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It is interesting to search for new physics beyond the standard model at Large Hadron Collider beauty
(LHCb). We suggest that weak decays of doubly charmed baryon such as �cc�3520��, ���cc to charmless
final states would be a possible signal for new physics. In this work we consider two models, i.e. the
unparticle and Z0 as examples to study such possibilities. We also discuss the cases for �0

bb, ��bb which
have not been observed yet, but one can expect to find them when LHCb begins running. Our numerical
results show that these two models cannot result in sufficiently large decay widths, therefore if such modes
are observed at LHCb, there must be a new physics other than the unparticle or Z0 models.
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I. INTRODUCTION

LHC will begin its first run pretty soon, and besides
searching for the long-expected Higgs boson, its main goal
is to explore new physics beyond the standard model (SM).
Many schemes have been proposed to reach the goal.
Indeed, the LHCb detector, even though it is not respon-
sible for the Higgs hunting, will provide an ideal place to
study heavy flavor physics and search for evidence of new
physics. One can make careful measurements on rare
decays of B-mesons, b-baryons, B-mixing, and CP viola-
tion with a huge database available at LHCb; moreover, we
are inspired by the possibilities of discovering new physics.
It would be beneficial to conjecture more possible pro-
cesses which would signal the existence of new physics.

In 2002, the first event for s doubly charmed baryon,
��cc�3520�, was observed by the SELEX Collaboration in
the channel of ��cc ! ��c K

��� [1–3]. ��cc has the mass
m � 3519� 1 MeVand width �< 5 MeV. By studying an
alternative channel of pD�K� conducted later, the mass of
the baryon-resonance was confirmed as m � 3518�
3 MeV [4], which is consistent with that given in
Ref. [1]. In the present theory, there definitely is no reason
to exclude the existence of ���cc which contains ccu
valence quarks and as well �0

bb�bbu� and ��bb�bbd�, by
the flavor-SU(3) symmetry.

In this work, we propose that direct decays of �cc with
charmless final states or �bb with bottomless final states
would be signals for new physics. By the quark-diagrams,
one can easily notice that the main decay modes of �cc
would be D����0�, �cK0, D�PK�, and �cK���. The
latter two modes are just the channels where the SELEX
collaboration observed the baryon �cc. Meanwhile the
direct decays of �cc (or �bb) into charmless (bottomless)
final states are suppressed in the standard model, so that
they would be sensitive to new physics beyond the SM.

Since in �cc there are two identical charm quarks,
neither can neither annihilate nor exchange W-boson to
convert into other quarks. In the SM, direct transition of
�cc into charmless final states may be realized via the

double-penguin mechanism which is shown in Fig. 1(a),
the crossed box-diagram [Fig. 1(b)], and a possible two-
step process shown in Fig. 1(c). The mechanism includes
two penguin loops or a crossed box-diagram is very sup-

FIG. 1. (a) The double-penguin diagram which can induce the
decay of �cc��bb� into noncharm (nonbottom) final states.
(b) The crossed-box diagram. (c) An emission where the effec-
tive interaction would be nonlocal and for charmless decays of
���cc , it does not exist.
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pressed, so that cannot result in any observable effects and
we can ignore them completely. If a nonzero rate is ob-
served at LHCb, it should be a signal of new physics.
Definitely the diagram of Fig. 1(c) may cause a nonzero
contribution and contaminate our situation for exploring
new physics. If we consider the charmless decays of ���cc
or bottomless decays of ��bb, that diagram [Fig. 1(c)] does
not exist at all. Then, the first question is whether we can
distinguish such direct decays of �cc into charmless final
states (or �bb into bottomless final states) from the sec-
ondary decays, which results in charmless (or bottomless)
products and are the regular modes in the framework of the
SM. The answer is that the direct transitions are favorably
two-body decays, namely, in the final states there are only
two noncharmed hadrons by whose momenta one can
reconstruct the invariant mass spectra of �cc (or �bb),
whereas, in the regular modes with sequent decays, there
are at least three hadrons in the final states.

The second question is whether there is any mechanism
beyond the standard model available which can result in
such direct decays. Below, we use two models to demon-
strate how such direct decay modes are induced and esti-
mate the widths accordingly. One of them is the unparticle
scenario and another one is the SU�3� � SU�2�L �
SU�2�R �U�1�B�L model where a new gauge boson Z0

exists and mediates an interaction to turn the charm quark
into a u-quark. Thus by exchange of an unparticle or Z0

between the two charm quarks in ������cc (or between the
two bottom quarks in ���0�bb ), these direct transitions occur.

In this work, for simplicity, we only consider the inclu-
sive decays of ���cc ��

�
bb� into charmless (bottomless) final

states. The advantage of only considering the inclusive
processes is obvious in that we do not need to worry about
the hadronization of quarks into final states because such
processes are fully governed by the nonperturbative QCD
effects and bring up much uncertainty.

Below, we will investigate the processes caused by ex-
changing unparticles and Z0 separately and then make a
brief discussion on the possibility that new physics may
result in observable phenomena at LHCb.

II. THE INCLUSIVE DECAY OF DOUBLY
CHARMED BARYON

A. The unparticle scenario

Before entering the concrete calculation, we briefly
review the concerned knowledge on the unparticle physics
[5], which is needed in later derivation. The effective
Lagrangian describing the interaction of the unparticle
with the SM quarks is
 

L �
cqq

0

S

�dU
U

�q���1� �5�q0@�OU

�
cqq

0

V

�dU�1
U

�q���1� �5�q0O
�
U � H:c:; (1)

where OU and O�
U are the scalar and vector unparticle

fields, respectively. q and q0 denote the SM quark fields.
Generally, the dimensionless coefficients cqq

0

S;V is related to
the flavor of the quark field. This interaction induces a
flavor-changing neutral current (FCNC) and contributes to
the processes of concern.

For a scalar unparticle field, the propagator with mo-
mentum p and scale dimension dU is [6]

 

Z
d4xdip�xh0jTOU�x�OU�0�j0i

� i
AdU

2 sin�dU��
1

��p2 � i��2�dU
(2)

with

 AdU �
16�5=2

�2��2dU
��dU � 1=2�

��dU � 1���2dU�
; (3)

with dU the scale dimension.
For the vector unparticle, the propagator reads

 

Z
d4xeip�xh0jTO�

UO
�
U�0�j0i � i

AdU
2 sin�dU��

�
�g�� � p�p�=p2

��p2 � i��2�dU
;

(4)

where the transverse condition @�O
�
U � 0 is required.

In the unparticle physics, the inclusive decay of doubly
charmed baryons into light quarks ccq! uuq occurs at
the tree level, and the transition is depicted in Fig. 2. Here
the exchanged agent between the two charm quarks can be
either scalar or vector unparticle.

FIG. 2. The inclusive transition of doubly charmed baryon in
unparticle physics, where the double-dashed line denotes the
scalar or vector unparticle in the unparticle model or Z0 in the
left-right model.
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Even though we only consider the inclusive processes
where the quarks in the final states are treated as on-shell
free particles and the wave functions of the light hadrons in
the final states are not needed, the binding effect of the
initial baryons (���cc or ��bb) which are composed of three
valence quarks must be taken into account. Namely, when
we calculate the hadronic matrix elements, we need to
invoke concrete phenomenological models to carry out
the computations where the wave function of the initial
baryon is needed. In this work, we adopt a simple non-
relativistic model, i.e. the harmonic oscillator model [7].
This model has been widely and successfully employed in
similar research [8–14]. Thus one can trust that for heavy
hadrons, such a simple nonrelativistic model can work well
and the results are relatively reliable, even though certain
errors are not avoidable. Thus in this work the matrix
elements of the effective operators evaluated in terms of
the harmonic oscillator wave function are believed to be a
good approximation. According to the references listed
above, the errors in the estimate, especially as we only
need the wave function of the initial hadron, are expected
to be less than 10%. By changing the input parameters and
the model parameters, which are obtained by fitting other
experiments, we scan the region of changes of the numeri-
cal results and find that the error range is indeed consistent
with our expectation.

In the harmonic oscillator model, the wave function of
the doubly charmed baryon �cc�3520�� is expressed as
 

j���cc�P; s�i �N
X

color;spin

�SF’C

Z
d3p�d

3p�

�  ��cc�p�;p��b
y
c �p01; s

0
1�b
y
c �p02; s

0
2�

� byu �p03; s
0
3�j0i;

which satisfies the normalization condition

 h���cc�P;s�j���cc�P
0;s0�i� �2��3

M��cc

EP
	3�P�P0�	�s�s0�;

where N is the normalization constant. �SF and ’C

denote the spin-flavor and color parts of the wave function
of doubly charmed baryon �cc�3520�� respectively whose
explicit expressions are

 N �

������������������������
E
M
m01m

0
2m
0
3

E01E
0
2E
0
3

s
; ’C �

1���
6
p �ijk;

�SF �
1���
6
p 	2jc " c " d #i � jc " c # d "i � jc # c " d "i
:

In the harmonic oscillator model, the spatial wave function
 ��cc�p�;p�� reads as
 

 ��cc�p�;p�� � 33=4

�
1

�
2
�

�
3=4
�

1

�
2
�

�
3=4

� exp
�
�

p2
�

2
�
�

p2
�

2
�

�

with the definitions

 p � �
p01 � p02���

2
p ; p� �

p01 � p02 �
2mc
md

p03�����������������
2 2mc�md

md

q ;

P � p01 � p02 � p03;

and the parameters 
� and 
� reflect the nonperturbative
effects and will be given in a later subsection.

In the center of mass frame of �cc�3520��, the hadronic
matrix elements Sfi is written as

 Sfi � �2��4	4�p1 � p2 � p3 �M�T

with T � �TS � TV�.
For exchanging scalar unparticle, TS matrix element is

written as
 

TS �
X
spin

Z
d3p�d3p��2��3

Ep3

mp3

	 �uu�p1; s1����1� �5�

� uc�p
0
1; s
0
1� �uu�p2; s2����1� �5�uc�p

0
2; s
0
2�


�

�
ccuS
�dU

U

�
2 AdU

2 sin�dU��
iq�q�

��p2 � i��2�dU

�N  ��cc�p�;p��: (5)

For the vector unparticle exchange, TV is
 

TV �
X
spin

Z
d3p�d

3p��2��
3
Ep3

mp3

	 �uu�p1; s1����1� �5�

� uc�p01; s
0
1� �uu�p2; s2����1� �5�uc�p02; s

0
2�


� �
ccuV

�dU�1
U

�2
AdU

2 sin�dU��
i��g�� � q�q�=q2�

��p2 � i��2�dU

�N  ��cc�p�;p��: (6)

Here uq and �uq (q � c; u) denote the Dirac spinors

 uq �

�������������������
Eq �mq

2mq

s
1
��p

Eq�mq

 !
�; (7)

 �u q �

�������������������
Eq �mq

2mq

s
�y
�
1;�

� � p
Eq �mq

�
; (8)

and we can use the expression [15]

 

jccus j
2

�2dU
U

�
6m�mj sindU�j

5f2B̂AdUm
2dU

; (9)

 

jccus j
2

�2dU�1
U

�
2m�mj sindU�j

f2B̂AdUm
2dU�2

(10)

to simplify TV and TS. One needs to sum over all possible
spin assignments for the Dirac spinors.
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B. The Z0 scenario

The left-right models [16] are also a natural extension of
the electroweak model. It has been widely applied to the
analysis on high energy processes. For example, recently
He and Valencia [17] employed this model with certain
modifications to explain the anomaly in AbFB observed at
LEP [18]. Barger et al. studied Z0 mediated flavor-
changing neutral currents in B-meson decays [19], Bs �
�Bs mixing [20] and B! K� puzzle [21].

The gauge group of the model [17] is SU�3� �
SU�2�L � SU�2�R �U�1�B�L where the four gauge cou-
plings g3; gL; gR, and g correspond to the four subgroups,
respectively. The vacuum expectation values of the three
Higgs bosons break the symmetry. The symmetry breaking
patterns are depicted in the literature. The introduction of a
scalar field� causes Z0 in the standard model to mix with a
new gauge boson ZR, then Z; Z0 are the mass eigenstates.

For the neutral sector the Lagrangian is
 

L � �
gL

2 cosW
�q���gV � gA�5�q�cos�ZZ� � sin�ZZ0��

�
gY
2

tanR

�
1

3
�qL�

�qL �
4

3
�uRi�

�uRi �
2

3
�dRi�

�dRi

�
� �sin�ZZ� � cos�ZZ0�� �

gY
2
�tanR � cotR�

� �sin�ZZ� � cos�ZZ0���V
d�
RbiV

d
Rbj

�dRi��dRj

� Vu�RtiV
u
Rtj �uRi��uRj�:

Here W is the electroweak mixing angle ( tanW �
gY
gL

), R
parametrizes the relative strength of the right-handed in-
teraction ( tanR �

g
gR

), �Z is the Z� Z0 mixing angle and

Vu;dRij are two unitary matrices that rotate the right-handed
up-(down)-type quarks from the weak eigenstates to the
mass eigenstates. Note that we use current notation for the
Pati-Salam model, and only the third family couples to
SU�2�R in this model.

In the Z0 model, inclusive decay of doubly charmed
baryons into light quarks ccq! uuq occurs at tree level.
The Feynman diagram (Fig. 2) is the same as that for the
unparticle scenario, but only the exchanged agent is re-
placed by Z0.

In the center of mass frame of ��cc, we can obtain
 

T�
X
spin

Z
d3p�d3p��2��3

Ep3

mp3

	 �uu�p1;s1����1��5�

�uc�p01;s
0
1� �uu�p2;s2����1��5�uc�p02;s

0
2�


�ig��

�p2�M02Z �

�

�
gL tanW�tanR�cotR�cos�Z

2
Vu�RtiV

u
Rtj

�
2

�N  ��cc�p�;p��: (12)

The authors of Refs. [17,22,23] suggested that cotR is
large, so that tanR can be ignored. They took approxima-

tions tanW cotR
MW
M0Z
� 1 and cos�Z � 1. Because MZ0 is

larger than 500 GeV [17], one has 1
p2�M02Z

� 1
M02Z

.

Then we have the final expression as
 

T �
X
spin

Z
d3p�d3p��2��3

Ep3

mp3

	 �uu�p1; s1����1� �5�

� uc�p01; s
0
1� �uu�p2; s2����1� �5�uc�p02; s

0
2�


� ��ig���GF

���
2
p
�Vu�RtiV

u
Rtj�

2N  ��cc�p�;p��: (13)

C. The expression of the decay width

The inclusive decay rate would be obtained by integrat-
ing over the phase space which involves three free quarks
and the procedure is standard [24],
 

���cc�3520�� ! uud� �
Z a2

a1

dp0
1

Z b2

b1

dp0
2

Z 2�

0
d�

�
Z 1

�1
d�cos�

jTj2

16M��cc�2��
4 ;

(14)

where a1, a2, b1, and b2 are defined as, respectively,

 a1 � 0; a2 �
M��cc

2
�
�m2 �m3�

2 �m2
1

2M��cc

;

b1 �
1

2�
	����m�m�� �

�����������������������������������������������
p02

1 ���m
2
�����m

2
��

q

;

b2 �
1

2�
	����m�m�� �

�����������������������������������������������
p02

1 ���m
2
�����m

2
��

q

;

� � M��cc � p
0
1; � � �2 �

�����������
�p0

1�
2

q
;

m� � m2 �m3:

Here M���cc , m1, m2, and m3 denote the masses of the
doubly charmed baryon, up, and down quarks, respec-
tively. In the following, for obtaining numerical results
we use the Monte Carlo method to carry out this integral.
For baryon ��bb, the expression is the same but only the
mass of the charm quark is replaced by that of the bottom
quark.

III. NUMERICAL RESULTS

Now we present our numerical results.
Since only ���cc has been measured, in the later calcu-

lation we use its measured mass as input, and for ��bb we
will only illustrate the dependence of its decay rate on the
parameters. The input parameters include: GF � 1:166�
10�5 GeV�2, mc � 1:60 GeV, mu � md � 0:3 GeV,
ms � 0:45 GeV, mb � 4:87 GeV. M��cc � 3:519 GeV.

� � 0:33 GeV2, 
� � 0:25 GeV2 [1,25–27]. Here, the
light quark mass refers to the constituent mass.
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A. The results in the unparticle scenario

For the unknown parameters �U in the unparticle sce-
nario, according to the general discussion, the energy scale
may be at order of TeV, thus one can fix �U � 1 TeV. We
choose dU � 3=2 in our calculation.

In this work, we also calculate the inclusive decay width
of doubly bottomed baryon ��bb. The mass of ��bb is set as
10.09 GeV according to the estimate of Ref. [27], although
there are no data available yet.

The numerical results are provided in Table I. Figure 3
illustrates the dependence of the decay widths of
�cc�3520�� ! uud and ��bb ! ddd on dU, the three lines
(solid, dashed, and dotted) correspond to the contributions
of scalar unparticle, vector unparticle, and both on dU. It is
noted here that ‘‘both’’ means that at present we cannot
determine whether the unparticle is a scalar or a vector and
it is also possible that both scalar and vector exist simul-
taneously. Thus we assume both scalar and vector contrib-
ute and they interfere constructively. Definitely, it is
worthy of further investigation.

B. The results for Z0 exchange

The earlier studies indicate that the mass of MZ0 should
be larger than 500 GeV [17] and Vu�RtcV

u�
Rtu is bound no more

than 2:0� 10�4 [22]. In our calculation we take their
extreme values as MZ0 � 500 GeV and Vu�RtcV

u�
Rtu � 2:0�

10�4, thus we would obtain the upper limit of the decay
width. It is estimated with all the input parameters as

 �	�cc�3520�� ! uud
 � 7:66� 10�21 GeV: (15)

This is a too small numerical value compared with the
width of ��cc, therefore, it is hopeless to observe a nonzero
branching ratio of ��cc into charmless final states if only Z0

is applied.

C. Estimate the contribution from standard model

As indicated above, in the framework of the SM, ��cc
can decay into two-body final states via Fig. 1(c). It would
be interesting to compare the SM contribution with that
from the two models. Thus, we would roughly estimate the
ratio of the contribution of Fig. 1(c) to that of Fig. 2(b) for
the Z0 model. It is easier to compare them because the
structures of two diagrams and the relevant effective ver-
tices are similar.

By the order of magnitude estimation and with the
SU�3� symmetry, the ratio of the amplitude of Fig. 1(c)
(TSM) to Fig. 2(b) (Tun or TZ0) is

TABLE I. The decay widths of �cc�3520�� ! uud or ���cc ! uuu and ��bb ! ddd�ssd�
corresponding to dU � 3=2 (in units of GeV). In the table, the second, third, and fourth columns,
respectively, correspond to the contributions from exchanging scalar unparticle, vector unpar-
ticle, and both.

scalar vector scalar� vector

�	�cc�3520�� ! uud
 4:57� 10�18 1:11� 10�15 1:24� 10�15

�	��bb ! ddd
 5:85� 10�20 1:65� 10�17 1:83� 10�17

�	��bb ! ssd
 5:21� 10�20 1:23� 10�17 1:44� 10�17

FIG. 3 (color online). (a) and (b), respectively, show the de-
pendences of the decay widths of �cc�3520�� ! uud and
��bb ! ddd respectively coming from the contributions of scalar
unparticle, vector unparticle, and both on dU.
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TSM

TZ0


8GF
4�
s
q2

���
2
p
�Vu�RtiV

u
Rtj�

2
; (16)

where q is the momentum of the unparticle or Z0 (in the
case of the SM, q2 � M2

W) and can be neglected in the
propagator. Because the contribution from smaller q2 is
dominant, in the estimation we set q2 � 0:5 GeV2. Since
the whole case under consideration may fall in the non-
perturbative QCD region, as a rough estimate we take 
s �
1, Vu�RtiV

u
Rtj � 2� 10�4, and GF � 1:166� 10�5 GeV�2,

we can get TSM

TZ0
 66 (i.e. �SM

�Z0
 4300). Then we can obtain

the ratio of decay widths
�Unparticle

�SM
 40. This ratio indicates

that for ��cc the contribution of the SM is smaller than that
of the unparticle scenario, but larger than that from the Z0

model.
However, for ���cc , Fig. 1(c) does not contribute at all,

so that the decay of ���cc into charmless final states (or ��bb
into bottomless final states) is more appropriate for explor-
ing new physics than ��cc.

It is worth noticing that the estimate of the contribution
of the SM to the decay rate is very rough, thus what we can
assure to ourselves is its order of magnitude. Indeed the
magnitude contributed by the SM is very small and cannot
produce sizable observational effects at all, even though it
has a comparable order with that from the two sample
models, the unparticle and Z0. In the future, if such mode
were observed at LHCb we can definitely conclude that it
is not caused by the SM but new physics.

IV. DISCUSSION AND CONCLUSION

In this work we propose to explore for new physics
beyond the SM at LHCb by measuring direct decays of
��cc�

��
cc , ���bb;�

0
bb� into charmless (bottomless) final

states. Such decays can occur via the diagrams shown in
Fig. 1 in the framework of the SM, but is much suppressed
to be experimentally observed; therefore, if a sizable rate is
measured it would be a clear signal for new physics beyond
the SM. We use two models as examples, namely, the
unparticle and Z0 models to calculate the decay rates,
because both of them allow a transition of cc�bb� ! qq
where qmay be light quarks to occur at tree level. Thus one
expects that these new models might result in nonzero
observation.

Indeed, our work is motivated by three factors: first the
great machine LHC will run next year and a remarkable
amount of data will be available; second, the double-
charmed baryon �cc which was observed by the SELEX
collaboration provides us a possibility to probe new phys-
ics; and the last reason is that some models have been
proposed and they may induce a flavor-changing neutral
current—concretely the unparticle and Z0 models are em-
ployed in this work. Definitely none of the two models are
confirmed by either theory or experiment yet, and they still
need further theoretical investigations; however, their

framework is clear, so we may use them as examples to
demonstrate how new physics may cause such decay
modes and indicate that a sizable observational rate is a
clear signature for new physics beyond the SM. Moreover,
the double-charmed baryon has only been observed by the
SELEX collaboration, but not at B-factories. It seems
peculiar at first glimpse, but careful studies indicate that
it is quite reasonable due to the fragmentation process of
heavy quarks. The authors of Ref. [28] indicate that the
meson Bc cannot be seen at any e�e� colliders because its
production rate at such machines is too small, but con-
trarily, its production rate is greatly enhanced at hadron
colliders. It was first observed at TEVATRON and its
production rate at LHC would be much larger by several
orders [28]. In analog, one can expect that such double-
charmed baryons �cc or double-bottomed �bb can only be
produced at LHC, but not at B-factories.

The inclusive decays of doubly charmed baryons
�cc�3520��, ���cc , and �0

bb, ��bb are explored in unpar-
ticle and Z0 scenarios. Our result indicates that the upper
limit of the inclusive decay width of ���cc ! uuu is about
10�15 GeV with dU � 3=2. For inclusive decay ��bb !
ddd�ssd�, the upper limit is at order of 10�17 GeV. It is
learned that in the unparticle scenario, the contribution
from exchanging a vector unparticle is much larger than
that from exchanging a scalar unparticle, as shown in
Table I.

The parameters which we employ in the numerical
computations are obtained by fitting other experimental
measurements, for example, if the recently observed D0 �
�D0 can be interpreted by the unparticle model, an upper

bound on the parameters in the model would be con-
strained. Indeed, all the present experimental data can
only provide upper bounds on the model parameters no
matter what the new physics model under consideration is.

So far it is hard to make an accurate estimate on the
production rates of the heavy baryons which contain two
heavy quarks at LHC yet, but one has reason to believe that
the production rate would be roughly of the same order of
the production rate of Bc which was evaluated by some
authors [28], or even smaller by a factor of less than 10.
The production rates indeed will be theoretically evaluated
before or even after LHC begins running.

In Ref. [29], the authors estimate the number of �cc

produced at LHCb as about 109. Since the available energy
is much higher than the masses of �cc and �bb, one has
strong reason to believe that their production rates are
comparable. Unfortunately our numerical results indicate
that the unparticle and Z0 scenarios cannot result in sizable
rates for ���cc ! uuu! two hadrons and ��bb !
ddd�ssd� ! two hadrons which can be measured at
LHCb and neither the SM. Even though the two sample
models and SM cannot cause sufficiently large rates, the
channels still may stand for a possible place to search for
new physics. If a sizable rate is observed at LHCb, it would
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be a signal of new physics and indicate that the new physics
is also not the unparticle and/or Z0, but something else.

ACKNOWLEDGMENTS

We greatly benefit from constructive discussions with
Professor Xiao-Gang He. This project was supported by

the National Natural Science Foundation of China under
Grants 10475042, 10721063, 10625521, 10705001,
10745002 and 10705015, Key Grant Project of Chinese
Ministry of Education (No. 305001), Ph.D. Program
Foundation of Ministry of Education of China and the
China Postdoctoral Science foundation
(No. 20060400376).

[1] M. Mattson et al. (SELEX Collaboration) Phys. Rev. Lett.
89, 112001 (2002).

[2] J. Russ (SELEX Collaboration), arXiv:hep-ex/0209075.
[3] M. Moinester (SELEX Collaboration) Czech. J. Phys. 53,

B201 (2003).
[4] A. Ocherashvili (SELEX Collaboration), Phys. Lett. B

628, 18 (2005).
[5] H. Georgi, Phys. Rev. Lett. 98, 221601 (2007).
[6] H. Geoogi, Phys. Lett. B 650, 275 (2007); K. Cheung,

W. Y. Keung, and T. C. Yuan, Phys. Rev. Lett. 99, 051803
(2007).

[7] A. Yaouanc, L. Olivier, O. Pène, and J. Raynal, Hadron
Transitions in the Quark Model (Gordon and Breach
Science Publish, New York, 1998).

[8] M. Oda, K. Nishimura, M. Ishida, and S. Ishida,
arXiv:hep-ph/0005102; R. Mohanta, A. Giri, M. Khanna,
M. Ishida, and S. Ishida, Prog. Theor. Phys. 102, 645
(1999); 101, 1083 (1999); 101, 959 (1999); M. Ishida, S.
Ishida, and M. Oda, Prog. Theor. Phys. 98, 159 (1997).

[9] A. Hosaka, M. Takayama, and H. Toki, Nucl. Phys. A678,
147 (2000).

[10] R. Bonnaz, B. Silvestre-Brac, and C. Gignoux, Eur. Phys.
J. A 13, 363 (2002).

[11] T. Barnes, in Ninth International Conference on Hadron
Spectroscopy, edited by D. Amelin and A. M. Zaitsev, AIP
Conf. Proc. No. 619 (AIP, New York, 2002), p. 673;
Nuovo Cimento Soc. Ital. Fis. A 107, 2491 (1994).

[12] H. Y. Cheng and B. Tseng, Phys. Rev. D 53, 1457 (1996);
55, 1697 (1997).

[13] J. Amundson, Phys. Rev. D 49, 373 (1994).
[14] C. H. Chang, T. Li, X. Q. Li, and Y. M. Wang,

arXiv:0704.0016.

[15] X. Q. Li and Z. T. Wei, Phys. Lett. B 651, 380 (2007).
[16] R. Mohapatra and J. Pati, Phys. Rev. D 11, 566 (1975); 11,

2558 (1975); R. Mohapatra and G. Senjanovic, Phys. Rev.
D 12, 1502 (1975); K. S. Babu, X. G. He, and E. Ma, Phys.
Rev. D 36, 878 (1987).

[17] X. G. He and G. Valencia, Phys. Rev. D 66, 013004
(2002); 66, 079901(E) (2002); 68, 033011 (2003).

[18] D. Abbaneo et al. (ALEPH Collaboration), arXiv:hep-ex/
0112021; M. S. Chanowitz, Phys. Rev. Lett. 87, 231802
(2001); Phys. Rev. D 66, 073002 (2002).

[19] V. Barger, C. W. Chiang, P. Langacker, and L. S. Lee,
Phys. Lett. B 580, 186 (2004).

[20] V. Barger, C. W. Chiang, J. Jiang and P. Langacker, Phys.
Lett. B 596, 229 (2004).

[21] V. Barger, C. W. Chiang, P. Langacker, and L. S. Lee,
Phys. Lett. B 598, 218 (2004).

[22] X. G. He and G. Valencia, Phys. Lett. B 651, 135 (2007).
[23] X. G. He and G. Valencia, Phys. Rev. D 74, 013011

(2006).
[24] T. Hahn and M. Perez-Victoria, Comput. Phys. Commun.

118, 153 (1999); T. Hahm, User’s Guide of FormCalc
(2007).

[25] W. Yao et al. (Particle Data Group), J. Phys. G 33, 1
(2006).

[26] C. H. Chang, T. Li, X. Q. Li, and Y. M. Wang,
arXiv:0704.0016.

[27] V. V. Kiselev, A. K. Likhoded, O. N. Pakhomova, and V. A.
Saleev, Phys. Rev. D 66, 034030 (2002).

[28] C. H Chang et al., Phys. Rev. D 48, 4086 (1993); 54, 4344
(1996); Phys. Lett. B 364, 78 (1995).

[29] A. V. Berezhnoy, V. V. Kiselev, A. K. Likhoded, and A. I.
Onishchenko (unpublished).

POSSIBILITY OF SEARCH FOR NEW PHYSICS AT THE . . . PHYSICAL REVIEW D 77, 035014 (2008)

035014-7


