PHYSICAL REVIEW D, VOLUME 60, 073002

Neutrino magnetic moment induced by leptoquarks
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Allowing leptoquarks to interact with both right-handed and left-handed neutfireos““nonchiral” lepto-
quarkg, 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 7w 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*2010 *5ug, while that caused by the third
generation leptoquarks, being enhanced significantly by the large top quark mass, is in the range of
10 °-10 By [S0556-282(199)06509-1]

PACS numbeps): 13.10+q, 12.10.Dm, 14.65.Ha

I. INTRODUCTION hance some helicity suppressed process sueh'ase” v to
the extent that leptonic universality may even be violated.
The existence of a nonzero neutrino magnetic moment hathis usually gives a tight constraint on the leptoqugsk
long been a concern of great interest, since it can have afor nonchiral vector leptoquarks of electromagnetic strength
observable laboratory effect such as neutrino-charge leptoooupling, this corresponds to having a mass heavier than 50
elastic scatteringe*e”— vvy, and also some important as- 1€V for the first generation leptoquark. With such a heavy
trophysics effects, such as cooling of SN 1987A, cooling ofléptoquark, we still find a nonzero neutrino magnetic mo-
helium stars, etc. It is likely that neutrinos may have a smalMmentx, up to 10 *®ug.. For the second and third generation
but nonvanishing mass; for various bounds on magnetic mdeptoquarks, their masses are not severely constrained by the
ments and masses, sgg and[2]. Within the framework of ~above process. Assuming their mass lying somewhere be-
the standard model, a nonzero neutrino mass usually impligéveen 1 and 100 TeV, we obtain, of the order
a nonzero magnetic moment. It has been shown[dafor ~ 10™ >~10" *ug (from the second generation leptoqueakd

a massive neutrino, 10 °-10 ug (from the third generation leptoquarkre-
spectively. Such predictions may already have some observ-
sm_ 3€Gem, 19 able effects such as those mentioned earlier.
My —m—?ﬂx 10" “m,(eV)ug, )
where is the Bohr magneton IIl. NEUTRINO MAGNETIC MOMENT IN MODELS
MB ’ WITH LEPTOQUARKS
In models beyond the standard model, right-handed neu- Q
trinos are often included in interactiorisee for a review, Leptoquarks arise naturally in many unification models

e.g.,[3]), so that we need not depend on a nonzero neutrinahich attempt to put quarks and leptons in the same multip-
mass to generate a nonzero magnetic moment. In this papdet. There are scalar and vector leptoquarks which may
we consider the possibility of using leptoquark interactionscouple to left- and right-handed neutrinos at the same time,
to generate a nonzero neutrino magnetic moment. In mangut only vector leptoquarks can couple to the upper compo-
unification models, such as &), SQ10), etc., one often nent of the quark S(2) doublet. The heaviness of the top
puts quarks and leptons into the same multiplet, so that lepguark may enhance the neutrino magnetic moment once we
toquarks arise naturally for connecting different componentsise the vector leptoquark to connect to the quark doublet. Of
within the same multiplet. What makes a leptoquark uniquecourse, there are subtleties regarding renormalization of the
and interesting is that it couples simultaneously to both avector leptoquark which may be treated in a way similar to
lepton and a quark. This may help generate a nonzero negauge bosons. In our calculation, we adopt Feynman rules in
trino magnetic interaction. Specifically, when a top quarkthe R, gauge and tak&—co at the end of the calculation
involves in the loop diagram, its mass provides a large enwhile neglecting all unphysical particles in th; gauge.
hancement for the neutrino magnetic momediht. such a (This is a step which has often been employed in non-
diagram, a massless neutrino needs some massive intermgbelian gauge theories.
fermion to flip its chirality, giving rise to some nonzero mag- We begin our analysis by constructing a general renor-
netic momeny. malizable Lagrangian for the quark-lepton-leptoquark cou-
We add right-handed neutrinos in the general renormalizpling. Following [6], we demand such an action to be a
able Lagrangian of leptoquarks. Owing to the existence oBU(3)x SU(2)x U(1) invariant which conserves the baryon
lepton numbers which recognize the generation, we distinand lepton numbers but, in addition 6] we add terms
guish leptoquarks by their generation quantum number, butvhich couple to right-handed neutrinos. For leptoquarks with
this may induce four-fermion interactions which may en-the fermion numbeF=3B+L=0,
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Lr—o=(91.QLY*LL +91rDrY*Ir+ QTVURY”VR)V&?)"'(ggLSRLLiTzij+92V6|_j vR)SH Y9+ (g ULy 7o

~ (716 a2 (213 m 53, d ~13
+02rQ1j1R)SY )+93LQLT7’”|—LV(3M)"‘glljRUR)’“'RV(lM )+glVDR’yMVRVg./.L '+c.c.,

and, forF==*2,

Le_ 2—(h2LUR7’#|— |7'2|J+h2vQL|7'2|17 VR)V( 1/6)+(hlLaLCiTZijL{_+thUEeIR'*_hlVB(I;VR)S(ll/B)+(hZLS(IéeyMLLiTZij

+h,rQi 71 ¥ R)VJZ(;?/G +hg Qf'7i Toij L S5 +hirDEl RSy +hy, UgreS) 2P +c.c.

The notation adopted above is self-explanatory; for example,
S, V denote scalar and vector leptoquarks, respectively, the
superscript is its average electric charge or the hypercharge
Y, and the subscript of a leptoquark denotes whichH23U
multiplet it is in, and the generation index is suppressed.
From here it is clear that among those leptoquarks that
couple to neutrinos of both chiralities, a radiativey dia-
gram with the exchange of a virtuél-type quark can pro-
ceed only when accompanied by a vector leptoquark, namely

2
3)
[
N 2 e v
Fo= 1o mngv QI f1(a)+ fa(a)]
+Qu[fa(a)+fi(@)]}
2 u2 mV
+(9Ltg, )M_{Qq[gl(a)+92(a)]
+Qu[gs(a) +g4(a)]}] , 6)

VE? in Le_o or V5, ") in Le_,; on the other hand, the
exchange of a Vlrtua]) -type quark can proceed only with the
scalar leptoquark, namelg"® in Le_, or S{*? in £

wherea=m;/MZ, Q,=—Q,=2/3, e>0 andN,=3, while

Note that we do not consider mlxmg between dlfferent lep-fi andg; are given by

toquarks due to Higgs interactions, which will introduce ad-
ditional parameters. The diagram in question is shown ex-
plicitly in Fig. 1.

Given these couplings, it is straightforward to calculate
induced neutrino magnetic moments via one-loop diagrams.

To see that the heavy top quark mass can enhance the pre- 2(8)=~—

diction, we calculate thevy diagram with the exchange of
up-type quark an&/3?, i.e., the first term inCr_o. As one

of the standard methods to treat loop diagrams involving
massive vecter particles, we use Feynman rules inRpe
gauge and tak€—o at the end of the calculation while
neglecting any unphysicical particle. In addition to minimum
substitution, we add the teanQ\,VLVVF“” in the Lagrang-
ian, such that the wholVy coupling is in a form similar to
the non-AbelianWWy-type coupling, and the procedure re-
sults in a finite limit unde— . We obtain, with all cou-
plings chosen to be real,

2[—1+a’—2aln(a)]
(a—-1)° '

fi(a)=

a[3—4a+a’+2In(a)]

2(a—1)3 ’

_ 3[—1+4a—3a*+2a’In(a)]
f3(a)__ 2(3—1)3 y
fi(a)=—1/2,

- [—4—5a%+9a+6a(2a—1)In(a)]
gl(a)_ G(a_l)4 ’

_a[3—4a+a’+2in(a)]
gZ(a)_ 4(a_1)3 )

[7—33a+57a’—31a®+6a%(3a— 1)In(a)]
g3(a) 12(a 1)4

(2—6a+15a°—14a°+3a*+6a%ln(a)]
gs(a)= .

12(a—1)*
(6)
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Note that one obtains the desirable chiral structure for the
magnetic moment interaction in two different ways: the first
is to have an odd number of mass insertions of the quark
mass term, giving rise to the first termf; the other way is

by the neutrino mass term, resulting in the second term of

FIG. 1. One-loop diagrams which give rise to a nonzero neuF,. There are two advantages with the first scenario. First of

trino magnetic moment.

all, one can obtain a honzero magnetic moment without be-
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ing restricted by the very light neutrino mass. Second, one My [psl]
may have a prediction enhanced considerably by the heavy
top quark mass.

It is tempting to generate a neutrino mass radiatively, to 7- %1
do so one must somehow render the divergence of the relatec 18
Feynman diagrams to a finite number. Therefore, no mass® " %10
counterterm is needed and there is no neutrino mass term ir
the Lagrangian, and neutrino mass is no longer a parametel  ;,-1s
of the Lagrangian but a quantum predictiai}. For example,
one can let three differerw(ﬁis) couple to three terms, re- 50 60 70 80 90
spectively, in the first line oL_, in EQ. (2) and introduce . . . . .
mixings between these leptoquarks, where the degree of dj- F'C: 2. The first generation neutrino magnetic momantin
vergence is reduced by a GIM-like mechanism. Note that thélnlts of ug plotted as a function of the vector leptoquark mass in
chiral structure of the mass term is similar to that of thethe range of 50-100 Tev.

magnetic moment term, and the radiative neutrino mass is

0—18

0 My [ TeV]

also enhanced by the large top quark mass. In such a case, \/5 g
one always has a large neutrino mass accompanying a large M,>gm, ~50| —|TeV.
neutrino magnetic moment. However, in this paper we do not 0.00735¢me(m,+mg) e ©

distinguish thosev{?/? as different leptoquarks nor do we
introduce any mixing mechanism, so the graphs that correror a coupling of the electromagnetic strength, this corre-
spond to neutrino mass correction is divergent and one needgonds to having the vector leptoquark with a mass greater
to renormalize it. Therefore, we do not have any predictionthan 50 TeV for the first generation. This constraint is in fact

about the neutrino mass, indeed it can remain light. more severe than what we may obtain from the atomic parity
violation experiment, which we shall ignore in this paper.
IIl. CONSTRAINTS AND NUMERICAL RESULTS For the second and third generations leptoquarks, there is no

direct restriction from the universality of the leptonic de-
Before working out numerical predictions, we need tocay, nor from the atomic parity violation experiment. Never-
consider the constraints arising from the leptonic decays ofheless, one can find various lower bounds for the leptoquark
the pseudoscalar meson, suchas—e" v [5]. Integrating  mass[1], from direct searches at the DES¥p collider

out V#® and performing Fierz reordering, we obtally HERA, the Fermilab Tevatropp collider, and at the CERN
relevant to the leptonic decay of a pseudoscalar meson:  ¢+g- cojlider LEP. Typical bounds from direct searches are
about few hundreds GeV, while the bounds from indirect
T - — searches are given if9]. We shall consider a leptoquark
EEﬁ:W(ZgILglRDRUL"LIR+ZggtglLDLURvR|L mass in the gegneral Egge of TeV's. P
o o - o For the reason of comparisons, let us recall briefly some
—01.91 DL Y*U vyl — 955 91rDRY*URVR Y, R) of the upper limit obtained from the leptonic scattering such
as elasticv(v) with I7(17), e"e”"—wvvy, etc., and also
from the astrophysical processes such as cooling of helium
. . ) . o stars, red giant luminosity, and so ¢f]. As a reference
We consider the universality constraint arising from the  point, we recall the standard model formula on the neutrino
leptonic decay, and neglect the neutrino mass contributionnagnetic moment arising from a nonzero neutrino njds
Define R=Br(w"—e"v)/Br(m"—p"v). The first and s_3 2 10-19m (eV)ug (referred to as “the extended
third terms of L have interference with the standard model siandard electroweak theory”Accordingly, the upper limit
Fermi interaction. This is an order ofM{ correction toR, w, for the first generation neutrino isus"<2.3
while the other term is a correction of the ordeMf). Fur- ><10*V18MB with m,<7.3 eV. The upper limit ma§ also be
thermore, the first term, which is the scalar coupling, is enpptained from leptonic scatterings, which is typically
hanced by a factor ofZ/[(m,+mg)m], so this is the 10719, or from astrophysics studies with a more stringent
dominant term to constrain the mass of the leptoquark. Weypper limit of 10" * .. Our numerical results for the first
assumey;, =g, =g;r=g which is a natural assumption for generation are summarized in Fig. 2, where the neutrino
the vecter leptoquark. We obtain magnetic momen,, in units of ug is shown as a function of
the leptoguark mass. We note that, for the leptoquark mass

+c.c. (7)

m2 9% din [V{%¥] of 50-100 TeV ., is of the order 10*%u5, a value
R&XP= RS 1+2m m lm T > , (8  compatible with the extended standard electroweak theory.
et u ™ \/EMVGF The upper limit ofx, for the second generation neutrino

is 0.51x10 Bug (with m,<0.17 MeV) in the extended
where experimental averagB®P=(1.230+0.004)x10 *  standard electroweak theofy], or in the range of 10'%g
[1], and standard model calculati®?™=(1.2352+-0.0005) from leptonic scatterings, while from astrophysics the typical
X 10~ [8]. This corresponds to value is 10 *ug. In Fig. 3, we describe our prediction on
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FIG. 3. The second generation neutrino magnetic morpegtrin FIG. 4. The third generation neutrino magnetic momentin
units of ug plotted as a function of the vector leptoquark mass inunits of ug plotted as a function of the vector leptoquark mass in
the range of 1-100 TeV. the range of 1-100 TeV.

the neutrino magnetic momenpt, in units of ug as a func-

. . mechanism for generating a nonvanishing neutrino magnetic
tion of the leptoquark mass of 1-100 TeV. We obtaip I g ng vanishing newt gne’

. moment, which in some cases is by no means negligible.
around 10%-10 "4, a value very close to being observ- rpis 4 iternative mechanisitwhich doeys not require agnc?n-
able. - . . .. zero neutrino magsmakes use of the special feature that
The upper limit ofy.,, for the third generation neutrind is ¢4y arks couple simultaneously to leptons and quarks. For
1.1}10 g (with m,<35 MeV) in the extended standard ¢ thirg generation neutrino, there is a potential enhance-
electroweak theory1], or in the range of 10°-10 ‘s ment from the very large top quark mass making the corre-

from leptonic scatterings, while from astrophysics studies th%ponding predicted neutrino magnetic moments fairly siz-
upper limit is 10 '?~10 *'ug. In Fig. 4, we plot the third e

generation neutrino magnetic momenj in units of ug as a
function of the leptoquark mass in the range of 1-100 TeV.
We find thatu, is of order 10 1°0-10 3u;. ACKNOWLEDGMENTS
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