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Neutrino magnetic moment effects in neutrino nucleus reactions
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Some low energy neutrino nucleus reactions induced by neutrinos (antineutrinos) having a magnetic moment
of the order of 107°—1071° Bohr magneton are studied. It is found that in the case of *He, '?C, and '°O, the
detection of very low energy scalar and isoscalar elastic and inelastic reactions induced by the isoscalar vector
currents can provide a better limit on the neutrino magnetic moment.
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I. INTRODUCTION

The neutrino is generally believed to be a massless neutral
particle. However, recently the existence of nonzero mass
and magnetic moment for the neutrino has been discussed in
connection with the solar neutrino problem. Neutrinos with a
magnetic moment may interact with the solar magnetic field
while passing through the sun and flip their spin, giving rise
to wrong helicity, almost sterile neutrinos, thus reducing the
solar neutrino flux observed in terrestrial detectors. This re-
quires the neutrinos to have a magnetic moment of the order
of 107 %, [1]. This hypothesis also helps to explain the
anticorrelation of solar neutrino flux with sun spot cycles [2]
and biannual variation of the solar neutrino flux reported in
the literature [1]. The nonvanishing value of the magnetic
moment for neutrino has many consequences for various
processes used in calculating the nucleosynthesis and stellar
energy loss mechanisms in astrophysics and cosmology. The
upper limits for the neutrino magnetic moment deduced from
analyzing these processes are summarized in Table I [3—6].

There have been many attempts to obtain experimental
limits on the magnetic moment of neutrinos (antineutrinos)
of all species by performing neutrino (antineutrino) electron
scattering at various accelerators and reactors. A summary of
the existing experimental results is shown in Table I [6—8].

This paper attempts to explore the possibility of finding
useful limits, if any, on the neutrino magnetic moment from
an analysis of neutrino-nucleus reactions. The first attempt in
this direction was made by Reines et al. [9] when they ob-
served neutral current reactions on deuterium [10]. Recently,
with the observation of neutral current reactions with v, and
v, beams in '°C, investigation of the possibility of neutrino
magnetic moment effects in these reactions was undertaken
[11]. It turns out that these reactions in deuterium and '2C
[10,11], which are mainly induced by the axial vector cur-
rents, do not get any appreciable contribution from the neu-
trino magnetic moment. We have in this paper looked into
the possibility of observing these effects in neutrino nucleus
reactions induced by isoscalar vector currents which are sup-
pressed in the standard model. For this purpose, we have
considered the elastic and inelastic (J°=07, T=0) transi-
tions in some nuclei like 3He, §°C, ;°0, 19Ar, and 5Mo
which have been recently proposed in connection with solar
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neutrino or dark matter detection experiments [6]. Theoreti-
cally, elastic reactions are favored as they provide larger
cross sections compared to inelastic reactions, but the detec-
tion of these reactions, experimentally, is very difficult be-
cause of the small recoil of the target nucleus, the only ob-
servable in elastic scattering. On the other hand, inelastic
reactions are more amenable to experimental detection
through the observation of excited state decay products, but
are hampered by very small cross sections.

In Sec. II we discuss some general features of weak and
electromagnetic scattering of neutrinos with nuclei and de-
rive the various formulas for the differential cross sections
and total cross sections corresponding to the elastic and in-
elastic scattering of neutrinos with a magnetic moment x and
compare with the standard model results. In Sec. III we have
numerically evaluated and plotted these cross sections as a
function of incident neutrino energy. Here we also present
total cross section results for these nuclei after folding with
some standard neutrino (antineutrino) spectra from reactors
and accelerators and discuss these results. In Sec. IV we
conclude our findings.

II. WEAK AND ELECTROMAGNETIC SCATTERING
OF NEUTRINOS

The standard model of electroweak interaction describes
neutrino scattering with leptons and hadrons through W and

TABLE I. Present upper limits on neutrino magnetic moments.

Constraints Limits on & (in ug)

Cosmological arguments

(1) Nuclear synthesis in the By, <1071
big bang [3]

Astrophysical constraints

(1) Energy loss in He stars [4] My, <0.8X 1071

(2) Supernova 1987A [5] <5x1071°

(3) Plasmons in steller plasma [6] <(0.1-1)x 10710

(4) Stellar cooling [6] <10~

Laboratory experiments

(1) p,e scattering [7] s, <4X 10710

(2) v,e,v,e scattering [6]

Moy o 3, <8.5% 10710
(3) v,e, v, e,v,e scattering [8]

My, <10.8x 1071
w, <7.4x10710

4) v, [7] /ZLVT<4>< 107
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Z exchanges, which are helicity-conserving processes in the
case of massless neutrinos. In the presence of nonzero mass
of the neutrino, the helicity flipping reactions are also pos-
sible whose cross sections are small, being proportional to
m% where m , is the neutrino mass, and are generally quite
small. There are no terms linear in m, as a result of the
absence of interference terms. When the possibility of elec-
tromagnetic interactions of neutrinos is considered through
the presence of a magnetic moment w, the scattering pro-
cesses are helicity flipping. The total electroweak scattering
cross sections of the massless neutrino are then the incoher-
ent sum of weak scattering through W,Z exchanges and the
electromagnetic scattering through one-photon exchange. In
the case of nonzero mass of the neutrino, there is an inter-
ference term between the weak and electromagnetic contri-
butions which is linear in mass and magnetic moment of the
neutrino. This interference term has been studied and can be
shown to be smaller than the other contributions for m,
about a few keV and u~10"'"u, [1]. We also find similar
results for the elastic and inelastic neutrino nucleus scatter-
ing which has been discussed below in Secs. II A and II B.
In addition to the magnetic moment wu discussed above,
neutrinos can also have a transition magnetic moment. The
electromagnetic neutrino scattering taking place as a result of
the transition magnetic moment flips the flavor in addition to
flipping the helicity; therefore, it does not interfere with any
terms discussed above and the cross section due to this mag-
netic moment adds incoherently to the above cross sections.
The various upper limits quoted for the magnetic moment
and reproduced in Table I do not distinguish between these
two types of magnetic moments because the experimental
neutrino processes do not observe any flavor of the neutrinos
in the final state. The quoted upper limits, therefore, apply to
both types of magnetic moments. In the following we present
the implications of the presence of a nonzero transition mag-
netic moment of the neutrinos in some neutrino nucleus elas-
tic and inelastic scattering. The results also apply to the case
of a normal magnetic moment where the presence of addi-
tional interference terms does not affect our results as its
contribution is small for the values of nonzero neutrino
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masses of v, and v,, which are consistent with currently
available experimental limits [12].

A. Elastic scattering
The form of the matrix element for the neutrino nucleus
reaction (with the neutrino magnetic moment u)

v(k)+5X(p)— vk ) +5X(p") 2.1)

is written as

<p [Téalp)
where k and k' are the four-momenta of the incoming and
outgoing neutrinos which are of different flavor, p (p’) are
the incoming (outgoing) four-momenta of the nucleus,

¥ (=k”—k'”) is the four-momentum transfer, wur
(=eu,/2m,) is the transition magnetic moment of the neu-
trino, and

PN pYy=(p+p")  Fi(g*)
where F$"(¢g?) is the nuclear elastic form factor.

From this the following expression for the differential
scattering cross section is derived:

da'z/llM_ wazlz,ui - p-q\?
dQ* m2Q? 2ME
where Z is the atomic number, « is the fine structure con-

stant, E is the incident neutrino energy, M is the mass of the
nucleus, and

2.3)

0%, (24)

(2.5)

where Q?=—¢?. The form of the elastic form factor
F(Q?) is taken to be exp(—aQ?) [13], where a is deter-
mined from elastic electron scattering data on various nuclei.

The total cross section as a function of energy is derived
to be

5 [exp(—8aE?)—1]

(2.6)

where T, is the minimum recoil of the nucleus taken to be zero in all other terms except the logarithmic term. This process
takes place in the standard theory of electroweak interactions through the Hamiltonian [14]

Gr _
H=—=u(k")y*(1+ys)u(k)J, ,

V2

with the neutral current J5, given by Ji = —2s1n20WJ °m where J

2.7)

em

“ is the electromagnetic current, 8y is the weak mixing

(sin®6y=0.233), and G F 1s the Fermi couplmg constant. The matrix element, therefore, is written as

_GF— ' ) ’ 2
Mrﬁu(k )Yu(1+ ys)u(k)(—2sin”Oy) (p+p' ) *F o (Q7)

(2.8)
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where k and k' now correspond to the four-momenta of initial and final neutrinos of the same flavor.
From this the following expression for the differential scattering cross section is obtained:

dol'  2F3(0%)Gi(sin® 0W)222( 0? p-q)

do* T

152~ ME (2.9)

The total cross section o>M(E) is then obtained by integrating over Q2 and is found to be

[Z(1—4sin?0y)— N]*G%
167a

SM(E) =

_ 2
[1—exp(—8aE )]+(2ME 4E2

1
) (4E2exp( —8aE*)+ 2—5[exp( —8aE?) — 1]”
(2.10)

The total cross section will be the sum of cross sections given in Egs. (2.6) and (2.10) as they correspond to final neutrinos
of different flavors. However, if the neutrino has a normal magnetic moment w, then the final neutrino will have the same
flavor as the neutrino in Eq. (2.8), for which the matrix element is

MY = pi(k') o, u(k)

(p [Joalp) - (2.11)

The differential and total cross sections in this case will be given by Egs. (2.4) and (2.6) with w; replaced by u and an
additional term coming from the interference of M 1;’ and M,, which is proportional to m, and is given by the expressions

d U_mt

m,aGpu,Z°Fy(Q%)sin’ Oy

ag® 2m, E>2

m,aG pu,Z%sin?6,,

2\2m E%a

oG (E)=— [1—exp(—

For a neutrino mass of a few keV and u~10"Buy,
o™(E) becomes comparable to oy “(E) for E,~10—20
MeV. For u~10"%u, used in our present calculatlons
‘"t(E) is quite small in comparison to 0'el M(E) and is,
therefore, neglected in the subsequent discussions.

B. Inelastic scattering

The form of the matrix element for the neutrino nucleus
reaction (with a neutrino magnetic moment )

v(k)+4X(p)—v(k')+5X*(p")

where X* corresponds to the isoscalar-scalar (J7=07,
T=0) excited state of the nucleus, is given by (2.2), where
the general form of the matrix element (p'|J"|p) is now
given by

P P)=[F (g5 qu+ F2(q*)P,] (2.14)

where g, = (p' —p)y and P,=(p ! +p),. Conservation of
electromagnetic current implies that

q2

Fz(Q2)=—‘q—fI;F1(Q2) (2.15)

Using this value for the matrix element (p'|J3"|p) in u, we
get

1 1
e (4Ezexp(~ 8aE?)+ ﬂ[ —1+exp(— 8aE2)]H

i 2.12)

p-q}

(2.13)

M:/'“;(k,)o-;u/qvu(k)( _;_62) (p+p’),’meeI(Q2)
(2.16)

where

2
Finel(Qz):f—PFl(Q2) (2.17)

Since Fi,(Q?) vanishes as Q2 goes to zero [i.e., Eq. (2.4)],
experimentally it is parametrized as

Fina( Q%) =0%(A+BQ*)Fy(0?) (2.18)

and the constants A and B are determined from inelastic
electron scattering data on various nuclei [15,16].

In the standard model, the matrix element for inelastic
neutrino scattering is given by (2.8) except that F 2(0?) is
replaced by F;,(Q?) as given in (2.18).

From these matrix elements, the following expression for
the differential cross section do/dQ? and the total cross sec-
tion ¢ are obtained for the various cases discussed in Sec.
ITA:

do-mel _ Wazﬂ'zF?nel(Q2)|: _ P-4

2
do? m2Q? 2ME] - (219
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do-me] 2G2(sin?Oy) Fmel(Q2)[1 0% peg

do? T 2E* ME| "’
(2.20)
where
0 (M*?—M?)
p~q——2—-+—2— , (2.21)
and M* is the mass of the excited nucleus,
E 2\/27TO£/.L,,A Zé - n+cn
mel( ) m, = ay, E E2
X(E_AM)71+2E/1+2
where
b b?
apg= 1_5_—1_6 N bO:O, CO_—_O N
168 b b? _ (bt4) o
“EZIHN T2 T 16 VT Tem 0 Y
8 B? b b? (b+4)B
QTR T2 T 160 72T T T mMA
1
L
o b 8(b+4)B? 4B
a3="u, 3T T T Az 0 3T T SMZA
4RB?
614:0, b4:O, C4:—W s
b AM? AM=M*—M 2.22
“aEm - AMT : @222)
. 3 ’
2(8Gpsin®OyA)? < . b,
mel( ) —3—7T——,,§0 an+—E_
X(E_AM)n+3En+3 ,
where
, , 6B , 3a
:(l—b), b():(), 611:7(1—[9), bl:_m N
_483(1—17) 48aB —o
©TTsar o T s w70
ppm o MU M 223
3T T AT t35 - (2.23)

Other symbols have the same meaning as in Eq. (2.22).
In the case of inelastic scattering, doin,/dQ? is calculated
to be similar to Eq. (2.12) with F,(Q?) replaced by
F (0% and p g given by Eq. (2.21). The numerical con-

tribution of ojpg(E), calculated by integrating do™ /dQ?, is

mcl inel
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FIG. 1. 04(E) vs E for “He (solid line), “°Ar (dashed line), and
%Mo (dotted line) targets. The upper curves (a) are for the standard
model, while the lower curves (b) are for the case of the magnetic
moment with /’«V =4X10"'"%,. Note that different scales have
been used for “He and “°Ar. In the case of '2C and '°0, the nature
of the curves is similar to “He, but an order of magnitude larger.

small in comparison to ohy(E) and om(E) in this case as
well and is, therefore, neglected.

ITI. RESULTS AND DISCUSSION

We have numerically evaluated the total cross sections
(E) o-mel (E) U (E) and crmel(E) using the various
formulas given in Sec II for some nuclei like *He, '*C,
160, “OAr, and *®Mo. These nuclei have been either proposed
or are presently being used in various experiments on solar
neutrino and astrophysical neutrinos [17]. The proposed bo-
lometric detectors filled with He or LVD detectors filled with
12C or water-based large detectors will be observing many
neutrino interactions in the near future [18]. The results from
the ambitious ICARUS [19] project using *°Ar and efforts to
observe neutrino reactions with **Mo will also be available
sometime in the near future. The energy dependence of the
cross section o-(E) for neutrino reactions in these nuclei with
or without magnetic moments will be useful in analyzing
these experiments. In the following we discuss the cases of
elastic and inelastic reactions separately.

A. Elastic scattering

The elastic scattering cross sections a' (E) and
O'ZM(E) are evaluated using Egs. (2.6) and (2.10). In order to
calculate these cross sections, we have used the elastic form
factors for “He, '2C, and '°0O from the data on elastic scat-
tering and have taken experimental results from [14,16,17].

For “°Ar and “*Mo we have used the charge radii of these
nuclei to determine the form factors as defined in (2.3)
through the relation (Rz)— —6dF(Q*)/dQ% p2—¢. The ex-
perimental form of F (Q? )=exp(— a0? used for *°Ar and
%Mo should be adequate at very small values of the entire
range of Q2 relevant to energies up to 50 MeV used in our
present calculations. In the case of the numerical evaluation
of oMM(E), some care has to be taken because of the occur-
rence of a logarithmic term in Eq. (2.6). Even though the
theoretical value of T,;, is zero, we have substituted
Tmin=1 eV to perform the numerical calculations. The val-
ues of oMM(E) and oSM(E) calculated in this way are plot-
ted as a function of E and shown in Fig. 1. The numerical
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25 TABLE III. Weighted elastic scattering cross sections (in 10738
cm?) from neutrinos at the accelerators for different nuclei with
20f.. ,u,,,#=4><10710,u,3.
154 \\\\::" Nuclei Standard model Magnetic moment
< e - (o) (o)
o 1 7 ‘He 2.0%1073 1.8x 1074
' ol ‘eC - 1.9x107? 1.0X 102
b %0 3.4x1072 1.8x1072
0 . . . . 19Ar 2.6X107! 1.3x107!
1 2 4 61 81 101 ZgMO 1.7 6.6

Tmm(eV)

FIG. 2. 04(E) vs T, for “He at different values of E:
E=1.0 MeV (solid line), 10.0 MeV (dashed line), and 20.0 MeV
(dotted line). In the case of *°Ar, the nature of the curve is similar
to “He, but larger by two orders of magnitude.

values of the cross sections are presented for
n=4x10"1, [7]. We see that at lower energies
oMM(E) is larger than ¢SM(E), but as the neutrino energy E
increases, oSM(E) becomes larger than cMM(E). This hap-
pens at E=12 MeV for *He, which gradually decreases as
we go toward the heavier nuclei. In order to test the sensi-
tivity of our numerical calculations to the assumed value of
T min» We have varied T ;, . The numerical results are shown
in Fig. 2, which shows that cMM(E) can vary by factors of 3
at energies relevant to the reactor antineutrinos, while it can
vary by factors of 2 at energies relevant to neutrinos from
muon decay as we vary T, from 1 to 100 eV. The major
problem in observing elastic neutrino scattering is the lack of
observables in the final state. The only observable in the final
state is the recoil of the target nucleus which is very small.
There is a possibility of observing these reactions with the
help of bolometric detectors presently being built for various
dark matter detection experiments [18]. This introduces an
experimental cutoff on 7T ;. For a kilogram size low tem-
perature detector, a T;, of 0.1 keV is the best that can be
achieved in the near future [10]. If a T, of 0.1 keV is used,
then the results quoted in Fig. 1 for e™M(E) will be reduced
by a factor of 2—3 over the energy range considered. On the
other hand, if the limits of (0.85— 1.08)x 10~ % as shown in
Table I for o are taken, the numerical results for oMM(E)
will be enhanced by a factor of 4—7. This uncertainty should
be kept in mind when comparing the values of ™ (E) and
oSM(E). To investigate the question whether a deviation in

TABLE II. Weighted elastic scattering cross sections (in 10™%!
cm?) from reactor antineutrinos for different nuclei. Spectra No. 1
from Ref. [20] and spectra No. 2 from Ref. [21].

Standard model Magnetic moment

the neutrino cross section from standard model predictions
can put useful limits on the neutrino magnetic moment, we
have calculated the integrated antineutrino cross sections for
two antineutrino spectra taken from Vogel and Engel [2] and
Avignone [20] for the purpose of illustration. The total cross
sections of Fig. 1, folded with the antineutrino spectra of
Vogel and Engel [2] and Avignone [20], are shown in Table
II for both cases of oMM(E) and oSM(E). We have also
calculated the folded cross section for neutrino scattering for
the neutrinos from stopped muon decay [21] and the results
are presented in Table III.

B. Inelastic scattering

Neutrino inelastic reactions are experimentally better
suited to study the neutrino properties discussed earlier as the
decay products of excited states provide additional observ-
ables for detection. For example, the 0" excited state of
“He decays primarily to proton plus radioactive tritium,
while the 0" excited state of '>C decays through « emission
and the 0" excited state of %0 decays by e*e ™ emission.
Similarly the 0" excited states of *°Ar and “*Mo decay
through y emission and e*e™ emission, respectively. The
disadvantage of these processes is that the calculated cross
sections are found to be too small in some cases and are not
expected to be observed in the near future. We have, how-
ever, calculated them also to give a complete picture of in-
elastic reactions.

In order to calculate the inelastic cross sections oy (E)
and oSM(E), we have used Eqs. (2.22) and (2.23). The in-
elastic form factors F,,(Q?%) are parametrized as in Eq.
(2.18). A and B are determined from inelastic electron scat-
tering data on *He, '2C, and '°0, which are taken from Refs.
[14,16,17]. These values are given in Table IV. Using these
values of A and B for F ,,,(Q?), the total cross sections
a"i’,[lbe/{(E ) and aisnh:l(E ) are calculated and plotted as a function
of E in Fig. 3. We see that the cross sections are quite small
except for “He where they are appreciable at higher energies.

Spectra Spectra Spectra Spectra TABLE 1V. Values of A and B.
No. 1 No. 2 No. 1 No. 2
Nuclei (o) (o) (o) (o) Nuclei A (fm?) B (fm*)
4He 9% 1073 5.9x 1072 8.8% 1072 1.0x107! 3He [13] 0.32 —0.06
12c 8.1x107%2  53x1072  68x107"  81x107! 12C [15] 0.69 —0.30
'S0 1.4x107! 9.5x 107! 1.1 1.3 150 [18] 0.26 -0.12
H0Ar 1.1 7.4 5.2 6.2 foAr 0.50 —-0.15
SMo 7.3 4.8 23%x10"" 2.7x10"! Mo 0.50 -0.15
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IV. CONCLUSIONS

We have in this paper analyzed some nuclear reactions
induced by neutrinos (antineutrinos) having a magnetic mo-
ment of the order of 1074y, which is required theoreti-
cally to explain some astrophysical processes and is consis-
tent with the present experimental limits. Earlier
investigations in the case of nuclear transitions induced by
the isovector axial vector current show negligible effects of
the neutrino magnetic moment. In the present case we have
investigated some scalar-isoscalar nuclear transitions in-
duced by isoscalar vector currents for some nuclei like
“He, 2C, '°0, “°Ar, and °®Mo. The investigations have
been made for low energy high flux neutrino and an-
tineutrino beams relevant at the nuclear reactors as well as
for the intermediate energy medium flux neutrino beams
available from the muon decays relevant to Los Alamos and
Karmen experiments. We find the following.

(i) In the case of neutrino elastic scattering, the magnetic
moment contribution to the total cross section o(E) is com-
parable to the cross section calculated in the standard model
at lower energies. However, as the energy increases, the stan-
dard model cross section dominates. This happens at about
12.0 MeV for the case of “He and at lower energies of 11.0
and 10.0 MeV for '2C and %0, respectively.

(ii) In the case of inelastic scattering, the results are simi-
lar to elastic scattering, but the standard model cross section
starts dominating over the neutrino magnetic moment contri-
bution very quickly, i.e., 4.0-5.0 MeV above the threshold
for “He and '2C and about 15.0 MeV above the threshold for
the case of “’Ar.

(iii) There is the possibility of studying the antineutrino
magnetic moment in antineutrino-nucleus scattering at very
low energies especially at the reactors in the case of elastic
scattering where the cross sections folded over some typical
antineutrino spectra at reactors give cross sections of the or-
der of 10”*' =107 cm?. This, however, requires the devel-
opment of bolometric detectors to detect the very small re-
coil of the nucleus.
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E(MeV)

FIG. 3. 0;(E) vs E for inelastic neutrino scattering on “He,
12C, and “°Ar. The solid lines correspond to the standard model,
and dashed curves correspond to the magnetic moment with
,u,ye=4>< 10794, in all cases. In the case of 'O, the energy de-
pendence cross section is similar to 12C while for ®Mo the cross
section is similar to *°Ar.

(iv) At the energies relevant to the Los Alamos and Kar-
men experiments where v, beams up to 29.8 MeV and v,
and 13# beams up to 52.8 MeV are available, the neutrino
magnetic moment contributions are smaller than the standard
model cross section in most cases except for the case of
“Mo.

(v) In the case of inelastic scattering, there is a narrow
energy range in which the neutrino magnetic moment contri-
bution is larger than the standard model contribution, but the
cross section is too small to be measurable.

We, therefore, conclude that there is the possibility of
putting a better limit on the neutrino magnetic moment in
neutrino-nucleus reactions provided low energy bolometric
detectors are developed to be able to measure the very small
recoil energies of nuclei in elastic neutrino-nucleus scattering
at low energies.
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