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Dilepton decays and oscillation of Bs in split supersymmetry with R-parity violation
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We study B physics phenomenology in the scenario of split supersymmetry without R parity. By
assuming the constraints of bilinear (trilinear) R-parity violating couplings, which are introduced to solve
the problem of the atmospheric (solar) neutrino mass, we show that the decay branching ratios of Bs !
‘�‘� and the mixing of Bs � �Bs can be large. Explicitly, we find that B�Bs ! ����� � O�10�7� and
�mBs � O�10�9� GeV, which should be observed at future hadron colliders.
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It is believed that the standard model (SM) is not com-
plete due to most phenomena being based on 19 input
parameters [1]. It is expected that new physics should exist
at some high energy scale
 to smear the divergent mass of
Higgs, induced from one-loop level. Otherwise, the prin-
ciple of naturalness [2] breaks down while 
 goes to the
scale which is much higher than that of electroweak. It is
found that extending the SM to supersymmetry (SUSY) at
the scale 
 of O�TeV� can solve not only the hierarchy
problem, but also the problem of unified gauge coupling
[3,4]. Furthermore, the predicted lightest neutralino in
supersymmetric models could also provide the candidate
of dark matter [3,5].

Apart from the above successes, models with SUSY still
suffer some difficulties from phenomenological reasons,
such as the problems on small CP violating phases, large
flavor mixings, and proton decays, as well as they predict a
too large cosmological constant. Inevitably, fine-tuning
always appears in the low-energy physics. Recently, in
order to explain the cosmological constant problem and
preserve the beauty of the ordinary low-energy SUSY
models, the scenario of split SUSY was suggested [6,7],
in which the SUSY breaking scale is much higher than the
electroweak scale. In this split SUSY scenario, except the
SM Higgs which could be as light as the current experi-
mental limit, the scalar particles are all ultraheavy. On the
other hand, by the protection of approximate chiral sym-
metries, the masses of fermions, such as gauginos and
Higgsinos, could be at the electroweak scale [6,8].

Based on the aspect of split SUSY, various interesting
topics on particle physics phenomenology have been
studied, including, for instance, physics at colliders [9],
Higgs [10], phenomena of stable gluino [11], sparticles in
cosmic rays [12], dark matter [13,14], grand unified theo-
ries [15], neutrino physics [16], and so on.

In this paper, we examine the implication of the split
SUSY scenario on B physics at hadron colliders, such as
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BTeV and LHC. In particular, we explore the possibility of
having large effects in the dilepton decays and oscillation
in the Bs system with split SUSY. In the conventional
SUSY models with R-parity invariance, it is known that
the gaugino penguin and box diagrams have significant
contributions to B processes, such as Bd�s� � �Bd�s� mixings,
B! Xs� [17], B ! K�‘�‘� [18], and the time-dependent
CP asymmetry of B! �KS [19], etc. However, since the
diagrams involved are associated with squarks in the inter-
nal loop, the results in the split SUSY will be highly
suppressed by the masses of squarks, denoted by mS.
Hence, one suspects that the scenario of split SUSY with
R parity could not induce interesting phenomena from low-
energy physics.

In this study, we consider split SUSY in the framework
of R-parity violation. It has been pointed out recently in
Ref. [13] that the lightest neutralino in the R-parity violat-
ing model could still remain the candidate of dark matter.
Although R-parity violation leads to the decay of neutra-
lino, by the suppression of the high-scale SUSY breaking,
the neutralino lifetime could exceed the age of our
Universe. Moreover, by the combination of bilinear and
trilinear couplings, it has been shown in Ref. [16] that the
observed mass scales of atmospheric and solar neutrinos
can be accommodated in the split SUSY scenario without
R parity. In our analyses, we will assume that the neutrino
mixing arises from the neutralino-neutrino mixing in our
split SUSY scenario.

We start by introducing the interactions of R-parity
violating terms. In terms of the notations in Ref. [16], the
bilinear and trilinear terms for the lepton number violation
in the superpotential can be written as [16,20,21]

W � �H1H2 � �i�LiH2 � �0
ijkLiQjDc

k � �ijkLiLjEck;

(1)

and the relevant scalar potential is given by

V � BH1H2 � BiLiH2 �m2
LiH1

LiH
y
1 � h:c: (2)

Note that, for simplicity, we have neglected the baryon
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FIG. 1. Tree contribution to Bs ! ‘�‘� with the cross repre-
senting the mixings between sleptons and Higgs.
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number violating effects and used the same notations for
superfields and ordinary fields. In split SUSY, the soft
parameters B, Bi, and m2

LiH1
could be the order of m2

S. It
is known that mS is in the range of 109–1013 GeV [6–8].
From Eqs. (1) and (2), the bilinear R-parity violating terms
can make the vacuum expectation values (VEVs) of sneu-
trino fields be nonzero [22]. In terms of a set of tadpole
equations [23], which are the conditions for obtaining the
stable potential, these VEVs are given by ~vi � jhH0

2iBi �
hH0

1im
2
LiH1

j=m2
Li

, where we have neglected the small con-
tributions of D terms for simplicity. By the couplings of
slepton-lepton-gaugino, neutrinos and charged leptons will
mix with neutralinos and charginos. Consequently, they
induce neutrino masses at tree and loop levels, respec-
tively. It has been shown [16] that, to explain the atmos-

pheric neutrino mass scale
���������������
�m2

atom

p

 0:05 eV, the

involving parameters, associated with bilinear couplings
and defined by !i � ~vi=hH

0
1i � �i � m2

LiH1
=m2

Li
�

Bi=m2
Li
tan"� �i with tan" � hH0

2i=hH
0
1i, are limited to

10�6= cos" at tree level. In order to obtain the mass scale

of solar neutrino,
������������
�m2

sol

q

 9 meV, one has to go to one-

loop level, induced by the same bilinear couplings.
However, the results are suppressed by #im2

Z=m
2
Li

with
#i � !i � Bi=B [16,20]. To solve the solar neutrino mass
problem, it is concluded [16] that the trilinear R-parity
violating couplings �0

i23 and �0
i32 need to be of order 1.

In the following discussions, we will take that �0
i23;i32 as

well as the ratios of the bilinear couplings and m2
S, i.e.,

m2
LiH1

=m2
S and Bi=m2

S, are order of unity. It is interesting to
investigate if there are some observable physics phe-
nomena beside those discussed in Ref. [16]. Since
�0
i23;i32 
 1, it is natural for us to think of physics involving

the flavor changing natural current (FCNC) of b ! s tran-
sition. Indeed, we find that Bs ! ‘�‘� can occur at tree
level as shown in Fig. 1, which may not be suppressed. In
the SM, it is known that Bs ! ‘�‘� decays arise from the
electroweak penguin and box diagrams. The decay branch-
ing ratio (BR) of Bs ! ���� is found to be �3:8� 1:0� �
10�9 [24], which is much less than the current experimen-
tal upper limit of 5:0� 10�7 [25]. From the relationship
B�Bs ! &�&��=B�Bs ! ����� � �m2

&= �m
2
� with �m‘ �

m‘�1� 4m2
‘=m

2
Bs
�1=2 [26], the corresponding tau mode

can also be studied. It was demonstrated that B�Bs !
����� � O�10�7� could be achieved in ordinary SUSY
models [27]. However, it is easy to check that these con-
tributions are suppressed in the split SUSY scenario. Since
in the split SUSY approach, except the SM-like Higgs
denoted by h0 is light, all scalars are extremely heavy.
Therefore, we may simplify the calculations by using
�h0 sin(�h0 cos(� instead of the Higgs H0

1�H
0
2�, where

the angle ( describes the mixing of two neutral Higgses
[28]. In terms of the interactions in Eqs. (1) and (2), the
decay amplitude for Bs ! ‘�‘� is given by
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A � h‘�‘�jHeff j �Bsi

�
�i

2m2
h

�
gm‘

2mW

sin(
cos"

� fBsm
2
Bs

�mb �ms�

m2
LiH1

��0�
i23 � �0

i32�

m2
~,i

�‘‘;

(3)

where mh, mW , mb, ms, m‘, mBs stand for the masses of
Higgs, W boson, b quark, s quark, lepton, and Bs, respec-
tively. As mentioned early, except the SM-like Higgs, the
masses of sfermions, scalar, and pseudoscalar bosons are
much higher than the electroweak scale. Therefore, the
contributions from other scalar particles will be neglected.
In Eq. (3), the second factor and m2

LiH1
are from the

coupling of the SM Higgs to the lepton and the mixings
between sleptons and Higgs, respectively. In the equation,
we have also used the identity h0j �s�5bj �Bsi �
�ifBsm

2
Bs
=�mb �ms�. Since the trilinear couplings in

sleptons and quarks involve two possible chiralities, there
is a cancellation in Eq. (3). Note that, if �0�

i23 � �0
i32, our

mechanism vanishes automatically. By squaring the decay
amplitude and including the phase space factor, the decay
rate is derived to be

� �
mBs

16-

GFm2
‘���

2
p

�fBsmBs

m2
h

sin(
cos"

jN ij

�
2
�
1�

�
2m‘

mBs

�
2
�
3=2

(4)

with N i � m2
LiH1

��0�
i23 � �0

i32�=m
2
~,i

. We note that the de-
cay rate is proportional to m2

‘, which is the same as that in
the SM.

Besides Bs ! ‘�‘� decays, we find that the same
mechanism can also generate other FCNC processes,
such as the Bs � �Bs mixing, induced by the W-exchange
box diagrams in the SM. We note that its SM value is
�1:19� 0:24� � 10�11 GeV [29], while the current experi-
mental limit is larger than 9:48� 10�12 GeV [30]. In
SUSY models with R parity, the main effects are also
from the box diagrams but with gluinos and charginos
instead of W boson in the loops [17]. Unfortunately, the
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FIG. 3. (a) BR�Bs ! ����� and (b) �mBs as functions of 1
with mh � 150 GeV.
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resultants are associated with 1=m2
S, which are obviously

highly suppressed in split SUSY. However, if we insert one
more mixing of sneutrinos and Higgses in the Higgs
propagator of Fig. 1, the Bs � �Bs oscillation could be
induced at tree level, too, as shown in Fig. 2.
Consequently, the effective Hamiltonian is obtained as

H eff �
�0�
i23�

0
j32

m2
h

Cij��sPRb���sPLb� � h:c:; (5)

where

C ij �
1

m2
~,i
m2
~,j

�BiB
�
j cos

2(�m2
LiH1

m2
LjH1

sin2(�: (6)

It is interesting to note that, if Bi � m2
LiH1

, Cij will be
independent of the angle (. From Eq. (5), we see that the
induced oscillation is associated with the multiple of
�0�
i23�

0
j32. By considering the CP conserving case, the ef-

fective couplings are similar to those for the solar neutrino
masses, presented by [16]

M,
ij 


3

8-2
�0
i23�

0
j32

mbms

mS
: (7)

To estimate the hadronic matrix element, we employ the
results of the vacuum insertion method, given by [17]

h �Bsj �sPRb �sPLbjBsi �
�
1

24
�
1

4

� mBs

mb �ms

�
2
�
mBsf

2
Bs
: (8)

As a result, the mass difference for Bs and �Bs is described
by

�mBs � 2jM12j

�
4

m2
h

jRe��0�
i23�

0
j32Cij�j

�
1

24
�
1

4

�

� mBs

mb �ms

�
2
�
mBsf

2
Bs
: (9)

Hence, it will be interesting to see if large contributions on
BRs of Bs ! ‘�‘� and the Bs oscillation can be obtained
in our split SUSY scenario.
bR(L)

sL(R)

ν̃Li ×H0
1(2)× ν̃Lj

sR(L)

bL(R)

FIG. 2. Tree contribution to the mixing of Bs � �Bs with the
crosses representing the mixings between sleptons and Higgs.
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To estimate the numerical values, we take fBs �
0:23 GeV [31], mBs � 5:37 GeV, mb � 4:5 GeV, ms �

0:13 GeV, and &Bs � 1:46� 10�12s [30]. In order to pre-
serve the solar neutrino mass to be 
9 meV, we set �0

i23 �
0:9 and �0

j32 � �0:3. As one of the CP-even Higgs bosons
is very heavy, ( ’ -=2� " and sin(= cos" � 1.
Therefore, in the split SUSY scenario, we see that the
BR of Bs ! ���� is independent of the angles ( and "
due to Eq. (4). For simplicity, we set 1 � mLiH1

=m~,i ���������
jBij

p
=m~,i so that in our numerical estimations Cij � 14.

To illustrate the specific values for BR�Bs ! ����� and
�mBs , by using Eqs. (4) and (9) and choosing mh �

150 GeV and 1 � 0:18, we get

BR �Bs ! ����� � 1:0� 10�7;

�mBs � 4:8� 10�9 GeV:
(10)

We note that in Eq. (10) the decay BR of Bs ! ���� is
close to the current experimental limit, while �mBs is
2 orders of magnitude larger than the SM prediction. It is
clear that our results on BR�Bs ! ����� and �mBs can
be observed at hadron colliders, such as BTeV and LHC,
which produce more than 108Bs �Bs. In Figs. 3 and 4, we
present BR�Bs ! ����� and �mBs as functions of 1 with
mh � 150 GeV and mh with 1 � 0:18, respectively. Since
we have taken Bi � m2

LiH1
, the values of �mBs will not

depend on angle (.
Finally, we remark that our mechanism could also be

used to the Bd processes. By using �0
i13;j31 instead of

�0
i23;j32, similar phenomena will occur in Bd ! ‘�‘� de-
FIG. 4. (a) BR�Bs ! ����� and (b) �mBs as functions of mh
with 1 � 0:18.
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cays and the oscillation of Bd. However, since md � ms,
even with �0

i13;j31 being order of unity, there are no inter-
esting contributions to the solar neutrino masses.
Moreover, the Bd � �Bd mixing could be used as the con-
straint on the corresponding trilinear couplings. In addi-
tion, it is worth mentioning that the tree contribution of
b ! s‘�‘� in Fig. 1 could lead to large effects on physics
in B! K���‘�‘� [32] and 
b ! 
‘�‘� [33]. Similar
conclusions could be applied to &� ! ������ as well.
The study will be presented elsewhere [34].

In summary, we have studied the implications of split
SUSY on the FCNC processes due to the b ! s transition.
037701
It has been shown that, when the solar neutrino mass
problem is solved in split SUSY scenario, we find that
the mixing effects of sneutrino and Higgs could have large
contributions to the BRs of Bs ! ‘�‘� and the Bs � �Bs
mixing.

We thank Kingman Cheung for helpful discussions. This
work is supported in part by the National Science Council
of R.O.C. under Grants No. NSC-93-2112-M-006-010 and
No. NSC-93-2112-M-007-014.
[1] J. F. Donoghue, E. Golowich, and B. R. Holstein,
Dynamics of The Standard Model (Cambridge
University Press, Cambridge, England, 1994).

[2] G. ’t Hooft, in Recent Development in Gauge Theories,
edited by G. ’t Hooft et al. (Plenum, New York, 1980),
reprinted in Dynamical Gauge Symmetry Breaking, edited
by E. Farhi and R. Jackiw (World Scientific, Singapore,
1982).

[3] S. Dimopoulos and H. Georgi, Nucl. Phys. B193, 150
(1981).

[4] S. Dimopoulos, S. Raby, and F. Wilczek, Phys. Rev. D 24,
1681 (1981).

[5] H. Goldberg, Phys. Rev. Lett. 50, 1419 (1983).
[6] N. Arkani-Hamed and S. Dimopoulos, hep-th/0405159.
[7] N. Arkani-Hamed, S. Dimopoulos, G. F. Giudice, and

A. Romanino, Nucl. Phys. B709, 3 (2005).
[8] G. F. Giudice and A. Romanino, Nucl. Phys. B699, 65

(2004).
[9] S. H. Zhu, Phys. Lett. B 604, 207 (2004); W. Kilian et al.,

Eur. Phys. J. C 39, 229 (2005); M. Beccaria, F. M. Renard,
and C. Verzegnassi, Phys. Rev. D 71, 093008 (2005).

[10] R. Mahbubani, hep-ph/0408096; M. A. Diaz and P. F.
Perez, J. Phys. G 31, 1 (2005); A. Datta and X. Zhang,
hep-ph/0412255.

[11] J. L. Hewett, B. Lillie, M. Masip, and T. G. Rizzo, J. High
Energy Phys. 09 (2004) 070; K. Cheung and W. Y. Keung,
Phys. Rev. D 71, 015015 (2005).

[12] L. Anchordoqui, H. Goldberg, and C. Nunez, Phys. Rev. D
71, 065014 (2005).

[13] S. K. Gupta, P. Konar, and B. Mukhopadhyaya, Phys. Lett.
B 606, 384 (2005).

[14] R. Allahverdi, A. Jokinen, and A. Mazumdar, Phys. Rev.
D 71, 043505 (2005); A. Arvanitaki and P. W. Graham,
hep-ph/0411376; A. Masiero, S. Profumo, and P. Ullio,
Nucl. Phys. B712, 86 (2005); L. Senatore, Phys. Rev. D
71, 103510 (2005).

[15] U. Sarkar, hep-ph/0410104; B. Bajc and G. Senjanovic,
Phys. Lett. B 610, 80 (2005); P. C. Schuster, hep-ph/
0412263.

[16] E. J. Chun and J. D. Park, J. High Energy Phys. 01 (2005)
009.

[17] F. Gabbiani et al., Nucl. Phys. B477, 321 (1996).
[18] C. H. Chen and C. Q. Geng, Phys. Rev. D 66, 014007
(2002).

[19] C. H. Chen and C. Q. Geng, Phys. Rev. D 71, 054012
(2005).

[20] E. J. Chun, D. W. Jung, and J. D. Park, Phys. Lett. B 557,
233 (2003).

[21] K. Cheung and O. C. W. Kong, Phys. Rev. D 64, 095007
(2001).

[22] A. Joshipura and M. Nowakowski, Phys. Rev. D 51, 2421
(1995); F. Vissani and A. Y. Smirnov, Nucl. Phys. B460,
37 (1996); B. de Carlos and P. L. White, Phys. Rev. D 54,
3427 (1996); 55, 4222 (1997); A. Akeroyd et al., Nucl.
Phys. B529, 3 (1998); M. A. Dı́az et al., Phys. Lett. B 453,
263 (1999).

[23] M. Hirsch et al., Phys. Rev. D 62, 113008 (2000); 65,
119901(E) (2002).

[24] A. J. Buras, Phys. Lett. B 566, 115 (2003).
[25] V. M. Abazov et al. (D0 Collaboration), Phys. Rev. Lett.

94, 071802 (2005).
[26] T. Inami and C. S. Lim, Prog. Theor. Phys. 65, 297 (1981);

E. Ma and A. Pramudita, Phys. Rev. D 22, 214 (1980); 24,
1410 (1981); B. A. Campbell and P. J. O’Donnell, Phys.
Rev. D 25, 1989 (1982).

[27] G. L. Kane, C. Kolda, and J. E. Lennon, hep-ph/0310042;
S. Baek, Phys. Lett. B 595, 461 (2004); A. Dedes and B. T.
Huffman, Phys. Lett. B 600, 261 (2004); S. Baek, P. Ko,
and W. Y. Song, J. High Energy Phys. 03 (2003) 054.

[28] J. F. Gunion et al., The Higgs Hunter’s Guide (Addison-
Wesley, Reading, MA, 1990).

[29] V. Barger et al., Phys. Lett. B 596, 229 (2004).
[30] S. Eidelman et al. (Particle Data Group), Phys. Lett. B

592, 1 (2004).
[31] F. Bodi-Esteban, J. Bordes, and J. Penarrocha, Eur. Phys.

J. C 38, 277 (2004).
[32] C. Q. Geng and C. P. Kao, Phys. Rev. D 54, 5636 (1996);

C. H. Chen and C. Q. Geng, Phys. Rev. D 63, 114025
(2001); 66, 014007 (2002).

[33] C. H. Chen and C. Q. Geng, Phys. Rev. D 64, 074001
(2001); C. H. Chen, C. Q. Geng, and J. N. Ng, Phys. Rev. D
65, 091502 (2002).

[34] C. H. Chen and C. Q. Geng, Phys. Rev. D 71, 077501
(2005).
-4


