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If the right-handed singlet components (vg) of Dirac neutrinos participate in an interaction with
quarks via the exchange of scalar leptoquarks, supernova 1987A constraints on their masses can be
evaded without running into gross conflict with nucleosynthesis results on the number of allowed neu-
trino species. Owing to an approximate SU(3)-flavor symmetry of the effective vg-quark four-fermion
interaction, the vg’s freeze out sufficiently early from the hadronic matter (z ¥, K * | nucleons, etc.)
during the evoution of the Universe, contributing effectively as 0.5 of a neutrino species to nucleosyn-
thesis, and yet are trapped inside the supernova core via their interaction with the nucleons.

PACS number(s): 12.15.Ff, 12.15.Cc, 14.60.Gh

A massive neutrino can either be a Dirac particle or a
Majorana particle. In the former case, one of the two-
component spinors (vg) needed to generate a mass term
in the Lagrangian will be inert with respect to weak in-
teraction [1]. It has recently been shown in several papers
[2-5] that the observed supernova 1987A neutrino lumi-
nosity provides a very stringent constraint on the Dirac
mass of a neutrino (m? <28 keV, Ref. [2], and
m? < 1-10 keV, Ref. [4]). The basic argument goes as
follows: In the supernova core, neutrino spin flip can lead
to production of the sterile partner vg via processes such
as bremsstrahlung, v.-e scattering, etc. Since the vg in-
teraction with the medium is negligible, the energetic vg’s
from the core escape, thereby providing a new mechanism
for supernova energy loss. Observed v, luminosities by
IMB and Kamiokande Il experiments, which are con-
sistent with the standard model, therefore provide an
upper limit on the spin-flip cross section and hence an
upper limit on the Dirac mass.

Interest in the upper limits on the Dirac mass m? has
been heightened by the recent reports of a 17-keV neutri-
no present as a 10% admixture with v, in the study of the
B-decay spectra of *H, ¥S, '*C, and "'Ge. In most
theoretical models, the 17-keV neutrino is interpreted as a
Dirac [6] or a pseudo Dirac [7] neutrino. This would be
in conflict with SN 1987A observations [8,9], if the limit
is indeed as stringent as in Ref. [4]. It is therefore of in-
terest to see if there are ways to evade the supernova mass
constraint.

Supernova cooling arguments have also been used to
deduce upper limits on the Dirac-type magnetic moment
of the neutrino [10]. The inferred upper limit, viz.,
uy=< (107"2-10 ~"3) up, would exclude neutrino spin pre-
cession via a Dirac-type magnetic moment as the explana-
tion for the apparent anticorrelation of the neutrino flux
with the sunspots reported in the chlorine experiment. Al-
though Majorana-type transition magnetic moments can
still account for the anticorrelation, it is of interest to see
if the supernova bound on the Dirac magnetic moment
can be evaded.
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In order to evade the mass (or the magnetic moment)
constraint, we must find a mechanism to trap the right-
handed sterile neutrino. This implies the existence of new
interactions of the vg with electrons or nucleons with a
strength of order (10 ~'-1)Gr. Such interactions can po-
tentially keep the vg’s in equilibrium during the nu-
cleosynthesis era of the Universe leading to /V, =4 for the
effective number of neutrino species. This would be in
conflict with recent detailed analysis of the abundance of
light elements which quotes [11] ¥, < 3.4.

In this paper, we suggest leptoquark-mediated interac-
tions of vg as a way to evade the supernova constraint on
the Dirac mass (or magnetic moment) of the neutrino.
We show that if the vector piece of the resulting effective
vr-quark four-fermion interaction is dominantly a singlet
of flavor SU(3), then the vg’s freeze out from the hadron-
ic matter in the Universe (i.e., 7, K, nucleons, etc.)
sufficiently early contributing only as half an extra neutri-
no species (AN, =0.5), which is not too far off the present
upper limit.

It is important to note that the effective four-fermion
interaction of vg must be mediated by a leptoquark Higgs
boson. If it were mediated, for instance, by a scalar boson
without baryon number [12], vz would interact with elec-
trons with a strength close to the Fermi strength. This
would keep it in equilibrium at the time of nucleosynthesis
leading to N,=4 [13]. The SU(3)-singlet nature of the
hadronic current coupling to vg is also crucial, since oth-
erwise vg interactions with the pions, which are still abun-
dant after muon decoupling, and with the kaons, which
are abundant after the quark-hadron phase transition,
would lead to N, =4.

Consider the following leptoquark-mediated interaction
of vg with the right-handed u, d, and s quarks:

Lye=fuvkC "'ugA,+ favkC ~'drAg
+f,vhC " 'sgA;+H.c. €))

Here C is the charge-conjugation matrix. If we assume
further that |fu|=|fd|=|fs| and Ma,=Mns,=M,,, the

R3312



RAPID COMMUNICATIONS

45 EVADING THE DIRAC-NEUTRINO-MASS CONSTRAINT FROM . .. R3313
vr-quark four-fermion interaction can be written as
2 2
fuz —_ 3 - - f142 MAJ - MAII - - —_
Heg=————(uryur+dry,dr+5rv,5r) VR Y" VR + (g yuur —dry.dr) v v*v
eff 2M§" RYuUR TARYudR TSRYuSRIVRY VR 4M§" M}u RYulUR RYu@RIVRY VR
2 (M3 +MZ, —2M3 -
- 12{:{2 - M; (@ry ur+dry dr —25r YuSR)VRY" VR . (2)
AU AU

Let us now define f2/8M2 =eGr/v/2. The vg’s emitted
by the weak spin-flip process in the core of the supernova
get trapped by this interaction. To see the minimum re-
quired value of ¢ for trapping, we note that the cross sec-
tion for the vg-nucleon scattering mediated by the lepto-
quarks is given by

ov,~=%(g3+3g3)GEeZE2. 3)

Recent European Muon Collaboration (EMC) data sug-
gest that the isosinglet axial-vector coupling g4 is =0.1.
Using this value, the cross section is found to be 10 ™%
(E/100 MeV)? €% cm?. For an average neutrino energy
E=100 MeV, this leads to a vg mean free path /,,
=1.5/e? cm. A rough estimate of ¢ required to trap the
vr’s inside the supernova core can be obtained by
demanding that /,, be less than a tenth of the supernova
core radius R. For R~10 km, this implies e=4x10 3.
A more careful consideration using neutrino sphere [14]
shows €= 3% 10 ~2is needed. This number is obtained by
assuming that the supernova luminosity in vg is less than
20 times the total v, luminosity. If thermal energy trans-
port by the trapped vg’s is too efficient it will result in a
shortening of the observed neutrino signal [15]. The dura-
tion of the observed neutrino pulse would then set a lower
limit on €. Considering various uncertainties, we shall al-
low for e~0.1.

We must now consider the effect of the sterile neutrino
on nucleosynthesis. Prior to the QCD phase transition
(T =200 MeV) the vg’s will be in equilibrium through
interaction (2) with the free quarks. However, the vg’s
will not be in equilibrium during nucleosynthesis since
there are no free quarks around, and the baryon-number
density is so small (ng/n, = 107'°) [16]. Though not in
equilibrium at the nucleosynthesis epoch, the sterile neu-
trino will contribute as a full species unless the photonic
temperature is enhanced due to the decoupling of other
particle species during the period between vg decoupling
and nucleosynthesis. To determine the decoupling tem-
perature, we must consider the interaction of vg with the
hadronic matter (z, K, nucleons, etc.).

The sterile neutrino interacts with the mesons (r, X,
7n,...) only via the SU(3)-nonsinglet current. If we
choose the parameters such that

ME, —M3)/ME <1072,
4)
(M3, —MZ)/ME <1072,

then the SU(3)-nonsinglet parts of the effective interac-
tion will have strengths less than eGrx 10 ~2 For ¢==0.1
(which is sufficient for vg trapping inside the supernova
core), vgr and vgK interactions go out of equilibrium

'above T =150 MeV. Both the scattering rate vr¢— vgo
and the production rate pp— ¢pvgrvg (where ¢ stands for
a typical light scalar or vector meson such as «, K, ...)
become slow compared to the Hubble expansion rate.
One meson-initiated production process that is nonzero
even for an SU(3)-singlet interaction is the process
n+n— n+v+v. We have estimated this contribution in
the omega-dominance approximation. Because of the fact
that the w— e *e ™ rate is very small, we find that this
process also goes out of equilibrium above 100 MeV.
Contributions from 7, 7', etc., all vanish by G-parity con-
servation.

Let us now turn to the interaction of the vg’s with the
nucleons. Since the nucleons have a baryon number, the
vRN— vgN four-fermion vertex will have a strength
~€Gr. For e=0.1, the scattering rate will not become
slower than the Hubble expansion rate until 7=60 MeV
or so. However, since scatterings do not change the num-
ber of vg’s, this process remaining in thermal equilibrium
until low temperatures does not effect the calculation of
AN, at T=1 MeV. There are, however, production pro-
cesses such as NN — NNvgvg, tN— Nvgvg, etc., which
change the number of vg’s and affect AN,. It is, there-
fore, important that these processes decouple at reason-
ably high temperatures. We have estimated the collision
rates for the above two processes. The nucleon-nucleon
collision rate for T < my is proportional to e ~2m/T This
process freezes out at 7 =150 MeV even if e=1.

Since the pions are relativistic for 7 between 100 and
150 MeV, the #N — Nvgvg process is important. There
is, however, one important dynamical suppression of T/m,
in the rate coming from the fact that if the nucleon three-
momenta are set to zero, then the vector-current contribu-
tion to the scattering cross section vanishes. The axial-
vector contribution is down in amplitude by a factor of
20-30 relative to the vector part. Taking this suppression
into account and the nucleon density factor of e ™" Tin
the rate, we estimate the decoupling temperature for the
production reaction using the equation H~n.ny{ov)/n,
and find that decoupling at T=150 MeV requires
€<2x1072 and at T=100 MeV requires e< 10",
These estimates are obtained as follows. The vector-
current contribution to the matrix element squared for the
process tN — Nvgvg is

90262 2
|M|2"L2[2—[2¢I'klll'kz““mxzkl'kzl(l’l—Pz)z,
2m;q0
(5)
where n(g)+N(p)— N(p,)+vr(k,)+vr(ks). Here

S==1.1is the pion-nucleon coupling. From this, we esti-
mate the thermally averaged v production rate to be
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2187 GAe*f?T?
8r0  mimn (6)

(ov)=c¢

Here we have collected all factors of n and 3 (coming
from E=3T). The factor c is expected to be of order uni-
ty and arises from the phase-space integral, which we
have not evaluated exactly. The estimates quoted above
correspond to choosing ¢ =1, which we believe is reliable
to within a factor of 2 or so. We have assumed here that
the pions and the nucleons are in equilibrium and that the
pions are relativistic.

We shall therefore assume that after 7~100 MeV the
total number of vg remains constant. But the ratio n.,R/n,
decreases each time a heavy particle species disappears.
At T—~100 MeV, there are many hadronic species (such
asm, K,n,n',p, o, K* N,...)which are in thermal equi-
librium via strong interaction, whereas at T=1 MeV
they, as well as the muons, have all disappeared dumping
their entropy into photons. This increases the photon tem-
perature and therefore n, but n,, remains unaffected.
ny./n, decreases substantially from its value of  (or
AN,=1) at T~100 MeV. To calculate this decrease, we
use the entropy conservation principle [17]. In Fig. 1 we
plot the effective AN, as a function of the vg decoupling
temperature, where we have included contributions from
the muon as well as from all hadronic matter with masses
below a GeV. In the range T=100-150 MeV, we find
that AN,=0.5. This value is slightly higher than the
upper limit on AN, quoted by Walker et al. [11]. In fact,
AN,=0.5 leads to a primordial helium abundance of
24.3% [11]1, which is to be compared with the observed
value of 23% * 1% at the 2 — o level.

Let us briefly discuss an extension of the standard mod-
el where such interactions of the leptoquarks arise with
the required properties. Consider the gauge group
SU(2). xSU(2)g xU(1). We shall impose an S3 permu-
tation symmetry acting in the generation space. The
quarks and leptons transform under SU(2); xSUQ)g
xU(1) xS as follows:

up cp . UR CR ) |

di s. (2,1, 5)(2), dr Sk :(1,2,3)(Q2),

Vel VulL NeR NyR

leL u :(2,1,— 1), [eR iR (1,2, - 1)(Q2),
vr:(1,1,0)(1) . @

The numbers in the second parentheses represent transfor-
mation under the permutation symmetry S3. We have ex-
hibited only. two families of fermions, the third family
may be assumed to be a singlet of S.

Apart from the inclusion of a singlet neutrino vg to the
fermionic spectrum (which should be identified with the
sterile component of the 17-keV neutrino), the model is
identical to the familiar left-right-symmetric model. We
shall not assume manifest left-right symmetry; this would
allow us to choose the SU(2)g-breaking scale to be rela-
tively low. A Higgs multiplet yz(1,3,2), an S; singlet,
breaks the gauge symmetry down to SU(2); xU(1)y. In
addition, it gives large Majorana masses to N.g, Nur
fields. The electroweak symmetry breaking is achieved by
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FIG. 1. The effective value of AN, at T =1 MeV as a func-
tion of the vz decoupling temperature.

a ®(2,2,0)(2) Higgs multiplet, which also breaks the S
symmetry. Its Yukawa couplings generate nonzero fer-
mion masses and mixing angles. SU(2),-doublet fields
#(2,1,1) are needed to generate the vg Dirac mass. The
leptoquark (color-antitriplet) fields which couple vg to
the right-handed quarks are denoted by

Ag A

A Al ®)

A(1,2,—5)(2) =

Because of the presence of SU(2)g and S3 symmetries, we
have |f,|=|f.|=|fsl =|f;| for the leptoquark Yukawa
couplings. In addition, My, =M, =M, =M, prior to
symmetry breaking. After SU(2)g symmetry breaks, a
mass splitting (M3, — M Azd) =)v3 results, where A is the
coefficient of the quartic scalar coupling (A'y}yzA) and
vg is the vacuum expectation value (VEV) of y%. Simi-
larly, (M3, —M3Z)=2\'v} will be induced via the S;
breaking VEV’s of ® field. If we choose the SU(2) g scale
around 500 GeV or so, My, =M, =M, =M, =500
GeV. Then for A=10"2, the SU(3)-nonsinglet part of
the hadronic currents will be sufficiently suppressed.

Without detailed elaboration, we wish to mention that
the model does not lead to large K°-K° mixing for
Mw,=500 GeV as in the usual left-right-symmetric mod-
els, since we can choose the right-handed quark mixings to
be much smaller than their left-handed counterparts.
Furthermore, there are no clcctron-leptocluark interac-
tions allowed in the model. The process K *— 7+ vv can
proceed in this model via leptoquark exchange. The decay
amplitude is proportional to the mixing angle g in the
dgr-sg sector, which we shall choose to be small. There is
also a contribution from the A;-A; mixing, but this ampli-
tude is proportional to eGpA'(vZ/v3). For e=10"",
A'=10"2 and v;/vg= 1}, the branching ratiois < 10 %,
consistent with present limits.

In conclusion, we wish to mention that the effective
Hamiltonian of Eq. (2) can also be obtained in extensions
of the standard model with an extra U(1) gauge symme-
try under which vg has a nonzero charge and (ug, dg, sg)
have equal charges. The SU(3)-flavor-violating piece of
Eq. (2) will be zero at the tree level in this case.
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