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Bounds and implications of neutrino magnetic moments from atmospheric neutrino data
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The neutral current effects of the future high statistics atmospheric neutrino data can be used to distinguish
the mechanisms between anm oscillation to a tau neutrino or to a sterile neutrino. However, if neutrinos
possess large diagonal and/or transition magnetic moments, the neutrino magnetic moments can contribute to
the neutral current effects which can be studied by the singlep0 production events in the Super-K data. This
effect should be included in the future analyses of atmospheric data in the determination ofnm to tau or sterile
neutrino oscillation.@S0556-2821~99!01215-1#

PACS number~s!: 13.15.1g, 14.60.Pq, 14.60.St
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I. INTRODUCTION

Neutrinos might possess two properties which are fee
but will be important barometers of physics beyond the st
dard model scale. These are neutrino mixings~masses and
oscillations! @1# and neutrino magnetic moments@2#. Before
1998, experiments gave bounds on these properties, in
eral.

But recent results from the Super-Kamiokande Collabo
tion @3# have provided strong evidence for a deficit in t
flux of atmospheric neutrinos, which are presented in
form of the double ratio

R5
~Nm /Ne!obs

~Nm /Ne!MC
, ~1!

which implies the existence ofnm oscillations. The measure
value of R for Super-Kamiokande is 0.6160.0660.05 for
the sub-GeV data and 0.6760.0660.08 for the multi-GeV
data, while we expectR51 in a world without oscillations.
The muon neutrino oscillation into another species of n
trino provides a natural explanation for the deficit and ev
the zenith angle dependence. Thenm→nt oscillation is the
most favorable solution for the atmospheric neutrino pr
lem, whereas thenm→ne oscillation is strongly disfavored
by CHOOZ results@4#. The oscillations into sterile neutrino
(ns) give a plausible solution as well@5#. This evidence for
neutrino oscillations is also supported by the SOUDAN2@6#
and by the Super-Kamiokande@7# and MACRO@8# data on
upward-going muons.

It is usually assumed that the neutral current effect
neutrino oscillation experiments is unchanged, since
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standard model neutrino produced by oscillations has
same neutral current~NC! interaction. Therefore, the ratio o
the NC and charged currents~CC! events is important to
investigate the neutrino neutral current. Thus the observa
of single p0 events, induced by the neutral current, by t
Super-Kamiokande Collaboration@3#, can lead to important
physical implications.

Thep0 NC event is detected as two diffuse rings. On t
other hand, the CC events due tone are detected as on
diffuse ring due toe6 and one sharp ring due top6, and the
CC events due tonm are detected as two sharp rings fromm6

andp6 @9#. Thus, a NC event can be discriminated from
ne CC event and anm CC event@10,11#. It has been consid-
ered difficult to separate NC and CC events clearly. But
singlep0 events described above can be used to discrimin
NC events from CC events. Indeed, it is believed that
cleanest way to identify NC events in Super-Kamiokande
to detect a singlep0 from the processn1N→n1N1p0,
with N being either a neutron or a proton below the Cher
kov threshold. Thep0 is detected via its decay into tw
photons which lead to two diffusee-like rings whose invari-
ant mass is consistent with thep0 mass@9#. The ratio of
p0-like events toe-like events compared to the same ratio
the Monte Carlo in the absence of the oscillation has b
measured by the Super-Kamiokande Collaboration@7#:

Rp0/e5
~p0/e!data

~p0/e!MC

50.9360.07stat60.19sys, ~2!

where the systematic error is dominated by the poorly kno
singlep0 cross section, and the statistical error is based
535 days of running. The ratioRp0/e is expected to be 1 for
nm-nt oscillations while 0.75 fornm-ns oscillations ornm-ne
oscillations if one takes the measurednm /ne ratio to be 0.65
@10#. The admixture ofnm-nt and nm-ne oscillations also
leads to a deviation ofRp0/e from 1. Therefore, a precise
©1999 The American Physical Society08-1
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measurement of the ratio will be used to distinguishnm
→nt from nm→ns oscillation.

At first sight, it is likely that any deviation ofRp0/e from
1 implies muon neutrino oscillations into a sterile neutrin
However, if there exists a large muon neutrino magnetic m
ment ~diagonal or transition!, it will produce an additional
neutral current effect which has to be separated out to dra
definite conclusion. Indeed, right after the discovery of
neutral current, the upper bound on the muon neutrino m
netic moment was given@12#. Also, the experimental bound
on transition magnetic moments and other properties in v
of NC data were presented@13#.

The theoretical problem of obtaining a large neutri
magnetic moment has begun with interactions beyond
standard model@2#. In general, the loop diagram will have
(mass)2 suppression, presumably byMX

2 , whereMX can be
the W boson mass or a scalar mass. It is possible to ha
large Dirac neutrino magnetic moment if the loop contain
heavy fermion@2#,

mn;
m

MX
2

, ~3!

wherem is the mass of the heavy fermion. This mechani
can be generalized in models with scalars@14#.

But the same loop without an external photon line wou
give a contribution to the neutrino mass matrix. Therefo
one expects, taking the coupling as 1023,

mn;1023
me

MX
S mm

MX
D 1/3

mB;10213mB , ~4!

wheremB5e\/2mec is the electron Bohr magneton and w
usedmn;O(1) eV for the numerical illustration. To sup
press the contribution to the mass and still allow a la
magnetic moment, continuous@15# and discrete@16# symme-
tries have been considered. In this case, the neutrino m
netic moment can be as large asmnm

;10210mB , which is

not affected by the SN 1987A constraint;10213mB @17#
since this bound applies to the electron neutrino only.

However, a large transition magnetic moment to a ste
neutrino is not forbidden that severely. For example, one
introduce a transition moment with an accompanying m
as large as several hundred MeV. Of course, the masse
the light neutrinos are bounded by a few eV. In this case,
transition neutrino magnetic moments can be as large
1027mB and may contribute to NC events. In particular, w
are interested in singlep0 production through a large trans
tion magnetic moment, which would contribute toRp0/e . In
this spirit, we will obtain the upper bound on the transiti
neutrino magnetic moment~to a sterile neutrino! from Rp0/e .

On the other hand, the experimental bound of the tra
tion magnetic moment ismnm

&1029mB @18#. This is ob-

tained from thenm neutral current experiments because
sterile neutrinons can be freely produced if the mass diffe
ence ofnm and ns is much smaller than the center of ma
energy in the process@13,19#.
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This paper is organized as follows: In Sec. II we descr
the amplitude for the singlep0 production. In Sec. III, the
kinematics and the differential cross section for singlep0

production are given. In Sec. IV, we present the contribut
to the cross section of thep0 production generated by
possible neutrino transition magnetic moment. In Sec. V,
discuss the physical implications based on the numerica
sult.

II. PRODUCTION OF THE SINGLE NEUTRAL PION

Singlep0 production has two contributions: one from th
production and decay of the~3/2,3/2! baryon resonances an
the other from the continuum contribution. At low energi
(E,2 GeV!, the contribution from baryon resonance pr
duction is a dominant one for singlep0 production@20#:

n1N→n1N* ,

N*→p01N, ~5!

whereN* represents baryon resonances. The cross sec
for singlep0 production in the regionW,1.6 GeV/c2 (W is
the hadronic invariant mass in the final state! can be de-
scribed following Fogli and Nardulli@20#. The effective La-
grangian for the neutrino neutral current is defined by

LNC5
1

A2
GFn̄gl~11g5!nJl

NC , ~6!

by assuming the following generalV,A structure of the had-
ronic part of the NC:

Jl
NC5gV

3Vl
31gA

3Al
31gV

8Vl
81gA

8Al
81gV

0Vl
01gA

0Al
0 , ~7!

whereVl
i ,Al

i ( i 53,8,0) are the SU~3! nonet partners of the
CC @21#. Neglecting the strange and charm NC’s, one c
write

Jl
NC5gVVl

31gAAl
31gV8Vl8

01gA8Al8
0 , ~8!

where

Vl8
05A1

3
~Vl

81A2Vl
0!, ~9!

Al8
05A1

3
~Al

81A2Al
0!, ~10!

the electromagnetic current being given byJl
em5Vl

31 1
3 Vl8

0 .
From the Weinberg-Salam model@21#,

gV5
1

2
2 sin2 uW , gA5

1

2
, ~11!

gV852
1

3
sin2 uW , gA850. ~12!

The isospin decomposition of onep0 channels is given by
8-2
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A~np→npp0!5
1

3
~2A31A1!1A1

3
S, ~13!

A~nn→nnp0!5
1

3
~2A31A1!2A1

3
S. ~14!

The reduced matrix elementsA1 ,A3 are given by

A35
1

A2
~AD

0 1Ap
0 1AN

0 !, ~15!

A15
3

2A2
ANNp

0 2A2Ap
0 2

1

2A2
AN

0 1AS
01AP

0 1AD
0 ,

~16!

whereAi
0 ,i 5N,NNp,P,S,D are given in the Appendix and

the indicesS,P,D denoteS11,P11,D11 @22#, respectively.
The contributions to the amplitudeS come from the follow-
ing amplitudes:

S5
1

2
A3SA1

2
AN

0 1A1

2
ANNp

0 1
2

3
AP

0 1
2

3
AS

01
2

3
AD

0 D .

~17!

As is well known, the dominant contribution to the am
plitude A comes from theD resonance in this region (W
,1.6 GeV/c2) @23#. Then, the amplitude for the singlep0

production can be described by

ANC.
GF

A2
l aJa, ~18!

where

l a5ū~k8!ga~11g5!u~k!, ~19!

Ja5
g

mp
ū~p8!qp

r DmrF2~gmaq”2qmga!g5gV

C3
V

MN

2~gmaq•pD2qmpD
a !g5gV

C4
V

MN
2

2gmagAC5
AGu~p!,

~20!

where MN is the nucleon mass,Dmr is the propagator of
Rarita-Schwinger field which is given by

Dmr~p!5
p”1M 8

p22M 82 1 iM 8G S gmr2
2

3

pmpr

M 82

1
1

3

pmgr2pngr

M 8
2

1

3
gmgrD , ~21!

and q5pD2p5k2k8 is the momentum transfer,pD5p8
1qp , G is the decay width,Ci

V and Ci
A( i 53,4,5) are the

vector and axial vector transition form factors as defined
03300
y

Llewellyn-Smith @24#, andM 8 is mass of theD resonance.
As shown in Ref.@20#, the form factorsCi(q

2) can be ob-
tained by comparison with the values of the helicity amp
tudes given by the relativistic quark model@25#. The explicit
forms are given by

C3~q2!5
1.7A12q2/4MR

2

@12q2/~MR1MN!2#3/2@12q2/0.71 GeV2#2
,

~22!

C4~q2!52
MN

AW2
C3~q2!, ~23!

C5~q2!50. ~24!

Then, the vector form factorsCi
V(q2) used in Eq.~20! are

given by

Ci
V~q2!5A3Ci~q2!. ~25!

The axial form factorCi
A(q2) is also taken to be the gener

formula

CA~q2!5
CA~0!

~12q2/MA
2 !2

, ~26!

whereMA50.65 GeV/c2 for C5
A and MA51.0 GeV/c2 for

the other resonances.

III. KINEMATICS

Consider the process given in Eq.~5!. It is convenient to
choose the center of momentum frame. Without loss of g
erality, we can choose the initial four momenta of the ne
trino and the nucleon in the c.m. frame as (p,p,0,0) and
(EN ,2p,0,0), respectively, where

p5
En

A112En /MN

, ~27!

EN5
MN1En

A112En /MN

, ~28!

where En is the incident neutrino energy in the laborato
frame. The final four-momenta of neutrino, nucleon, andp0

arek8, p8, andqp , respectively, where

k85En8@1,~cosu, sinu,0!#, ~29!
8-3
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p85EN8F1,A12
MN

2

EN8
2 ~2 cosb• cosu

1 sinb• sinu• cosf,2 cosb• sinu

2 sinb• cosu• cosf,2 sinb• sinf!G , ~30!

qp5EpF1,A12
mp

2

Ep
2 ~2 cosa• cosu

2 sina• sinu• cosf,2 cosa• sinu

1 sina• cosu• cosf, sina• sinf!G , ~31!

where

cosa5
kW82 2pW 82 1qW p

2

2ukW8u•uqW pu
, ~32!

cosb5
kW82 1pW 82 2qW p

2ukW8u•upW 8u
. ~33!

The anglesu andf correspond to rotations around thez and
x axes, respectively. Then, the differential cross sectionds
can be expressed as

ds5
~2p!4uANC̄u2

4~p•k!
dF3

5
uANC̄u2

32~2p!4MNEn

dEn8dEpdfd~cosu!, ~34!

where

uANC̄u25
GF

2

2
LmnJmn, ~35!

with

Lmn5
1

2 (
spins

l m
† l n , ~36!

and

Jmn5
1

2 (
spins

Jm
† Jn , ~37!

where the summation is performed over the hadronic sp

IV. CONTRIBUTION FROM THE NEUTRINO MAGNETIC
MOMENT

In this section, we consider theD production arising from
the Feynman diagram shown in Fig. 1. The decay ofD to a
03300
s.

nucleon plusp0 follows in the detector, and one observes t
n81N1p0 final state. Thenm-n8-g vertex is parametrized
by a transition magnetic moment

i f n8nm
mBū~ l 8!n8smnqnu~ l !nm

, ~38!

whereq5 l 2 l 85p81qp2p is the momentum transfer. Th
coupling f n8nm

at q250 is the transition neutrino magneti
moment in units of the electron Bohr magneton and will
denoted asf 8.

The squared matrix element that describes the singlep0

production, induced by a transition neutrino magnetic m
ment f 8, can be written as

uĀMu25
f 82 mB

2

q4
MmnJmn

em, ~39!

where

Mmn5
1

2 (
spins

@ ū~ l 8!smaqau~ l !#@ ū~ l !snbqbu~ l 8!#

~40!

and

Jmn
em5

1

2 (
spins

Jm
emJn

em, ~41!

whereJmn
em is the hadronic electromagnetic current given b

fore by Jm
em5Vm

3 1(1/3)Vm8
0 .

V. RESULTS AND DISCUSSIONS

In this section we present the numerical results of
cross section of singlep0 production for the NC interactions
The calculated cross section generated by the neutrino t
sition magnetic moment is shown in Fig. 2 as a function
the incident neutrino energy for a hadronic invariant ma
less than 1.6 GeV/c2. We find that the values of the cros
section are of the order 10240 cm2 for En<2 GeV.

In order to see how the contribution to the cross sect
generated by the neutrino magnetic moment can be c
strained by the experimental results of the ratioRp0/e , it is
sufficient to calculate the ratios f 8 /s0

NC wheres f 8 ands0
NC

are the cross sections of singlep0 production from the neu-
trino magnetic moment and the standard model NC inter

FIG. 1. Feynman diagram for theD production arising from the
neutrino transition magnetic moment.
8-4
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tions, respectively. The reason is thate-like events~CC! are
not affected by the presence of the neutrino magnetic
ment. In Fig. 3, we plot this ratio

r f 8/NC5
s f 8

s0
NC

~42!

as a function of the incident neutrino energyEn for f 85 f 08
[0.631028. f 08 is defined as the value giving a similar co
tribution as the NC interaction. Iff 8 is e times f 08 , Fig. 3
should be multiplied by a factore2. Note that the contribu-
tions from the transition magnetic moment and from t
standard model NC do not mix in the processn1N→n8
1N8 due the unmixableg matrix structure among these two
However, forn1N→n81D there are terms which mix thes
two contributions. This is because the number of indices
the form factorsGm , defined inD̄GmN, can match that of the
g matrices by eliminating one index inD̄mGn by qm . The
dashed line corresponds to the case of no cut whereas
solid line corresponds to the hadronic invariant mass cu
1.6 GeV/c2. The current experimental result of the rat
Rp0/e implies that the possible excess from 1 amounts to 0
from which we can obtain the constraint on the neutr
magnetic moment. For example, atEn55 GeV a constraint
r f 8/NC<0.13 leads to

f 8<2.231029. ~43!

The transition magnetic moment of this magnitude i
plies a muon neutrino and sterile neutrino mass matrix of
form

FIG. 2. The cross section generated by the neutrino trans
magnetic moment as a function of the incident neutrino energy
the hadronic invariant mass less than 1.6 GeV/c2. f 8 is taken to be
0.631028.
03300
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M nmn85S m11, m12

m21, m22
D , ~44!

where m12;m21 is roughly 104 times m11;O(1022) eV.
Thusm12 is of order< 100 eV. The diagonalization proces
should not change the mass of the muon neutrino drastic
i.e., m22>m12

2 /m11;1 MeV. Therefore, a singlet neutrino a
the intermediate scale with possible interactions beyond
standard model~scalar or gauge! can lead to a sizable tran
sition magnetic moment.

The effects of the muon neutrino transition magnetic m
ment should be separated out toward a final determinatio
the muon neutrino oscillation to the tau neutrino or to
sterile neutrino. The most promising method is to study
energy distribution of the finalp0, since the kinematics for
the magnetic moment is different from the NC interactio
where the former has a 1/q2 dependence in the differentia
cross section while the latter has noq2 dependence at low
energy.

Indeed, if the transition magnetic moment is discover
by the measurement of the energy distribution, it will hint
intermediate scale physics. On the other hand, one can c
pare this anticipation to the earlier expectation that neutri
must oscillate due to the belief that singlet fermions, t
remnants of grand unification or the standard model sup
string, would be present at the intermediate scale@26,27#.
Similarly, if singlet neutrinos are present much above the
scale, there may be a large transition magnetic mom
which can be detected by future high statistics atmosph
neutrino experiments.

FIG. 3. Plots ofr f 8/NC as a function of the incident neutrin
energy forf 850.631028. The dashed line corresponds to the ca
of no cut and the solid line corresponds to the invariant mass cu
1.6 GeV/c2.
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APPENDIX

We present the expressions ofAi
0 , i 5N,NNp,P,S,D

@20#:

Ap
0 53A1

2
GFJlA2gNNpū~p8!g5u~p!

3
2qp

l 1ql

~qp1q!22mp
2

gA8Fp , ~A1!

AN
0 523A1

2
GFJlA2gNNpū~p8!

3FgV8F1gl1gV8
F2

2MN
@gl ,q” #2gA8

1

3
FAglg5G

3
p” 81q”1MN

~p81q!22MN
2

g5u~p!, ~A2!

ANNp
0 53A1

2
GFJlA2gNNpū~p8!

3
p” D1MN

pD
2 2MN

2 FgV8F1gl1gV8
F2

2MN
@gl ,q” #

2gA8
1

3
FAglg5Gu~p!, ~A3!

AP
0 52

3

2
A1

2
GFJl f Pū~p8!

p” D1M P

pD
2 2M P

2
DA

SgA8glg5u~p!,

~A4!

AS
05

9

2
A1

2
GFJl f Sū~p8!

p” D1MS

pD
2 2MS

2 FgV8G1
Sgl2gV8

G2
S

2MN

3@gl ,q” #g51gA8
1

3
GA

SglGu~p!, ~A5!
03300
AD
0 52

9

2
A1

2
GF

f D

mp
ū~p8!qp

mg5Dmr

3F ~q”grl2qrgl!gV8
H3

S

MN
1~pD•qgrl

2qrpD
l !gV8

H4
S

MN
2

2~p•qgrl2qrpl!gV8
H5

S

MN
2

2grlgA8
1

3
HA

Sg5Gu~p!, ~A6!

where GF51.02331025MN
22 is the Fermi constant

gNNp/4p514.8 is theNNp coupling constant,MN is the
nucleon mass,mp is the pion mass, andMR the mass of the
generic resonance R. We also assume MA
50.65 GeV/c2 @MA51.0 GeV/c2 for the axial mass of the
P33(P11,S11,D13)]. The generic vector form factor in the
amplitudes Eqs.~A1!–~A3! is given by the general formula

V~ t !5Vp~ t !1Vn~ t !, ~A7!

whereVp(Vn) is the electromagnetic form factor with a pro
ton ~neutron! as target.

With regard to the pion and nucleon form factors, we u
the following usual forms:

Fp~ t !5
1

12t/0.47 GeV2
, ~A8!

F1
V~ t !5S 12

3.7t

4MN
2 2t

D 1

~12t/0.71 GeV2!2
, ~A9!

F2
V~ t !51.855S 12

t

4MN
2 D 21

1

~12t/0.71 GeV2!2
,

~A10!

FA~ t !51.23
1

~12t/0.81 GeV2!2
, ~A11!

wheret5Q2 is the moment transfer and the axial form fact
is characterized byFA(0)51.23, which is derived from neu
tron decay, whereasMA50.90 GeV/c2 is perfectly compat-
ible with an overall fit to neutrino experiments. The for
factorsGi andHi are explicitly given in Ref.@20#.

The axial form factors in the amplitudes Eqs.~A1!–~A3!
are taken to be the general formula

A~ t !5
A~0!

~12t/MA
2 !2

, ~A12!

where MA50.65 GeV/c2 for C5
A and MA51.0 GeV/c2 for

the other resonances.
8-6
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