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Neutrino magnetic moment induced by leptoquarks

Chun-Khiang Chua and W.-Y. P. Hwang
Department of Physics, National Taiwan University, Taipei, Taiwan, Republic of China

~Received 4 November 1998; published 30 August 1999!

Allowing leptoquarks to interact with both right-handed and left-handed neutrinos~i.e., ‘‘nonchiral’’ lepto-
quarks!, we show that a nonzero neutrino magnetic moment can arise naturally. Although the mass of the
nonchiral vector leptoquark that couples to the first generation fermions is constrained severely by universality
of the p1 leptonic decays and is found to be greater than 50 TeV, the masses of the second and third
generation nonchiral vector leptoquarks may evade such constraint and may in general be in the range of
1 – 100 TeV. With reasonable input mass and coupling values, we find that the neutrino magnetic moment due
to the second generation leptoquarks is of the order of 10212–10215mB , while that caused by the third
generation leptoquarks, being enhanced significantly by the large top quark mass, is in the range of
10210–10213mB . @S0556-2821~99!06509-1#

PACS number~s!: 13.10.1q, 12.10.Dm, 14.65.Ha
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I. INTRODUCTION

The existence of a nonzero neutrino magnetic moment
long been a concern of great interest, since it can have
observable laboratory effect such as neutrino-charge le
elastic scattering,e1e2

˜nn̄g, and also some important as
trophysics effects, such as cooling of SN 1987A, cooling
helium stars, etc. It is likely that neutrinos may have a sm
but nonvanishing mass; for various bounds on magnetic
ments and masses, see@1# and@2#. Within the framework of
the standard model, a nonzero neutrino mass usually imp
a nonzero magnetic moment. It has been shown that@4#, for
a massive neutrino,

mn
SM5

3eGFmn

8p2A2
53.2310219mn~eV!mB , ~1!

wheremB is the Bohr magneton.
In models beyond the standard model, right-handed n

trinos are often included in interactions~see for a review,
e.g.,@3#!, so that we need not depend on a nonzero neut
mass to generate a nonzero magnetic moment. In this pa
we consider the possibility of using leptoquark interactio
to generate a nonzero neutrino magnetic moment. In m
unification models, such as SU~5!, SO~10!, etc., one often
puts quarks and leptons into the same multiplet, so that
toquarks arise naturally for connecting different compone
within the same multiplet. What makes a leptoquark uniq
and interesting is that it couples simultaneously to bot
lepton and a quark. This may help generate a nonzero
trino magnetic interaction. Specifically, when a top qua
involves in the loop diagram, its mass provides a large
hancement for the neutrino magnetic moment.~In such a
diagram, a massless neutrino needs some massive int
fermion to flip its chirality, giving rise to some nonzero ma
netic moment.!

We add right-handed neutrinos in the general renorma
able Lagrangian of leptoquarks. Owing to the existence
lepton numbers which recognize the generation, we dis
guish leptoquarks by their generation quantum number,
this may induce four-fermion interactions which may e
0556-2821/99/60~7!/073002~4!/$15.00 60 0730
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hance some helicity suppressed process such asp1
˜e1n to

the extent that leptonic universality may even be violat
This usually gives a tight constraint on the leptoquark@5#.
For nonchiral vector leptoquarks of electromagnetic stren
coupling, this corresponds to having a mass heavier than
TeV for the first generation leptoquark. With such a hea
leptoquark, we still find a nonzero neutrino magnetic m
mentmn up to 10218mB . For the second and third generatio
leptoquarks, their masses are not severely constrained b
above process. Assuming their mass lying somewhere
tween 1 and 100 TeV, we obtainmn of the order
10212–10215mB ~from the second generation leptoquark! and
10210–10213mB ~from the third generation leptoquark!, re-
spectively. Such predictions may already have some obs
able effects such as those mentioned earlier.

II. NEUTRINO MAGNETIC MOMENT IN MODELS
WITH LEPTOQUARKS

Leptoquarks arise naturally in many unification mode
which attempt to put quarks and leptons in the same mul
let. There are scalar and vector leptoquarks which m
couple to left- and right-handed neutrinos at the same ti
but only vector leptoquarks can couple to the upper com
nent of the quark SU~2! doublet. The heaviness of the to
quark may enhance the neutrino magnetic moment once
use the vector leptoquark to connect to the quark doublet
course, there are subtleties regarding renormalization of
vector leptoquark which may be treated in a way similar
gauge bosons. In our calculation, we adopt Feynman rule
the Rj gauge and takej˜` at the end of the calculation
while neglecting all unphysical particles in theRj gauge.
~This is a step which has often been employed in n
Abelian gauge theories.!

We begin our analysis by constructing a general ren
malizable Lagrangian for the quark-lepton-leptoquark co
pling. Following @6#, we demand such an action to be
SU(3)3SU(2)3U(1) invariant which conserves the baryo
and lepton numbers but, in addition to@6# we add terms
which couple to right-handed neutrinos. For leptoquarks w
the fermion numberF[3B1L50,
©1999 The American Physical Society02-1
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LF505~g1LQ̄LgmLL1g1RD̄Rgml R1g1n
u ŪRgmnR!V1m

~2/3!1~g2L
d D̄RLL

i i t2i j 1g2nQ̄L jnR!S2
j ~1/6!1~g2L

u ŪRLL
i i t2i j

1g2RQ̄L j l R!S2
j ~7/6!1g3LQ̄LtWgmLLVW 3m

~2/3!1g1R
u ŪRgml RV1m

~5/3!1g1n
d D̄RgmnRV1m

~21/3!1c. c., ~2!

and, forF562,

LF525~h2LūR
c gmLL

i i t2i j 1h2nQ̄L
c i t2i j g

mnR!V2m
~21/6!1~h1LQ̄L

ici t2i j LL
j 1h1RŪR

c l R1h1nD̄R
c nR!S1

~1/3!1~h2LD̄R
c gmLL

i i t2i j

1h2RQ̄L
ici t2i j g

ml R!V2m
j ~5/6!1h3LQ̄L

citW i t2i j LLS3
~1/3!1h1RD̄R

c l RS1
~4/3!1h1nŪR

c nRS1
~22/3!1c. c. ~3!
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The notation adopted above is self-explanatory; for exam
S, V denote scalar and vector leptoquarks, respectively,
superscript is its average electric charge or the hyperch
Y, and the subscript of a leptoquark denotes which SU~2!
multiplet it is in, and the generation index is suppress
From here it is clear that among those leptoquarks
couple to neutrinos of both chiralities, a radiativenng dia-
gram with the exchange of a virtualU-type quark can pro-
ceed only when accompanied by a vector leptoquark, nam
V1m

(2/3) in LF50 or V2m
(21/6) in LF52; on the other hand, the

exchange of a virtualD-type quark can proceed only with th
scalar leptoquark, namelyS2

(1/6) in LF50 or S1
(1/3) in LF52.

Note that we do not consider mixing between different le
toquarks due to Higgs interactions, which will introduce a
ditional parameters. The diagram in question is shown
plicitly in Fig. 1.

Given these couplings, it is straightforward to calcula
induced neutrino magnetic moments via one-loop diagra
To see that the heavy top quark mass can enhance the
diction, we calculate thenng diagram with the exchange o
up-type quark andV1m

(2/3), i.e., the first term inLF50. As one
of the standard methods to treat loop diagrams involv
massive vecter particles, we use Feynman rules in theRj

gauge and takej˜` at the end of the calculation whil
neglecting any unphysicical particle. In addition to minimu
substitution, we add the termeQvVm

† VnFmn in the Lagrang-
ian, such that the wholeVVg coupling is in a form similar to
the non-AbelianWWg-type coupling, and the procedure r
sults in a finite limit underj˜`. We obtain, with all cou-
plings chosen to be real,

L eff52
e

2me
n̄S smn

2 D nFmnF2 , umnu5
e

2me
F2 , ~4!

FIG. 1. One-loop diagrams which give rise to a nonzero n
trino magnetic moment.
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F25
Nc

16p2

2me

M H gL
ugnmq

M v
$Qq@ f 1~a!1 f 2~a!#

1Qv@ f 3~a!1 f 4~a!#%

1~gL
21gn

u2!
mn

M v
$Qq@g1~a!1g2~a!#

1Qv@g3~a!1g4~a!#%J , ~5!

wherea5mq
2/M v

2 , Qq52Qv52/3, e.0 andNc53, while
f i andgi are given by

f 1~a!5
2@211a222a ln~a!#

~a21!3 ,

f 2~a!52
a@324a1a212 ln~a!#

2~a21!3 ,

f 3~a!52
3@2114a23a212a2 ln~a!#

2~a21!3 ,

f 4~a!521/2,

g1~a!5
@2425a319a16a~2a21!ln~a!#

6~a21!4 ,

g2~a!5
a@324a1a212 ln~a!#

4~a21!3 ,

g3~a!5
@7233a157a2231a316a2~3a21!ln~a!#

12~a21!4 ,

g4~a!5
~226a115a2214a313a416a2 ln~a!#

12~a21!4 .

~6!

Note that one obtains the desirable chiral structure for
magnetic moment interaction in two different ways: the fi
is to have an odd number of mass insertions of the qu
mass term, giving rise to the first term inF2; the other way is
by the neutrino mass term, resulting in the second term
F2. There are two advantages with the first scenario. Firs
all, one can obtain a nonzero magnetic moment without
-

2-2
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ing restricted by the very light neutrino mass. Second,
may have a prediction enhanced considerably by the he
top quark mass.

It is tempting to generate a neutrino mass radiatively
do so one must somehow render the divergence of the re
Feynman diagrams to a finite number. Therefore, no m
counterterm is needed and there is no neutrino mass ter
the Lagrangian, and neutrino mass is no longer a param
of the Lagrangian but a quantum prediction@7#. For example,
one can let three differentV1m

(2/3) couple to three terms, re
spectively, in the first line ofLF50 in Eq. ~2! and introduce
mixings between these leptoquarks, where the degree o
vergence is reduced by a GIM-like mechanism. Note that
chiral structure of the mass term is similar to that of t
magnetic moment term, and the radiative neutrino mas
also enhanced by the large top quark mass. In such a c
one always has a large neutrino mass accompanying a
neutrino magnetic moment. However, in this paper we do
distinguish thoseV1m

(2/3) as different leptoquarks nor do w
introduce any mixing mechanism, so the graphs that co
spond to neutrino mass correction is divergent and one n
to renormalize it. Therefore, we do not have any predict
about the neutrino mass, indeed it can remain light.

III. CONSTRAINTS AND NUMERICAL RESULTS

Before working out numerical predictions, we need
consider the constraints arising from the leptonic decays
the pseudoscalar meson, such asp1

˜e1n @5#. Integrating
out V(2/3) and performing Fierz reordering, we obtainLeff
relevant to the leptonic decay of a pseudoscalar meson:

Leff5
1

M v
2 ~2g1L* g1RD̄RULn̄Ll R12g1n

u* g1LD̄LURn̄Rl L

2g1L* g1LD̄LgmULn̄Lgml L2g1n
u* g1RD̄RgmURn̄Rgml R!

1c.c. ~7!

We consider the universality constraint arising from thep1

leptonic decay, and neglect the neutrino mass contribut
Define R5Br(p1

˜e1n)/Br(p1
˜m1n). The first and

third terms ofLeff have interference with the standard mod
Fermi interaction. This is an order of 1/M v

2 correction toR,
while the other term is a correction of the order 1/M v

4 . Fur-
thermore, the first term, which is the scalar coupling, is
hanced by a factor ofmp

2 /@(mu1md)me#, so this is the
dominant term to constrain the mass of the leptoquark.
assumeg1n

u 5g1L5g1R5g which is a natural assumption fo
the vecter leptoquark. We obtain

Rexp5RsmF112
mp

2

me~mu1md! S 2
g1L* g1R

A2M v
2GF

D G , ~8!

where experimental averageRexp5(1.23060.004)31024

@1#, and standard model calculationRsm5(1.235260.0005)
31024 @8#. This corresponds to
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M v.gmpA A2

0.0075GFme~mu1md!
;50S g

e
DTeV.

~9!

For a coupling of the electromagnetic strength, this cor
sponds to having the vector leptoquark with a mass gre
than 50 TeV for the first generation. This constraint is in fa
more severe than what we may obtain from the atomic pa
violation experiment, which we shall ignore in this pape
For the second and third generations leptoquarks, there i
direct restriction from the universality of thep leptonic de-
cay, nor from the atomic parity violation experiment. Neve
theless, one can find various lower bounds for the leptoqu
mass @1#, from direct searches at the DESYep collider
HERA, the Fermilab Tevatronpp̄ collider, and at the CERN
e1e2 collider LEP. Typical bounds from direct searches a
about few hundreds GeV, while the bounds from indire
searches are given in@9#. We shall consider a leptoquar
mass in the general range of TeV’s.

For the reason of comparisons, let us recall briefly so
of the upper limit obtained from the leptonic scattering su
as elasticn( n̄) with l 1( l 2), e1e2

˜nn̄g, etc., and also
from the astrophysical processes such as cooling of hel
stars, red giant luminosity, and so on@1#. As a reference
point, we recall the standard model formula on the neutr
magnetic moment arising from a nonzero neutrino mass@4#,
mn

sm53.2310219mn(eV)mB ~referred to as ‘‘the extended
standard electroweak theory’’!. Accordingly, the upper limit
of mn for the first generation neutrino ismn

sm<2.3
310218mB with mn<7.3 eV. The upper limit may also b
obtained from leptonic scatterings, which is typical
10210mB , or from astrophysics studies with a more stringe
upper limit of 10211mB . Our numerical results for the firs
generation are summarized in Fig. 2, where the neutr
magnetic momentmn in units ofmB is shown as a function o
the leptoquark mass. We note that, for the leptoquark m
@V1m

(2/3)# of 50–100 TeV,mn is of the order 10218mB , a value
compatible with the extended standard electroweak theo

The upper limit ofmn for the second generation neutrin
is 0.51310213mB ~with mn<0.17 MeV) in the extended
standard electroweak theory@1#, or in the range of 10210mB
from leptonic scatterings, while from astrophysics the typi
value is 10211mB . In Fig. 3, we describe our prediction o

FIG. 2. The first generation neutrino magnetic momentmn in
units of mB plotted as a function of the vector leptoquark mass
the range of 50–100 TeV.
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the neutrino magnetic momentmn in units of mB as a func-
tion of the leptoquark mass of 1–100 TeV. We obtainmn

around 10212–10215mB , a value very close to being obser
able.

The upper limit ofmn for the third generation neutrino i
1.1310211mB ~with mn<35 MeV) in the extended standar
electroweak theory@1#, or in the range of 1026–1027mB
from leptonic scatterings, while from astrophysics studies
upper limit is 10212–10211mB . In Fig. 4, we plot the third
generation neutrino magnetic momentmn in units ofmB as a
function of the leptoquark mass in the range of 1–100 Te
We find thatmn is of order 10210–10213mB .

IV. CONCLUSION

Vector leptoquarks in the TeV mass range, when coup
to both left- and right-handed neutrinos, offer an alternat

FIG. 3. The second generation neutrino magnetic momentmn in
units of mB plotted as a function of the vector leptoquark mass
the range of 1–100 TeV.
ay
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mechanism for generating a nonvanishing neutrino magn
moment, which in some cases is by no means negligi
This alternative mechanism~which does not require a non
zero neutrino mass! makes use of the special feature th
leptoquarks couple simultaneously to leptons and quarks.
the third generation neutrino, there is a potential enhan
ment from the very large top quark mass making the co
sponding predicted neutrino magnetic moments fairly s
able.
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FIG. 4. The third generation neutrino magnetic momentmn in
units of mB plotted as a function of the vector leptoquark mass
the range of 1–100 TeV.
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