
PHYSICAL REVIEW D 67, 053006 ~2003!
Heavy quark production via leptoquarks at a neutrino factory
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The proposed neutrino factory based on a muon storage ring~MSR! is an ideal place to look for heavy quark
production via neutral current and charged current interactions. In this article, we address the issue of contri-

butions coming from mediating leptoquarks~LQs! in nm ( n̄e)-N scattering, leading to the production ofb (b̄)
at a MSR, and investigate the region where LQ interactions are significant in the near-site experiments.
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I. INTRODUCTION

It is widely believed that the proposed neutrino facto
~NF! based on a muon storage ring~MSR! capable of sup-
plying a well calibrated and intense beam of rough
'1020nm( n̄m) and n̄e(ne) per year through 50 GeV muo
decays will open up an unprecedented opportunity to rev
the world of neutrinos and to provide a physical laborato
for testing physics beyond the standard model~SM! @1,2#.
Recent strong indications of atmospheric neutrino osci
tions (nm→nx , wherex is not e) @3# have rekindled interes
in accelerator experiments that could study the same rang
parameter space. The solar neutrino deficit is interpreted
ther as matter enhanced Mikheyev-Smirnov-Wolfenstein
cillations @4# or as vacuum oscillations@5# that deplete the
original ne’s, presumably in favor ofnm’s. The role of a NF
in determining the masses and mixing angles fornm↔nt and
n̄e↔ n̄m oscillations, both at short and long baseline expe
ments, has been extensively discussed in the literature.
investigation of physics beyond the SM through cert
novel interactions in the neutrino sector, in particular,
appearance oft and wrong signm signals in new physics
scenarios, such supersymmetric~SUSY! theories with bro-
ken R parity @6# and theories that allow leptoquark~LQ!
mediated lepton flavor violating~LFV! interactions@7#, have
been dealt with in our earlier works@6,7#. With the same
motivation to look for the role played by the nonstanda
interactions at a NF, the production of heavy quarks throu
nm-N scattering in anR-parity violating SUSY theory was
investigated recently@8# and it was shown that it is possibl
to have significant event rates forb (b̄) production via both
neutral current~NC! and charged current~CC! interactions.
We should emphasize here that in SM the production ob

(b̄) is severely suppressed at tree level. Thus a consider
number ofb (b̄) or an excess well above the SM rate at a N
would unequivocally imply the existence of nonstanda
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physics in the neutrino sector. In contrast to SM,b quark
production via nonstandardn-N scattering processes ca
take place at the tree level itself via the CC interactio
nmū→m2b̄, nmc̄→m2b̄, and n̄eu→e1b, all of which are
suppressed in the SM either due to the Cabibbo-Kobaya
Maskawa~CKM! matrix elementsVub or due to the interac-
tion of nm with sea quarks present inside the nucleon. T
corresponding NC processesnmd→nmb and n̄ed→ n̄eb can
occur only at one loop level in the SM.

In this context, it is worthwhile to consider theories wi
leptoquarks which occur naturally in grand unified theori
superstring inspiredE6 models and in Technicolor models
@9# and study heavy flavor (b,b̄) production in scattering of
neutrinos on a fixed isonucleon target with LQs as media
of the interaction. In our earlier work, we have studied t
contribution of mediating lepton flavor violating LQs i
nm( n̄e) N scattering, leading to an enhanced production
t ’s and wrong signm ’s at MSR, and investigated the regio
where LQ interactions are significant in the near-site a
short baseline experiments, and we found thatone can con-
strain LFV couplings between the first and third generatio
the bounds on which are not generally available.With the
same spirit in this present work, we investigate theb quark
production in both NC and CC channels throughnm ( n̄e) N
scattering at the NF, mediated by scalar and vector lep
quarks. It is worth mentioning that we consider then̄e beam
also for production ofb,b̄ in both the NC and CC channel
unlike Ref.@8#. For the present case, since we are interes
in new physics effects alone and not the oscillation effects
is desirable to confine ourselves to near-site experime
where the neutrino detectors are placed at a very short
tance~typically 40 m! from the storage ring. Here we do no
consider the LFV processes. The processes that we con
in this article for theb,b̄ production via NC and CC channe
are

NC:nmd→nmb, n̄ed→ n̄eb; ~1!

CC:nmū→m2b̄, n̄eu→e1b. ~2!

m
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The total number ofb,b̄ quark production events per year v
either CC or NC interactions can be written as

Nb,b̄5NnE d2sNC/CC
n,n̄

dxdy F dNn,n̄

dEn i ,n̄ i

GPsurv@n i~ n̄ i !

→n i~ n̄ i !#dEn i ( n̄ i )
q~x! dxdy, ~3!

where Nn is the number of nucleons per kT of the targ
material,1 x andy are the Bjorken scaling variables,q andq8
are the quarks in the initial and final states, respectively,
q(x) is the quark distribution function. The differential pa
ton level cross section can be expressed as

d2sNC/CC
n,n̄

dx dy
5Fd2sNC/CC

n,n̄

dx8 dy8
G ]~x8,y8!

]~x,y!
5F uM~x8,y8!uNC/CC

2

32pŜ
G ,

~4!

wherey852 t̂ /Ŝ5Q2/(2MEnx8) andx8 is theslow rescal-
ing variable2 that arises due to the mass shell constraint
the heavy quark produced in the final state,

x85
Q21mQ

2

2Mn
5x1

mQ
2

2MEny
.

Therefore

]~x8,y8!

]~x,y!
51, ~5!

M being the nucleon mass,En being the neutrino energy, an
n5En l

2El 2(En̄ l
2El 1). Ŝ is the parton level c.m. energ

and @dNn,n̄ /dEn i ,n̄ i
# is the differentialn ( n̄) flux. The sur-

vival probability of a particular neutrino flavor~i! is given by
Psurv(n i→n i)512Posc(n i→n j ) where j takes all possible
values:j 5e,m,t but j Þ i .3

The effective Lagrangian with the most general dime
sionless, SU(3)c3SU(2)L3U(1)Y invariant couplings of
scalarandvectorLQs satisfying baryon~B! and lepton num-
ber (L) conservation@suppressing color, weak isospin, an
generation~flavor! indices# is given @10# by

L5LuFu521LuFu50 ,

where

1Nn56.02331032 for a target of mass 1 kT.
2For production of a heavy quark from a light quark, the hea

quark mass modifies the scaling variable of the quark distribut
x8 is the quark momentum fraction appropriate for absorbing
virtual W described byn andQ2.

3For the two flavor oscillation case, Posc(n i→n j )
5sin22umsin2

„1.27Dm2 (eV2)@L(km)/En (GeV)#…, whereL is the
baseline length,En is the neutrino energy,Dm2 is the mass-square
difference between the corresponding physical states, andum is the
mixing angle between flavors.
05300
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LuFu525@g1Lq̄L
c i t2l L1g1RūR

c eR#S11g̃1Rd̄R
c eRS̃1

1g3Lq̄L
c i t2tW l LSW 31@g2Ld̄R

c gml L1g2Rq̄L
cgmeR#V2m

1g̃2LūR
c gml LṼ2m1c.c.,

LuFu505@h2LūRl L1h2Rq̄Li t2eR#R21h̃2Ld̄Rl LR̃2

1h̃1RūRgmeRŨ1m1@h1Lq̄Lgml L

1h1Rd̄RgmeR#U1m1h3Lq̄LtWgml LU3m1c.c.,

~6!

whereqL , l L are the left-handed quarks and lepton doubl
andeR , dR , uR are the right-handed charged leptons, dow
and up-quark singlets, respectively. The scalar~i.e., S1 , S̃1 ,
S3) and vector~i.e., V2 , Ṽ2) LQs carry the fermion numbe
F53B1L522, while the scalar~i.e., R2 , R̃2) and vector
~i.e., U1 , Ũ1 , U3) LQ haveF50.

Numerous phenomenological studies have been mad
order to derive bounds and put stringent constraints on
couplings, particularly from low energy flavor changing ne
tral current~FCNC! processes@11# that are generated by sca
lar and vector LQ interactions. Direct experimental searc
for leptoquarks have also been carried out at thee-p collider
and bounds obtained@11,12#, and, in particular, bounds ob
tained from B meson decays (B→ l 1l 2X, where l 1l 2

5m1m2, e1e2) and also bounds derived from meso
antimeson (BB̄) mixing would have a direct bearing on th
processes considered here. This is because the low en
limit puts a stringent bound on effective four-fermion inte
actions involving two leptons and two quarks, and since
the NF the center of mass energy in collision is low enou
we can consider the neutrino-quark interaction as an ef
tive four-fermion interaction. The bounds on effective co
plings used in this paper are the LQ couplings over the
mass squared and are derived on the assumption tha
individual leptoquark coupling contribution to the branchin
ratio does not exceed the experimental upper limits and
the branching ratios only one leptoquark coupling is cons
ered by switching off all the other couplings. All coupling
are considered to be real, and combinations of left and r
chirality coupling are not considered. This article is outlin
as follows. We discuss theb (b̄) production throughn ( n̄) N
interactions via NC and CC channels in Secs. II and
respectively, and give the plots of event rate versus m
beam energy. In Sec. IV we outline the conclusions dra
from our results.

II. b „b̄… PRODUCTION VIA NC PROCESSES

Let us first consider the possible NC processes that
lead to b/b̄ in the final state. There is no SM tree lev
process in the NC channel as NC processes leading tob/b̄
can only occur at one loop level in the SM. However, the
can be two possible nonstandard tree level NC processes
can lead to the production ofb/b̄ in the final state, due to the

.
e
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FIG. 1. b production via NC process (nm1d
→nm1b) from scalar and vector LQs:~a!
u-channel process corresponding touFu50 LQs
and ~b! s-channel process corresponding touFu
52 LQs.
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presence of bothn and n̄ of different flavors fromm decay,
viz., m2→e2nmn̄e : ~1! nm1d→nm1b, ~2! n̄e1d→ n̄e
1b. For the two NC processes mentioned above, we h
both s- and u-channel diagrams arising from the releva
interaction terms in the effective LQ Lagrangian. For the fi
process,nm1d→nm1b ~shown in Fig. 1!, there are two
possibleu-channel diagrams mediated by LQs (R̃†,U†) car-
rying uFu50 and charge51/3, while there are three possib
s-channel diagrams that are mediated by LQs (S†,V†) carry-
ing uFu52 and charge521/3. For the second process,n̄e

1d→ n̄e1b ~shown in Fig. 2!, the two possibles-channel
diagrams are mediated by LQs (R̃,U) carrying uFu50 and
charge521/3, while the three possibleu-channel diagrams
are mediated by LQs (S,V) carrying uFu52 and charge
51/3.

We first consider the production ofb from nm ~obtained
from m2 decay! interactions with nucleons via NCu-channel
processes for theuFu50 case@Fig. 1~a!# and NCs-channel
processes for theuFu52 case@Fig. 1~b!#. There are, in all,
two diagrams contributing to production ofb via (nm1d
→nm1b) in the u channel@Fig. 1~a!#, one mediated by the
charge51/3, scalar LQ (R̃2

21/2 †) carrying T3521/2 and
the other one by a vector LQ (U3m

2 †) with T3521, where
T3 is the weak isospin. The matrix element squared for t
diagrams contributing to theu-channel NC process is

uM LQ
u-chann~nmd→nmb!u2

5@ û~ û2mb
2!#F uh̃2Lh̃2Lu2

~ û2MR̃
2
21/2

2
!2G1@4ŝ~ ŝ2mb

2!#

3F uA2h3LA2h3Lu2

~ û2MU
3m
2

2
!2 G , ~7!

where the Mandelstam variables at the parton level are g
by ŝ5(pnm

1pd)2, t̂5@pnm
(initial) 2pnm

(final)#2, and û

5(pnm
2pb)2, with pi denoting the four-momentum of th

i th particle.
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In the s channel, two diagrams are mediated by cha
521/3, scalar LQs (S1

† ,S3
0†) with T350, while one is me-

diated by a vector LQ (V2m
21/2†) with T3521/2 @Fig. 1~b!#.

The matrix element squared for all the three diagrams c
tributing to the NCs-channel process is

uM LQ
s-chann~nmd→nmb!u2

5@ ŝ~ ŝ2mb
2!#F ug1Lg1Lu2

~ ŝ2MS1

2 !2
1

ug3Lg3Lu2

~ ŝ2MS
3
0

2
!2

12
ug1Lg3Lu2

~ ŝ2MS1

2 !~ ŝ2MS
3
0

2
!G1@4û~ û2mb

2!#

3F ug2Lg2Lu2

~ ŝ2MV
2m
21/2

2
!2G . ~8!

Next we consider the production ofb from n̄e ~also ob-
tained from them2 decay! through interactions with nucleon
via the NCs-channel process for theuFu50 case@Fig. 2~a!#
and NCu-channel process for theuFu52 case@Fig. 2~b!#.
There are, in all, two diagrams contributing to the product
of b via (n̄e1d→ n̄e1b) in the s channel@Fig. 2~a!#, one
mediated by the charge521/3, scalar LQ (R̃2

21/2) with T3

521/2, while the other one is mediated by a vector L
(U3m

2 ) with T3521. The matrix element squared for th
two diagrams contributing to the NCs-channel process is

uM LQ
s-chann~ n̄ed→ n̄eb!u2

5@ ŝ~ ŝ2mb
2!#F uh̃2Lh̃2Lu2

~ ŝ2MR̃
2
21/2

2
!2G1@4û~ û2mb

2!#

3F uA2h3LA2h3Lu2

~ ŝ2MU
3m
2

2
!2 G , ~9!
FIG. 2. b production via NC process (n̄e1d

→ n̄e1b) from scalar and vector LQs:~a!
s-channel process corresponding touFu50 LQs
and ~b! u-channel process corresponding touFu
52 LQs.
6-3
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TABLE I. The best bounds on all relevant products of couplings~from B decays andBB̄ mixing! taken
from Table 15 of Ref.@11# by Davidsonet al.All the bounds are multiplied by@mLQ /(100 GeV)#2.

( lq)( lq) h1L h1R h2L h2R h3L g1L g1R g2L g2R g3L

~11!~13! 0.002 0.003 0.006 0.002 0.004 0.003 0.003 0.00
~21!~23! 0.0004 0.0004 0.0008 0.0004 0.004 0.0004 0.0004 0.00
ive

rg

t

in
i

th
rs

t
ct

n
.
due

lec-

or

we
s to

de-
n

t
on
tes

t of
res
ds

e

de-
t

here

ave
n
c-

the
tes
CC

4

where the Mandelstam variables at the parton level are g
by ŝ5(pn̄e

1pd)2, t̂5@pn̄e
(initial) 2pn̄e

(final)#2, and û

5(pn̄e
2pb)2.

In theu channel, two diagrams are mediated by the cha
51/3, scalar LQs (S1 ,S3

0) with T350 and one is mediated
by a vector LQ (V2m

21/2) with T3521/2 @Fig. 2~b!#. The ma-
trix element squared for all three diagrams contributing
the NCu-channel process is

uM LQ
u-chann~ n̄ed→ n̄eb!u2

5@ û~ û2mb
2!#F ug1Lg1Lu2

~ û2MS1

2 !2
1

ug3Lg3Lu2

~ û2MS
3
0

2
!2

12
ug1Lg3Lu2

~ û2MS1

2 !~ û2MS
3
0

2
!G1@4ŝ~ ŝ2mb

2!#

3F ug2Lg2Lu2

~ û2MV
2m
21/2

2
!2G . ~10!

Having said all this about the relevant NC diagrams lead
to b production, we now focus on the details that we use
order to compute the number of events forb/b̄ via the NC
channel and demonstrate their behavior as a function
muon energy ranging from 0 to 250 GeV. We consider
contribution from LQs carrying different fermion numbe
separately, which essentially means thateither all the h’s or
all the g’s contributing to a given process are nonzero a
time. For simplicity, we take the masses of scalar and ve
LQs for bothF50 anduFu52 to be equal (5250 GeV). As

FIG. 3. Variation ofb events~from LQ! for a 1 kTdetector and
LQ mass 250 GeV with muon beam energy for a baseline length
m and sample detector area 0.025 m2.
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in our earlier works@6,7#, we have used CTEQ4LQ parto
distribution functions@13# in order to compute the events
There is, however, significant suppression in phase space
to the production of the massiveb quark. In our calculation
we have not imposed any event selection cuts. Event se
tion cuts will further scale down the contribution~for a de-
tailed analysis see Ref.@2#!. We have considered a detect
with a sample area of 0.025 m2 @14# and placed at 40 m from
the storage ring. Regarding the bounds on LQ couplings,
have used model independent constraints on the coupling
b quarks ofB and L conserving LQs as discussed in@11#,
where it is shown that one can constrain the generation
pendent LQ couplings tob quarks from the upper bounds o
the flavor-changing decaysB→ l 1l 2X ~where l 1l 2

5m1m2,e1e2), the CKM matrix elementVub , and from
meson-antimeson (BB̄) mixing, and obtain some of the bes
bounds for the processes of our interest. All the bounds
couplings that we have used for the calculation of event ra
are listed in Table I. Since the bounds on the couplingsh2L
andg1R are not available from Ref.@11#, we take them to be
the same as bounds on couplingsh2R andg1L ~which are the
opposite chirality counterparts ofh2L andg1R , respectively!.
We make some simplifying assumptions, e.g., the produc
couplings of different chiralities is obtained from the squa
of the couplings of individual chiralities. We extract boun
relevant to the (nmd)(nmb) vertex from the bounds for the
~21!~23! generation of the quark-lepton pair, while for th
vertex (n̄ed)( n̄eb), we use the bounds for the~11!~13! gen-
eration indices relevant to the process. These bounds are
rived from semileptonic inclusiveB decays. The lates
bounds coming from BABAR and BELLE experiments@15#,
however, are not relevant for the processes considered
except for the bound onVub , which does not make any
significant change in the couplings. In Figs. 3 and 4, we h
plotted theb-quark production rate as a function of muo
beam energy fornm-N andn̄e-N scattering processes, respe
tively.

III. b „b̄… PRODUCTION VIA CC PROCESSES

As discussed above, the production ofb̄ or b in the final
state through CC interaction can also occur in the SM at
tree level, in contrast to the NC case where SM contribu
only at the one loop level. The SM cross sections for the
processesnm1ū→m21b̄ and n̄e1u→e11b are given by

d2s

dx dy
~nmN→m2b̄X!5

GF
2S

p S MW
2

MW
2 1Q2D 2S x82x8y8

2
mb

2

S D ~12y8!ū~x8!uVubu2,0
6-4
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d2s

dx dy
~ n̄eN→e1bX!5

GF
2S

p S MW
2

MW
2 1Q2D 2

3S x82x8y82
mb

2

S D ~12y8!u~x8!uVubu2.

~11!

Here we have the advantage of having the SM rates
benchmarks against which to compare the rates obtained
LQs. ū(x8) and u(x8) are the distribution functions of up
type antiquarks and quarks, respectively.

For the CC processes mentioned above, we can have
s- andu-channel diagrams arising from the relevant inter
tion terms in the effective LQ Lagrangian, as for the case
NC processes. For the first process,nm1ū→m21b̄ ~as
shown in Fig. 3!, there are four possibles-channel diagrams
mediated by LQs (R†,U†) carrying uFu50 and charge5
22/3. Also there are four possibleu-channel diagrams tha
are mediated by LQs (S†,V†) carrying uFu52 and charge
521/3. For the second process,n̄e1u→e11b ~as shown
in Fig. 4!, the four possibles-channel diagrams are mediate
by LQs (R,U) carrying uFu50 and charge52/3, while the
four possibleu-channel diagrams are mediated by LQs (S,V)
carryinguFu52 and charge51/3, respectively. We first con
sider the production ofb̄ from nm ~obtained fromm2 decay!
through interactions with nucleons via the CCs-channel pro-
cess for theuFu50 case@Fig. 5~a!# and the CCu-channel
process for theuFu52 case@Fig. 5~b!#.

There are, in all, four diagrams contributing to the pr
duction ofb̄ via nm1ū→m21b̄ in thes channel@Fig. 5~a!#,
one mediated by the charge522/3, scalar LQ (R2

21/2†) with

FIG. 4. Variation ofb events~from LQ! for a 1 kTdetector and
LQ mass 250 GeV with muon beam energy for a baseline length
m and sample detector area 0.025 m2.
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T3521/2 and the other three by vector LQ
(U1m

† ,U1m
† ,U3m

0 †) with T3521. The matrix element
squared for all four diagrams contributing to the C
s-channel process is

uM LQ
s-chann~nmū→m2b̄!u2

5@ ŝ~ ŝ2mb
2!#F uh2Lh2Ru2

~ ŝ2MR
2
21/2

2
!2G1@4û~ û2mb

2!#

3F uh1Lh1Lu2

~ ŝ2MU1m

2 !2
1

uh3Lh3Lu2

~ ŝ2MU
3m
0

2
!2

22
uh1Lh3Lu2

~ ŝ2MU1m

2 !~ ŝ2MU
3m
0

2
!G

1@4~ ŝ1û!~ ŝ1û2mb
2!#F uh1Lh1Ru2

~ ŝ2MU1m

2 !2G , ~12!

where the Mandelstam variables at the parton level are g
by ŝ5(pnm

1pū)2, t̂5(pnm
2pm2)2, andû5(pnm

2pb̄)2.
In the u channel, three diagrams are mediated by

charge521/3, scalar LQs (S1
† ,S1

† ,S3
0†) with T350 and

one is mediated by a vector LQ (V2m
21/2†) with T3521/2

@Fig. 5~b!#. The matrix element squared for all four diagram
contributing to the CCu-channel process is

uM LQ
u-chann~nmū→m2b̄!u2

5@ û~ û2mb
2!#F ug1Lg1Lu2

~ û2MS1

2 !2
1

ug1Lg1Ru2

~ û2MS1

2 !2
1

ug3Lg3Lu2

~ û2MS
3
0

2
!2

22
ug1Lg3Lu2

~ û2MS1

2 !~ û2MS
3
0

2
!G1@4~ ŝ1û!

3~ ŝ1û2mb
2!#F ug2Lg2Lu2

~ û2MV
2m
21/2

2
!2G . ~13!

Next we consider the production ofb from n̄e ~also ob-
tained from them2 decay! through interactions with nucle
ons via the CCs-channel process for theuFu50 case@Fig.
6~a!# and the CCu-channel process for theuFu52 case@Fig.
6~b!#. There are, in all, four diagrams contributing to th

0

FIG. 5. b production via CC process (nm1ū

→m21b̄) from scalar and vector LQs:~a!
s-channel diagram corresponding touFu50 LQs
and ~b! u-channel diagram corresponding touFu
52 LQs.
6-5
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FIG. 6. b production via CC process (n̄e1u
→e11b) from scalar and vector LQs:~a!
s-channel diagram corresponding touFu50 LQs
and ~b! u-channel diagram corresponding touFu
52 LQs.
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production ofb via n̄e1u→e11b in the s channel@Fig.
6~a!#, one mediated by the charge52/3, scalar LQ (R2

21/2)
with T3521/2, while the other three are mediated by vec
LQs (U1m ,U1m ,U3m

0 ) having T350 each. The matrix ele
ment squared for the four diagrams contributing to the
s-channel process is

uM LQ
s-chann~ n̄eu→e1b!u2

5@ ŝ~ ŝ2mb
2!#F uh2Lh2Ru2

~ ŝ2MR
2
21/2

2
!2G1@4û~ û2mb

2!#

3F uh1Lh1Lu2

~ ŝ2MU1m

2 !2
1

uh3Lh3Lu2

~ ŝ2MU
3m
0

2
!2

22
uh1Lh3Lu2

~ ŝ2MU1m

2 !~ ŝ2MU
3m
0

2
!G1@4~ ŝ1û!~ ŝ1û2mb

2!#

3F uh1Lh1Ru2

~ ŝ2MU1m

2 !2G ~14!

where the Mandelstam variables at the parton level are g
by ŝ5(pn̄e

1pu)2, t̂5(pn̄e
2pe1)2, andû5(pn̄e

2pb)2.
In the u channel, three diagrams are mediated by

charge51/3, scalar LQs (S1 ,S1 ,S3
0) with T350 and one is

mediated by a vector LQ (V2m
21/2) with T3521/2 @Fig. 6~b!#.

The matrix element squared for all four diagrams contrib
ing to the CCu-channel process is

FIG. 7. Variation of b̄ events~from SM and LQ! for a 1 kT
detector and LQ mass 250 GeV with muon beam energy fo
baseline length 40 m and sample detector area 0.025 m2.
05300
r

n

e

-

uM LQ
u-chann~ n̄eu→e1b!u2

5@ û~ û2mb
2!#F ug1Lg1Lu2

~ û2MS1

2 !2
1

ug1Lg1Ru2

~ û2MS1

2 !2
1

ug3Lg3Lu2

~ û2MS
3
0

2
!2

22
ug1Lg3Lu2

~ û2MS1

2 !~ û2MS
3
0

2
!G1@4~ ŝ1û!~ ŝ1û2mb

2!#

3F ug2Lg2Lu2

~ û2MV
2m
21/2

2
!2G . ~15!

As discussed in the previous section, we have used
model independent bounds on couplings from@11#, and the
relevant bounds for the processes given above are liste
Table I. We extract bounds relevant to the (nmū)(m2b̄) ver-
tex from the bounds for the~21!~23! generation of the quark
lepton pair, while for the vertex (n̄eu)(e1b), we use the
bounds for the~11!~13! generation indices relevant for th
processn̄eu→e1b. The other inputs to compute the eve
rates are the same as for the NC diagrams. In Figs. 7 an
we have plotted theb̄ andb event rates as functions of muo
beam energy fornm-N andn̄e-N scattering processes, respe
tively. For these processes we have also plotted the SM c
tribution to b̄ andb events. To determine the allowed rang
of LQ masses and products of couplings, we have used
criterion that the number of signal events is equal to two
five times the square root of events in the SM. Accepting t
requirement of the 2s and 5s effect as a sensible discover
criterion, the contours in Figs. 9 and 10 are drawn for
baseline length of 40 m and thus the noncompliance of th

a
FIG. 8. Variation ofb events~from SM and LQ! for a 1 kT

detector and LQ mass 250 GeV with muon beam energy fo
baseline length 40 m and sample detector area 0.025 m2.
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estimates with experimental observation would mean that
region above these curves is ruled out.

IV. CONCLUSIONS AND DISCUSSION

Heavy quark (b,b̄) production fromnm-N andn̄e-N scat-
tering via both the CC and NC interactions at a NF provid
an exciting possibility of detecting signals of new physic
This comes about because in these processes the SM c
bution is heavily suppressed either due to the CKM ma
element or due to the interaction of neutrinos with the
quarks present inside the nucleon. The NC processes in
are further suppressed as they can take place only at one
level. We have computed here theb (b̄) event rates in theo
ries with LQ and confined ourselves to the near-site exp
ments where the oscillation effects are negligible. From F
7, it is clear that the contribution coming from the SM to t
b̄ production rate in the CC channel is higher than that
LQs with uFu50, while it is lower than the contribution
from LQs with uFu52 for our choice of the couplings ob
tained from low energy experiments. We typically find~Fig.

FIG. 9. Contour plot forb̄ production at 2s and 5s effect for
Em550 GeV, baseline length540 m and sample detector of are
2500 cm2 and mass 1 kT.
.
s

ic

s.

05300
e

s
.
tri-

x
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op
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.

f

8! that the SM contribution to theb production rate is two to
three orders of magnitude smaller than the LQ contribut
in the CC channel, even after using the most severe c
straints on LQ couplings and masses from low energy FC
processes. Further theb production rate in the NC channe
~Figs. 3 and 4! is comparable to that for the CC case. W
have investigated the region in the coupling-mass space
LQs, which can provide a reasonable signal for the discov
of new physics involving LQs. It may be noted that th
region can be even more restrictive than that implied by
low energy bounds obtained fromB meson decays. Also the
inclusion of LFV interactions via LQ’s could further squee
the allowed region of LFV couplings and masses.
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