

SUSY effects in various mixings (Bd–B̄d , Bs–B̄s , and

K0–K̄0) and rare decay processes, and identify possible
terns of deviations from the SM predictions. We then co
pare patterns of the new physics signals for different mod
In this way we may be able to distinguish different models
SUSY breaking scenarios, or at least obtain important cl
to identity the SUSY breaking sector. Most of past wor
deal with a specific observable signal in a particular SU
model. The strategy of combining various information inB
physics will be important in future, especially in the days
a superB factory and dedicated hadronB experiments. The
purpose of the present work is to demonstrate how such
bal analysis inB physics is useful to explore the flavor stru
ture of SUSY breaking sectors.

In the present work, some of our calculations are a
analysis of past works under most updated phenomeno
cal constraints, and others are new studies. Even in the
that a similar calculation can be found in the literature fo
specific process and a model, we repeat the calculatio
order to treat various processes in a uniform way. In
mSUGRA model,Bd–B̄d , Bs–B̄s , andK0–K̄0 mixing, and
the direct CP violation ofb→sg were studied previously
Although the mixing-induced CP violation inBd→Msg pro-
cess and CP asymmetry inBd→fKS process have not ex
plicitly considered before, it was recognized that such p
cesses did not induce interesting signals once the se
constraints from various electric dipole moments were
plied. We have confirmed this by explicit calculations. F
theSU(5) SUSY GUT with right-handed neutrinos, we ha
found that flavor signals are quite different for differe
choices of the heavy right-handed neutrino mass matrix.
‘‘degenerate case’’ defined in Sec. II was considered
@4,21,22#. In particular, SUSY effects on the mixing ampl
tudes were studied in@21,22#, and the mixing-induced CP
violation in Bd→Msg process was also considered in@21#.
The direct CP violation inb→sg and the CP asymmetry in
Bd→fKS process are analyzed here for the first time. T
analysis ofB physics signals in ‘‘nondegenerate case’’
new. We compare the implications of a consistency tes
the unitarity triangle for degenerate and nondegenerate ca
which has been done only for degenerate case in@4#. We also
present analysis of rare decay processes and theBs mixing
for the nondegenerate case, which partly overlaps with a
cent work in @12#. For theU(2) model, flavor signals ha
been considered previously for mixing amplitudes in@4,24#,
but a quantitative analysis of various rare decay modes
not yet appeared in the literature. Preliminary results of
analysis are presented in a workshop report@5#, but the non-
degenerate case is not included in Ref.@5#.

Although we tried to clarify a characteristic feature
each model, this cannot be complete because of large n
bers of free parameters. There might be some param
space where new contributions, which are not shared
03501
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generic parameter space, become particularly important.
example, it was pointed out recently that neutral Higg
boson exchange effects may contribute to the various fla
changing process, especially for a large value of the ratio
the two-vacuum expectation values (tanb) @23#, but we do
not take into account these effects. Although we estimate
such an effect is small for the parameter region presen
numerically in this paper, this effect will be potentially im
portant.

This paper is organized as follows. In Sec. II, we intr
duce the three models. TheBd–B̄d mixing, theBs–B̄s mix-
ing, CP asymmetries inb→sg andBd→fKS are discussed
in Sec. III. The numerical results on these observables
presented in Sec. IV. Our conclusion is given in Sec. V.

II. MODELS

In this section, we give a brief review of the models. Th
are well-motivated examples of SUSY models, and are c
sen as representatives that have distinct flavor structure
detailed description of these models can be found in Ref.@4#.

A. The minimal supergravity model

In the mSUGRA, SUSY is spontaneously broken in t
hidden sector and our MSSM sector is only connected to
hidden sector by the gravitation. The soft breaking terms
induced through the gravitational interaction and have
new flavor mixing at the scale where they are induced.

The soft breaking terms are specified at the GUT scale
the universal scalar mass (m0), the universal gaugino mas
(M1/2), and the universal trilinear coupling (A0). The soft
breaking terms at the electroweak scale are determined
solving renormalization group equations.

In this model, the only source of flavor mixings is th
CKM matrix. New flavor mixings at the electroweak sca
come from the CKM matrix through radiative corrections

As for CP violation, in addition to the CP phase in th
CKM matrix, we have two new CP phases. One is the co
plex phase of them term (fm), and another is the phase o
A0 (fA). Since the potential sensitivity of the neutron ele
tric dipole moment~EDM! to CP violations in low energy
SUSY models was stressed by Elliset al. in Ref. @25#, the
neutron EDM and the electron EDM have been studied
detail by several authors in different context of low-ener
SUSY @25–27#. The bottom line in the mSUGRA is thatfm
andfA contribute to the neutron and the electron EDMs, a
experimental constraints@28,29# on these phases are ve
severe. Taking these EDM constraints into account, effect
new CP phases onK and B physics have turned out to b
small @30#.

B. The SU„5… SUSY GUT with right-handed neutrinos

In the last decade, three gauge coupling constants w
determined precisely at LEP and other experiments, and
measured values turned out to be consistent with the pre
tion of supersymmetric grand unification. Furthermore,
cent developments of neutrino experiments established
existence of small finite masses of neutrinos@31–33#, which
2-2
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can be naturally accommodated by the seesaw model@34#.
Guided by these observations, we considerSU(5) SUSY
GUT with right-handed neutrinos.

In this model, the soft breaking terms are the same a
the mSUGRA model at the scale where the soft break
terms are induced. Unlike the mSUGRA model, theSU(5)
SUSY GUT with right-handed neutrinos has new sources
flavor mixing in the neutrino sector. A large flavor mixing
the neutrino sector can affect the right-handed down-t
squark sector through GUT interactions. Quark flavor sign
in this model have been studied in Refs.@9,12,21,22,35#.

In the seesaw model, the neutrino mass matrix is writ
as

~mn! i j 5^h2&
2~yn!ki~MN

21!kl~yn! l j , ~1!

whereyn is the neutrino Yukawa coupling constant matr
MN is the mass matrix of right-handed neutrinos,^h2& de-
notes the vacuum expectation value of one of the Hi
fieldsh2 , andi , j ,k,l are generation indices. In the basis th
the charged lepton Yukawa-coupling constant matrix is di
onal, this neutrino mass matrix is related to the observa
neutrino mass eigenvalues and the Maki-Nakagawa-Sa
~MNS! matrix @36# as

~mn! i j 5~VMNS* ! ikmn
k~VMNS

† !k j. ~2!

In this model, the scalar lepton~slepton! masses and theA
terms have the mSUGRA type structure at the Planck s
(MP) as

~mL
2! i j 5m0

2d i j , ~mE
2 ! i j 5m0

2d i j , ~AE! i j 5m0A0ye
i d i j ,

~3!

wheremL
2 andmE

2 are the mass squared matrices of slept
andAE denotes the slepton trilinear scalar couplings. Ho
ever, at the scaleMR , where the right-handed Majorana ne
trinos are decoupled, new flavor mixings are generated
the renormalization group effects@37#. In the leading loga-
rithmic approximation, they are given as

~mL
2! i j .2

1

8p2
m0

2~31uA0u2!~yn
†yn! i j ln

MP

MR
, ~4a!

~mE
2 ! i j .0, ~4b!

~AE! i j .2
3

8p2
m0A0ye

i ~yn
†yn! i j ln

MP

MR
, ~4c!

for iÞ j . Consequences of these mixings on lepton fla
violating processes have been investigated from various
pects @38,39#. We see that, in this model, lepton flavo
violating processes, such asm→eg, are sensitive to the off-
diagonal elements ofyn

†yn .
We consider two cases in theSU(5) SUSY GUT with

right-handed neutrinos in regard to the spectrum of the rig
handed Majorana neutrinos. One is the case that all
masses of heavy Majorana neutrinos are the same~degener-
ate case!. In this simplest case, the flavor mixing of the ne
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trino sector is only caused byyn because there is no flavo
mixing in MN . Since the large mixing in the MNS matri
implies that the off-diagonal elements ofyn are large, the
m→eg branching ratio is enhanced in the wide region of t
parameter space and exceeds the experimental boun
some parameter regions. In order to suppress them→eg
branching ratio, we consider an elaborated case thatMN is
not proportional to the unit matrix~nondegenerate case!. In
this case, the neutrino mixing comes from bothyn andMN .
If the large mixing in the MNS matrix originates fromMN ,
the corresponding off-diagonal element ofyn need not be
large. Thus, them→eg decay rate can be suppressed in t
case.

We have new CP phases in this model. They are class
in the following three classes:

~i! The CP phases in the mSUGRA, i.e.,fm andfA .
~ii ! CP phases in the neutrino sector. There are six ph

cal complex phases inyn and MN in the basis in which the
charged lepton mass matrix is real and diagonal. From
combination of these six CP phases, we obtain three
phases in the low energy region, i.e., one Dirac CP phase
two Majorana CP phases.

~iii ! GUT CP phases@9,22,40#. The quark and lepton su
perfields are embedded in10 and5̄ representations ofSU(5)
as

10i5$Qi ,e2 if i
Q
~V†Ū ! i ,eif i

L
Ēi%, 5̄i5$D̄ i ,e2 if i

L
Li%,

~5!

whereV is the CKM matrix at the GUT scale,Qi(3,2,1/6),
Ū i(3̄,1,22/3), D̄ i(3̄,1,1/3), Li(1,2,21/2), and Ēi(1,1,1)
are quark and lepton superfields in thei th generation with
the SU(3)3SU(2)3U(1) gauge quantum numbers in p
rentheses. The phasesf i

L and f i
Q obey the constraintsf1

L

1f2
L1f3

L50 and f1
Q1f2

Q1f3
Q50. Before theSU(5) is

broken, CP phasesf i
L and f i

Q have physical meanings an
they may play an important role in the flavor physics throu
the renormalization group effect above the GUT scale.

C. A model with U„2… flavor symmetry

An alternative solution of the flavor problem of SUSY
introducing some flavor symmetry.U(2) flavor symmetry is
one of such symmetries@6,7#. We consider the model given
in Ref. @7#. In this model, the quark and lepton supermulti
lets in the first and the second generations transform as
blets under theU(2) flavor symmetry, and the third
generation and the Higgs supermultiplets are singlets un
the U(2).

In order to reproduce the correct structure of the qu
Yukawa coupling matrices, we assume the following bre
ing pattern of theU(2):

U~2!→U~1!→1~no symmetry!. ~6!

With this assumption, we obtain the quark Yukawa coupli
matrix yQ and the squark mass matricesmX

2 ,
2-3
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yQ
i j 5YQS 0 aQe8 0

2aQe8 dQe bQe

0 cQe 1
D , Q5U,D, ~7!

mX
25~m0

X!2S 1 0 0

0 11r 22
X e2 r 23

X e

0 r 23
X* e r 33

X
D , X5Q,U,D, ~8!

wheree ande8 are order parameters of theU(2) andU(1)
symmetry breaking, respectively, and they satisfye8!e!1,
andYQ , aQ , bQ , cQ , dQ , andr X are dimensionless param
eters ofO(1). As for thesquarkA terms, they have the sam
structure as the quark Yukawa coupling matrices,

AQ
i j 5AQ

0 YQS 0 ãQe8 0

2ãQe8 d̃Qe b̃Qe

0 c̃Qe 1
D , Q5U,D. ~9!

In general, though, being ofO(1), ãQ , b̃Q , c̃Q , andd̃Q take
different values from the corresponding parameters in
~7!, and we expect no exact universality of theA terms in this
model.

In the mass matrices of sfermions in this model, the
generacy between masses of the first and the second ge
tion is naturally realized. On the other hand, the mass of
third generation may be separated from the others. Th
exist flavor mixings ofO(e) between the second and th
third generations of sfermions. These are new source
flavor mixing besides the CKM matrix.

There are several efforts to explain the observed neut
masses and mixings in SUSY models with theU(2) flavor
symmetry~or its discrete relatives! @41#. However, the pur-
pose of this paper is to illustrate typical quark, especia
bottom, flavor signals in several SUSY models and to exa
ine the possibility to distinguish them. A detailed study
neutrino masses and mixings and lepton flavor signals
models with flavor symmetry is beyond the scope of
present work. Hence, in the following analysis, we will n
consider the lepton sector in theU(2) model.

III. PROCESSES

The processes considered in the following are theBd–B̄d

and theBs–B̄s mixings,b→sg, andB→fKS . We consider
the effective Lagrangian that consists ofDB51 terms and
DB52 terms

L5LDB511LDB52 , ~10!

LDB515C2LO2L1C2L8 O 2L8 1CLLOLL

1CLR
(1)O LR

(1)1CLR
(2)O LR

(2)1CTL
(1)O TL

(1)

1CTL
(2)O TL

(2)2C7LO7L2C8LO8L1~L↔R!,

~11!
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O2L5~ s̄agmcLa!~ c̄bgmbLb!, ~12a!

O 2L8 5~ s̄agmuLa!~ ūbgmbLb!

2~ s̄agmcLa!~ c̄bgmbLb!, ~12b!

OLL5~ s̄agmbLa!~ s̄bgmsLb!, ~12c!

O LR
(1)5~ s̄agmbLa!~ s̄bgmsRb!, ~12d!

O LR
(2)5~ s̄agmbLb!~ s̄bgmsRa!, ~12e!

O TL
(1)5

1

4
~ s̄a@gm,gn#bLa!~ s̄b@gm ,gn#sLb!,

~12f!

O TL
(2)5

1

4
~ s̄a@gm,gn#bLb!~ s̄b@gm ,gn#sLa!,

~12g!

O7L5
e

16p2
mbs̄

i

2
@gm,gn#bRFmn , ~12h!

O8L5
g3

16p2
mbs̄a

i

2
@gm,gn#Tab

(a)bR
bGmn

(a) . ~12i!

Among the above Wilson coefficients,C2L is dominated by
the tree contributions from the SM at the weak scale and
others are induced by loop effects. Therefore, one obta
C2L8 5euC2L , whereeu52Vus* Vub /Vts* Vtb . The coefficients
CLL , CLR

(1) , andCLR
(2) are also dominated by the SM contr

bution because of the QCD correction below the electrow
scale.LDB52 is described in our previous paper@4#.

We discussed theBd–B̄d and theBs–B̄s mass splittings
DmBd

andDmBs
in Ref. @4#. In this paper, we consider bot

the direct and the mixing-induced CP asymmetries inb
→sg and the CP asymmetry inB→fKS in addition to the
aboveDB52 process.

About the B0–B̄0 mixing processes, the mixing matri
elementsM12(Bd) andM12(Bs) are defined as

M12~Bq!52
1

2mBq

^BquLDB52uB̄q&, ~13!

whereq5d,s. We can expressDmBd
andDmBs

in terms of

M12(Bq) as

DmBq
52uM12~Bq!u. ~14!

The direct CP asymmetry in the inclusive decaysB→Xsg is
defined as@15#
2-4
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ACP
dir ~B→Xsg!5

G~B̄→Xsg!2G~B→Xs̄g!

G~B̄→Xsg!1G~B→Xs̄g!

52
a3

p~ uC7Lu21uC7Ru2!
F2Im r 2Im@~12eu!C2LC7L* #1

80

81
p Im~euC2LC7L* !1

8

9
p Im~C8LC7L* !

2Im f 27Im@~12eu!C2LC7L* #1
1

3
Im f 27Im@~12eu!C2LC8L* #1~L↔R!G , ~15!
n

ua
om
sed

z,
where the functionsr 2 and f 27 are found in Ref.@42#.
The time-dependent CP asymmetry in theBd decays to a

CP eigenstatef CP is given by

G~B̄d~ t !→ f CP!2G~Bd~ t !→ f CP!

G~B̄d~ t !→ f CP!1G~Bd~ t !→ f CP!

5ACP
dir ~Bd→ f CP!cosDmBd

t1ACP
mix~Bd→ f CP!sinDmBd

t.

~16!

In the b→sg decays, we consider the time-depende
mixing-induced CP asymmetry inBd→Msg, whereMs de-
notes a hadronic CP eigenstate that includes a strange q
such asK* or K1 . ACP

mix(Bd→Msg) is given as@16#

ACP
mix~Bd→Msg!5

2 Im~e2 ifBC7LC7R!

uC7Lu21uC7Ru2
, ~17!
of
on

03501
t

rk,

where

eifB5
M12~Bd!

uM12~Bd!u
. ~18!

As for Bd→fKS , we considerACP
mix(Bd→fKS), which is

given as

ACP
mix~Bd→fKS!5

2 Im~e2 ifBĀA!

uAu21uĀu2
, ~19!

whereA and Ā are decay amplitudes ofBd→fK and B̄d

→fK̄, respectively. SinceBd→fKS is a hadronic decay
mode, the calculation of the decay amplitude suffers fr
large theoretical uncertainties. Here we use a method ba
on the naive factorization. Details of the calculation ofA is
given in Refs.@9,8,43#. Using the naive factorization ansat
we obtain
Ā[2^fK̄uLuB̄&

52HVF1

3
CLL1

1

4
CLR

(1)1
1

12
CLR

(2)2
7

6

HT

HV
CTL

(1)2
5

6

HT

HV
CTL

(2)1
as

4p

4

9
kDMC8L1~L↔R!

1
1

9
PG

(c)~q2,mb
2!C2L1

1

9
~PG

(u)~q2,mb
2!2PG

(c)~q2,mb
2!!euC2LG , ~20!
in
es

the
where HV53^fK̄uOLLuB̄& and HT52(6/7)^fK̄uO TL
(1)uB̄&.

PG
(u,c)(q2,mb

2) comes from the one-loop matrix element
O2L , q2 is the momentum transfer of the exchanged glu
and kDM is an O(1) coefficient@43# that parametrizes the
matrix element ofO8 . The concrete form ofPG

(qi )(q2,mb
2) is

PG
(qi )(q2,mb

2)52(as /(4p))(G(mqi

2 ,q2,mb
2)12/3) for the

NDR scheme@44# with

G~mqi

2 ,q2,mb
2!524E

0

1

dxx~12x!

3 lnS mqi

2 2q2x~12x!

mb
2 D . ~21!
,

In the constituent quark model,HT /HV is proportional to
mf /mB , and thus the contributions fromCTL

(1) and CTL
(2) are

neglected.
In our calculations, we takeq25mb

2/2 and kDM51.
Though these approximations are difficult to be justified
QCD, we employ them for an illustration that may provid
the correct order of magnitude.

IV. NUMERICAL ANALYSIS

A. Parameters

1. Parameters in the minimal supergravity model

The parameters we use in our calculation are almost
same as those used in our previous paper@4# except for CP
2-5
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phases. In our calculation, we treat the masses and the
ing matrices in the quark and lepton sectors as input par
eters that determine the Yukawa coupling matrices.

The CKM matrix elementsVus , Vcb , and uVubu are de-
termined by experiments independently of new physics
cause they are based on tree-level processes. We adopVus
50.2196 andVcb50.04 in the following calculations and
vary uVubu within a rangeuVub /Vcbu50.0960.01. Note that

TABLE I. The neutrino parameters used in the nondegene
case. We show the neutrino Yukawa coupling matrices and the m
eigenvalues of the right-handed neutrinos for tanb55 and tanb
530. These Yukawa coupling matrices give the structure as g
in Eq. ~23!

tanb yn eigenvalues ofMN(31014 GeV)

5 S0.13 0 0

0 0.099 20.099

0 0.46 0.46
D 4.4

0.56

1.7

30 S0.13 0 0

0 0.098 20.098

0 0.47 0.47
D 4.5

0.57

1.8
03501
ix-
-

-

the current error ofuVubu is estimated to be larger than th
value but we expect theoretical and experimental impro
ments in near future. We vary the CKM phasef3[arg
(2Vub* Vud /Vcb* Vcd) within 6180°, because it is not ye
constrained by tree-level processes free from new phy
contributions.

As for the SUSY parameters, we take the convention t
the unified gaugino massM1/2 is real. It is known thatfm is
strongly constrained by the upper bound of EDMs, while t
corresponding constraint onfA is not so tight@27#. Accord-
ingly, we fix fm as 0° or 180° at the electroweak scale. W
vary the universal scalar massm0 , M1/2, and the propor-
tional constant ofA terms to Yukawa coupling matrixA0m0
within the ranges 0,m0,3TeV, 0,M1/2,1TeV, uA0u,5,
and 2180°,fA,180°. We take the ratio of two VEVs
tanb5^h2&/^h1&530 or 5.

2. Parameters in the SU„5… SUSY GUT with right-handed
neutrinos

In the SU(5) SUSY GUT with right-handed neutrinos
we need to specify the parameters in the neutrino secto
addition to the quark Yukawa coupling constants given in
previous discussion. We take the neutrino masses asmn3

2

2mn2

2 53.531023eV2, mn2

2 2mn1

2 56.931025eV2, andmn1

.0.001eV, and the MNS mixing matrix as

te
ss

n

t

s

FIG. 1. The branching ratio of
m→eg as functions of the lightes
sneutrino mass in theSU(5)
SUSY GUT with right-handed
neutrinos. The dotted line show
the experimental upper bound.
2-6
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VMNS5S c(c13 s(c13 s13

2s(catm2c(satms13 c(catm2s(satms13 satmc13

s(satm2c(catms13 2c(satm2s(catms13 catmc13

D , ~22!

FIG. 2. DmBs
/DmBd

vs. the
mixing-induced CP asymmetry o
Bd→J/cKS andf3 in the SU(5)
SUSY GUT with right-handed
neutrinos. The light-colored re
gions show the allowed region in
the SM. The curves show the SM
values with uVub /Vcbu50.08,
0.09, and 0.10. This plot corre
sponds to Fig. 5 of Ref.@4#.
in
m

uc
r f

.
co

e
e

ob-

en-
s at

as-
ning
ken
(ci5cosui ,si5sinui) with sin22uatm51, tan2u(50.420, and
sin22u1350. These mass squared differences and mix
angles are consistent with the observed solar and at
spheric neutrino oscillations@31#, the K2K experiment@32#,
and the KamLAND experiment@33#. Only the upper bound
of sin22u13 is obtained by reactor experiments@45#, and we
take the above value as an illustration. We do not introd
the Dirac and Majorana CP phases in the neutrino secto
simplicity.

We consider MR54.031013 GeV and MR54.0
31014 GeV for the degenerate case.~In this case,MR is the
same as the common mass of the right-handed neutrinos! In
the nondegenerate case, we take the neutrino Yukawa
pling matrix as

yn
†yn5S Y11 0 0

0 Y22 Y23

0 Y23* Y33

D ~23!

in order to avoid a too-large SUSY contribution in th
branching ratio ofm→eg. The masses and mixings of th
03501
g
o-

e
or

u-

right-handed neutrinos are determined to reproduce the
served neutrino masses andVMNS. In Table I, we show the
numerical values of the neutrino parameters in the nondeg
erate case. We integrate out the right-handed neutrino
MR54.031014 GeV in the nondegenerate case.

For the GUT phasesf i
Q andf i

L , we takef i
Q50 and vary

f i
L within 2180°,f i

L,180° while f1
L1f2

L1f3
L50 is

satisfied.
The soft SUSY breaking parameters in this model are

sumed to be universal at the Planck scale, and the run
effect between the Planck scale and the GUT scale is ta

TABLE II. Possible deviations off3 and DmBs
/DmBd

from
values expected in the SM.A means large deviation.

mSUGRA

SU(5) SUSY GUT

U(2)degenerate non-degenerate

f3 - A - A

DmBs
/DmBd

- A A A
2-7



GOTO et al. PHYSICAL REVIEW D 70, 035012 ~2004!
FIG. 3. Real and imaginary
parts of M12(Bs). The SM value
is shown in a light color.
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into account. We scan the same ranges form0 , M1/2, fA ,
and uA0u as those in the mSUGRA case.

In Fig. 1, we show the branching ratio ofm→eg in both
the degenerate and the nondegenerate cases of theSU(5)
SUSY GUT with right-handed neutrinos. As seen in this fi
ure, the experimental constraint on the parameter spac
stricter for the degenerate than for the nondegenerate c
Both in the degenerate and the nondegenerate cases
SUSY contribution tom→eg becomes larger for largerMR
@38,39#. However, the contribution is less significant in th
nondegenerate case for a similarMR @39#. In fact, for MR
54.031014 GeV in the degenerate case, the SUSY contri
tion to m→eg is so large that most of the parameter region
excluded when tanb530. While, in the nondegenerate cas
a large part of the parameter region is allowed. In the follo
ing, we takeMR54.031013 GeV for the degenerate cas
andMR54.031014 GeV for the nondegenerate case.

3. Parameters in the U(2) model

In the U(2) model, the symmetry breaking parameterse
ande8 are taken to bee50.04 ande850.008, and the othe
parameters in the quark Yukawa coupling matrices are de
mined so that the CKM matrix and the quark masses give
Sec. IV A 1 are reproduced. The detailed discussion to de
mine the quark Yukawa coupling matrices is given
Ref. @4#.

There are many free parameters in the SUSY break
sector as shown in Eq.~8!. In order to reduce the number o
03501
-
is

se.
the

-
s
,
-

r-
in
r-

g

free parameters in numerical calculations, we assume th

m0
Q25m0

U25m0
D2[m0

2 , ~24!

r i j
Q5r i j

U5r i j
D[r i j ,

~ i j !5~22!,~23!,~33!. ~25!

We scan the ranges for these parameters as 0,m0,3TeV,
21,r 22,11, 0,r 33,4, ur 23u,4, and 2180°,argr 23
,180°. We assume that the boundary conditions for theA
parameters are the same as the mSUGRA case for simpl

B. Experimental constraints

In order to obtain allowed regions of the parameter spa
we consider the following experimental results:

TABLE III. The relation between the Wilson coefficients an
the observables.A means that the coefficient gives a main contrib
tion to the observables.

ACP
dir (B→Xsg) ACP

mix(Bd→Msg) ACP
mix(Bd→fKS)

C7L A A -
C7R - A -
C8L A - A

C8R - - A
2-8
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FIG. 4. Wilson coefficients~a! C7L and ~b!
C7R normalized by the SM value ofC7L .
th
er

c-
~i! Lower limits on the masses of SUSY particles and
Higgs bosons given by direct searches in collider exp
ments@46#.

~ii ! Branching ratio of theb→sg decay: 231024,B(b
→sg),4.531024 @47#.
03501
e
i-

~iii ! Upper bound of the branching ratio of them→eg
decay for the SUSY GUT cases: B(m→eg),1.2310211

@48#.
~iv! Upper bounds of EDMs of the neutron and the ele

tron: udnu,6.3310226e•cm @28# and udeu,4.0310227
2-9
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FIG. 5. Wilson coefficients~a! C8L and ~b!
C8R normalized by the SM value ofC8L .
035012-10
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3e•cm @29#.
~v! The CP violation parameter«K in the K0–K̄0 mixing

and theBd–B̄d mixing parameterDmBd
@49#. As for the

Bs–B̄s mixing parameterDmBs
, we takeDmBs

.13.1 ps21

@50#.
~vi! CP asymmetry in theB→J/cKS decay and related

modes observed at the B factory experiments@1#.

C. Numerical results

1. Unitarity triangle analysis

As in our previous work@4#, we search possible values o
ACP

mix(Bd→J/cKS), DmBs
, DmBd

, and f3 under the con-
straints stated above. The results for the mSUGRA and
U(2) model are not shown here, since they are similar
Fig. 5 in Ref. @4# apart from slight changes in some inp
parameters.

In Fig. 2, we show the above quantities in the nondeg
erate case of theSU(5) SUSY GUT with right-handed neu
trinos for tanb530 as well as the degenerate case. In
degenerate case, as we found in our previous paper@4#, the
SUSY contribution to theK0–K̄0 mixing is large and«K is
significantly affected. This is because of the large 1–2 m
ing in the squark sector. However, the SUSY contributions
the Bd–B̄d mixing and theBs–B̄s mixing are not important.
Thus the correlation amongDmBs

/DmBd
, ACP

mix(Bd

→J/cKS), andf3 is very similar as the SM. On the othe
hand, in the nondegenerate case, the 2–3 mixing in
squark sector is enhanced, and the 1–2 mixing and the
mixing are suppressed. This means that the correla
amongDmBs

/DmBd
, ACP

mix(Bd→J/cKS), andf3 may differ
from the SM, because of non-negligible SUSY contributio
to theBs–B̄s mixing.

From this figure, we see that the allowed range off3
depends on the value ofDmBs

/DmBd
in each case. For ex

ample, ifDmBs
/DmBd

is consistent with the SM (;35), we

observe f3;60° in the degenerate case, and 45°&f3
&75° in the nondegenerate case. In the case
DmBs

/DmBd
is larger than the SM, e.g.,DmBs

/DmBd
;55,

f3 is ;40° in the degenerate case, while the allowed ra
is expected as 45°&f3&60° in the nondegenerate case. Th
indicates that af3 measurement is important to distinguis

TABLE IV. Possible SUSY contributions to Wilson coefficien
C7’s andC8’s andM12(Bs) in each model.A means non-negligible
deviation from the SM, andAA denotes large SUSY contributions

mSUGRA

SU(5) SUSY GUT

U(2)degenerate non-degenerate

uC7,8Lu - - AA AA

uC7,8Ru - A AA AA

argC7,8L A - A AA

argC7,8R - A AA AA

M12(Bs) - - AA AA
03501
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the two cases. In Table II, we summarize possible deviati
of f3 andDmBs

from the SM in each model.
In the above and the following numerical calculations,

mentioned in the introduction, we do not take th
tanb-enhanced radiative corrections in the neutral Hig
couplings into account. These corrections could be sign
cant for theB2B̄ mixing amplitudes in the parameter re
gions of large values of tanb and small masses of the heav
Higgs bosons because they scale as (tanb)4/(mH6)2 @23#.
Accordingly, it is unlikely that this effect changes our n
merical results momentously in the region tanb&30. As for
Bd→fKS , it is shown by Kaneet al. @11# that the contribu-
tion from the neutral Higgs exchange diagrams is small.

In Fig. 3, we show allowed regions in the ReM12(Bs) and
Im M12(Bs) plane for the three models in the case of tanb
530. In the mSUGRA, the deviation from the SM is le
than 5 %, and the SUSY contributions to the complex ph
of M12(Bs) are negligible. In the nondegenerate case of
SU(5) SUSY GUT with right-handed neutrinos, the SUS
contribution is large in both the real and the imaginary pa
of M12(Bs). They can be as large as 30 % of the SM con
bution to uM12(Bs)u. This is in contrast with the degenera
case. As seen in Fig. 3, the SUSY contribution toM12(Bs) in
the degenerate case is tiny, since the constraint to the pa
eter space imposed by them→eg branching ratio is very
strict. In theU(2) model, there are SUSY corrections of th
order of 20 % or larger toM12(Bs). We have studied the cas
of tanb55 as well. We have found that the allowed regio
of M12(Bs) are similar to those for tanb530. From the
experimental point of view,DmBs

52uM12(Bs)u will be mea-

sured by usingBs decays such asBs→Dsp in hadronB
experiments@2#. The phase ofM12(Bs) can be measured b
observing CP violation inBs decays such asBs→J/cf.

2. Rare B decays

Here, we discuss rareB decays in the three models. W
first present SUSY contributions to the Wilson coefficients
the dipole operatorsC7L , C7R , C8L , andC8R . In Table III,
we show the relation between these Wilson coefficients
observables.

The real and imaginary parts ofC7L andC7R at the bot-
tom mass scale divided by the SM value ofC7L are plotted in
Fig. 4 for tanb530. For tanb55, SUSY contributions are
less significant, and we mainly consider the tanb530 case
in the following.

In the leading order approximation, the branching ratio
b→sg is proportional touC7Lu21uC7Ru2. In the mSUGRA,
however, the SUSY contributions toC7R is very small,be-
cause of no new flavor violation in the right-handed squ
sector. Thus, theb→sg branching ratio constrainsuC7Lu. In
addition, the SUSY contributions to the phase ofC7L , which
is dominated by the phasefA , is small due to the constrain
from the neutron EDM experiment.

In the SU(5) SUSY GUT with right-handed neutrinos
the new flavor mixing in the right-handed squark sector
induced by the MNS matrix and GUT interactions. SUS
contributions toC7L and C7R can be as large asC7L

SM. The
EDM constraints are also strong, and the SUSY contribut
2-11
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FIG. 6. ~a! The direct CP asymmetry inb
→sg, and~b! the mixing-induced CP asymmetr
in Bd→Msg as functions of the gluino mass.
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ngs
to the phase ofC7L cannot become large as in the mSUGR
Since we have introduced no CP phase of the neutrino se
in this analysis, the SUSY contribution to the phase ofC7R

mainly comes from the GUT phasesf i
L . Note thatf i

L’s
contribute only to off-diagonal elements of the right-hand
down squark mass matrix, and thus, they do not affect
03501
.
tor

d
e

neutron EDM. Them→eg constraint in the degenerate ca
is much stronger than that in the nondegenerate case as
in Fig. 1. Therefore, the allowed regions become much lar
in the nondegenerate case.

In the U(2) model, SUSY contributions toC7L andC7R
can be large because of the existence of new flavor mixi
2-12
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FIG. 7. The correlation be-
tween the mixing-induced CP
asymmetries inBd→fKS andBd

→J/cKS . The vertical and hori-
zontal dotted lines show the 1s
ranges of experimental values. I
this plot, the experimental con
straint ofACP

mix(Bd→J/cKS) is not
imposed.
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in the squark sector. Though the new contribution to
phase ofC7L is restricted by the neutron EDM constraint
this model, the restriction is weaker than that in the abo
two models because the phase of (mQ

2 )23 is independent of
the phase that contributes to the neutron EDM. Compa
with the nondegenerate case ofSU(5) SUSY GUT with
right-handed neutrinos,u(mD

2 )23u is suppressed in theU(2)
model, and the SUSY contribution touC7Ru is smaller.

The SUSY contributions toC8L and C8R are similar to
those toC7L and C7R in each model as seen in Fig. 5, b
cause the flavor mixings and CP phases that determine
SUSY contributions toC7L and C7R are the same as thos
contribute toC8L andC8R . This means that the constrain
on C7L and C7R from b→sg branching ratio also restric
predicted values ofC8L andC8R . In Table IV, we summa-
rize possible SUSY contributions to Wilson coefficientsC7’s
andC8’s andM12(Bs) in each models.

In Fig. 6, we plotACP
dir (B→Xsg) andACP

mix(B→Msg) ver-
sus the gluino mass for tanb530. ACP

dir (B→Xsg) essentially
comes from the imaginary part of the interference terms
tweenC7L andC2L , andC8L andC2L , becauseC2R is neg-
ligible. Therefore, SUSY contributions toACP

dir (B→Xsg) is
constrained by the neutron EDM, anduACP

dir (B→Xsg)u is at
most ;1 % in the mSUGRA and theSU(5) SUSY GUT
with right-handed neutrinos.uACP

dir (B→Xsg)u can be as large
as 3 % in theU(2) model. The SM prediction is about 0.5 %
@15#. On the other hand, the mixing-induced CP asymme
in Bd→Msg depends onC7L andC7R . Although the SUSY
03501
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contribution toC7L cannot be negligible in the models th
we are studying, the deviation from the SM essentia
comes fromC7R . Therefore, the SUSY effect can becom
larger in theSU(5) SUSY GUT with right-handed neutrino
and in theU(2) model compared with the mSUGRA mode
In the mSUGRA model,uACP

mix(B→Msg)u is at a level of
1 %, which is similar to the value of the SM@16#. In the
nondegenerate case of theSU(5) SUSY GUT with right-
handed neutrinos,uACP

mix(Bd→Msg)u can be maximal, while
in the degenerate case,uACP

mix(Bd→Msg)u can be as large a
0.1. In theU(2) model, we find thatuACP

mix(B→Msg)u could
be as large as 0.5.

In Fig. 7, we show the correlation betweenACP
mix(Bd

→fKS) and ACP
mix(Bd→J/cKS) for tanb530. In the SM,

ACP
mix(Bd→fKS)5ACP

mix(Bd→J/cKS) is satisfied. As men-
tioned in Sec. III, the SM contribution is dominant inCLL ,
CLR

(1) , andCLR
(2) due to the QCD correction between the ele

troweak scale and the bottom mass scale. Thus, SUSY
tributes toACP

mix(Bd→fKS) mainly throughC8’s.
In the mSUGRA, we see that the SM relationACP

mix(Bd

→fKS)5ACP
mix(Bd→J/cKS) approximately holds, and the

deviation from the SM inACP
mix(B→J/cKS) is less than 10 %

as seen in Ref.@4#. Therefore,ACP
mix(B→fKS) is almost the

same as that in the SM.
In the nondegenerate case of theSU(5) SUSY GUT with

right-handed neutrinos,ACP
mix(Bd→fKS) can substantially

differ from the value in the SM and may be smaller than 0
2-13
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FIG. 8. The mixing-induced
CP asymmetry inBd→fKS as a
function of the gluino mass.
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because of the large SUSY contributions toC8R . On the
other hand, in the degenerate case, the SM relationACP

mix(Bd

→fKS)5ACP
mix(Bd→J/cKS) is satisfied. Accordingly, the

value of ACP
mix(Bd→fKS) is restricted by the experimenta

result onACP
mix(Bd→J/cKS).

In the U(2) model,ACP
mix(B→fKS) can deviate from the

SM prediction because of SUSY contributions toC8L and
C8R . The experimental result ofACP

mix(Bd→J/cKS) implies
that ACP

mix(Bd→fKS) lies between 0.3 and 1.0.
In Fig. 8, we showACP

mix(Bd→fKS) as a function of the
gluino mass. In the mSUGRA and the degenerate case o
SU(5) SUSY GUT with right-handed neutrinos, the SUS
03501
he

effect is almost negligible and we see virtually no depe
dence on the gluino mass. On the other hand, in the de
erate case of theSU(5) SUSY GUT with right-handed neu
trinos and theU(2) model, the SUSY contribution is
significant, in particular, for the smaller mass of the gluin

Recently, it has been pointed out that the contribution
the chromo-EDM of the strange quark to the EDM of199Hg
is devastating in SUSY models with a large 2–3 mixing
the right-handed squark sector, and that a large deviatio
ACP

mix(Bd→fKS) from the SM prediction is unlikely provided
that the experimental upper bound@51# on the EDM of199Hg
is imposed@52#. Although the theoretical estimate@53# of the
199Hg EDM due to the chromo-EDM of the light quark
FIG. 9. The correlation be-
tween the mixing-induced CP
asymmetry inBd→fKS and the
199Hg EDM in the nondegenerate
case of theSU(5) SUSY GUT
with right-handed neutrinos and
the U(2) model.
2-14
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FIG. 10. The correlation be-
tween the mixing-induced CP
asymmetries inBd→fKS andBd

→J/cKS under the constraint of
the 199Hg EDM in the nondegen-
erate case of theSU(5) SUGY
GUT with right-handed neutrinos
and theU(2) model.
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suffers from relatively large uncertainties, it is probable th
the 199Hg EDM constraint severely restricts flavor mixing
and CP violation in some SUSY models, and thus constr
their flavor and CP signals, such asACP

mix(Bd→fKS) in gen-
eral.

Among the models considered in the present work, effe
of the 199Hg EDM constraint are non-negligible in the no
degenerate case of theSU(5) SUSY GUT with right-handed
neutrinos and theU(2) model. We show the correlation be
tween the199Hg EDM andACP

mix(Bd→fKS) in these models
in Fig. 9. In our numerical calculation of the199Hg EDM,
contributions of all three light flavors are included. Figure
illustrates how a flavor signal is tightened if the199Hg EDM
constraint is applied. In Fig. 10, the correlation betwe
ACP

mix(Bd→J/cKS) andACP
mix(Bd→fKS) under the constrain

of the 199Hg EDM is shown. Comparing this figure with Fig
7, we see that the199Hg EDM constraint certainly restrict
the possible deviation from the SM prediction. At the sa
time, however, our detailed calculation shows that there
remains some parameter region in whichACP

mix(Bd→fKS) is
significantly different fromACP

mix(Bd→J/cKS) in these mod-
els. A similar argument is applied to bothACP

dir (B→Xsg) and
ACP

mix(B→Msg).
In Table V, we summarize the significance of SUSY co

tributions on the CP asymmetries that we have considere
this table, we see the possibility to distinguish the three m
els in B experiments.

As we stressed in the introduction, the purpose of t
work is to demonstrate that identifying patterns of deviatio

TABLE V. Significance of SUSY contributions to the CP asym
metries in each model.A means non-negligible deviation from th
SM, andAA means large SUSY contributions.

mSUGRA

SU(5) SUSY GUT

U(2)degenerate non-degenerate

ACP
dir (B→Xsg) A - A AA

ACP
mix(B→Msg) - A AA AA

ACP
mix(B→fKS) - - AA AA
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from the SM predictions is useful to distinguish differe
origins of the SUSY breaking sector. From this point of vie
combined with the analysis of the unitarity triangle@4#, we
can make the following observations:

~i! Deviations from the SM predictions in the unitarit
triangle and rare decays are small in the mSUGRA mod
except for some sizable contributions in the direct CP vio
tion in theb→sg process. Note that this conclusion may n
hold in a particularly large value of tanb;60 due to the
Higgs exchange effects@23#.

~ii ! The pattern of the deviations from the SM depends
the right-handed neutrino mass matrix in theSU(5) SUSY
GUT with right-handed neutrinos. In the degenerate ca
flavor-mixing signals between the 1–2 generations beco
large. This appears as inconsistency between the meas
value ofeK and theB meson unitarity triangle, although th
unitarity triangle is closed amongB meson observables. Th
rare decay processes induced by theb–s transition do not
show large deviations, but the branching ratio ofm→eg pro-
cess can be just below the present experimental bound.
is expected to be a generic feature ofSU(5) SUSY GUT
with right-handed neutrinos.

~iii ! In a specific parameter choice of the ‘‘nondegen
ate’’ case, in which them→eg constraint is relaxed, the
flavor signals between 2–3 generations are expected to
sizable. This includes the mixing-induced CP asymmetry
Bd→Msg and Bd→fKS . The direct CP asymmetry in th
b→sg process, on the other hand, does not show a la
deviation.

~iv! Various new physics signals in the consistency tes
the unitarity triangle and rare decay process are expecte
the MSSM withU(2) flavor symmetry.

In this way, we can expect different sizes and patterns
new physics signals in the above models. These are cruci
pointing toward a specific model from flavor physics.

V. CONCLUSIONS

In order to seek the possibility to distinguish differe
SUSY models withB physics experiments, we have studie
rareB decays related to theb→s transition combining with
the unitarity triangle analysis in three SUSY models. The
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models, namely, the mSUGRA, theSU(5) SUSY GUT with
right-handed neutrinos, and theU(2) flavor symmetry
model, are different in character with respect to flavor str
tures of their SUSY breaking sectors. We have conside
two different cases in regard to the mass spectrum of
right-handed neutrinos in theSU(5) SUSY GUT with right-
handed neutrinos.

In the unitarity triangle analysis, we have studied con
quences of SUSY toACP

mix(Bd→J/cKS), DmBs
/DmBd

, and

f3 . Our results are summarized in Table II and Fig. 2.
could be possible to distinguish the three models by preci
measuringDmBs

andf3 in future B experiments.
As for rareB decays, we have explored SUSY effects

the direct CP asymmetry inb→sg, the mixing induced CP
asymmetry in Bd→Msg, and the CP asymmetry inBd
→fKS in the three models. The results are summarized
Tables IV and V. Table IV shows the relative importance
SUSY contributions to the theoretically interesting Wils
coefficients related to theb→s transitions and theBs–B̄s
mixing amplitude. The significance of SUSY effects to t
CP asymmetries is indicated in Table V.

The new flavor signals in the mSUGRA and the degen
ate case of theSU(5) SUSY GUT are relatively limited in
the b→s rare decays considered in the present work.
detect these signals, typically a few percent, we may nee
ultimateB experiment.

On the other hand, the nondegenerate case of theSU(5)
SUSY GUT exhibits quite attractive flavor signals inBd
→Msg and Bd→fKS as seen in Table V. We have als
observed that theU(2) model predicts significant deviation
from the SM in theb→s rare decays as well as the unitari
triangle analysis. So far, both Belle and BaBar experime
have collected copiousB decays, and they are expected to
well continuously. Thus, moreBd→fKS and related events
a

a

l.

s
s.
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will be obtained in near future. Moreover, both KEK an
SLAC plan to upgrade theirB factories. Therefore, the abov
flavor signals may well be in the reach of the present a
foreseeable futureB experiments.

Combining the above observation with the results in o
previous work, we conclude that the study of the unitar
triangle and rareB decays could discriminate several SUS
models that have different flavor structures in their SUS
breaking sectors. Such a study will play important rol
even if SUSY particles are found at future experiments at
energy frontier, such as LHC. Although the spectrum
SUSY particles will be determined at LHC and a futu
e1e2 linear collider, most of information concerning the fla
vor mixing of the squark sector is expected to come from
superB factory and hadronB experiments. Since the flavo
structure of the SUSY breaking provides us with an imp
tant clue to the origin of the SUSY breaking mechanism a
interactions at very high energy scales,B physics will be
essential for clarifying a whole picture of the SUSY mode
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