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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:g, 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 sinflproduction events in the Super-K data. This
effect should be included in the future analyses of atmospheric data in the determinatjptodfwu or sterile
neutrino oscillation[S0556-282(199)01215-1

PACS numbgs): 13.15:+g, 14.60.Pq, 14.60.St

[. INTRODUCTION standard model neutrino produced by oscillations has the
same neutral currediNC) interaction. Therefore, the ratio of
Neutrinos might possess two properties which are feeblehe NC and charged current€C) events is important to
but will be important barometers of physics beyond the staninvestigate the neutrino neutral current. Thus the observation
dard model scale. These are neutrino mixiiggsses and of single 7° events, induced by the neutral current, by the
oscillations [1] and neutrino magnetic momerjig|. Before  Super-Kamiokande Collaboratid], can lead to important
1998, experiments gave bounds on these properties, in gephysical implications.
eral. The 7% NC event is detected as two diffuse rings. On the
But recent results from the Super-Kamiokande Collaboraether hand, the CC events due i@ are detected as one
tion [3] have provided strong evidence for a deficit in the diffuse ring due tee™ and one sharp ring due te*, and the
flux of atmospheric neutrinos, which are presented in theCC events due te, are detected as two sharp rings froem

form of the double ratio and 7* [9]. Thus, a NC event can be discriminated from a
ve CC event and &, CC event{10,11]. It has been consid-
_ (N,./Ne)obs 1) ered difficult to separate NC and CC events clearly. But the
(N, /Ng)mc' singlew° events described above can be used to discriminate

o _ o NC events from CC events. Indeed, it is believed that the
which implies the existence of, oscillations. The measured cleanest way to identify NC events in Super-Kamiokande is
value of R for Super-Kamiokande is 0.610.06+0.05 for  to detect a singler® from the process/+N— v+N+ 7°,
the sub-GeV data and 0.670.06+0.08 for the multi-GeV  with N being either a neutron or a proton below the Cheren-
data, while we expedR=1 in a world without oscillations. kov threshold. Ther? is detected via its decay into two
The muon neutrino oscillation into another species of neuphotons which lead to two diffuselike rings whose invari-
trino provides a natural explanation for the deficit and everant mass is consistent with the® mass[9]. The ratio of
the zenith angle dependence. The— v oscillation is the  7%-|ike events toe-like events compared to the same ratio of
most favorable solution for the atmospheric neutrino probthe Monte Carlo in the absence of the oscillation has been
lem, whereas the’,— v, oscillation is strongly disfavored measured by the Super-Kamiokande Collaborafidn
by CHOOZ result§4]. The oscillations into sterile neutrinos

(vs) give a plausible solution as wdlb]. This evidence for (7°1€) gata
neutrino oscillations is also supported by the SOUDARR Rz0e= " =0.93£ 0.0%5=0.19 s, (]
and by the Super-Kamiokand&] and MACRQO[8] data on (m/€)mc

upward-going muons.
It is usually assumed that the neutral current effect inwhere the systematic error is dominated by the poorly known
neutrino oscillation experiments is unchanged, since angingle #° cross section, and the statistical error is based on
535 days of running. The ratiB o, IS expected to be 1 for
v,-v, oscillations while 0.75 fow ,-v oscillations orv,,-ve

y
*Email address: skkang@ns.kias.re.kr oscillations if one takes the measureg/ v, ratio to be 0.65
"Email address: jekim@phyp.snu.ac.kr [10]. The admixture ofv,-v, and v,-v, oscillations also
*Email address: jslee@ns.kias.re.kr leads to a deviation oR,0,, from 1. Therefore, a precise
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measurement of the ratio will be used to distinguish This paper is organized as follows: In Sec. Il we describe
—v, from v,— v oscillation. the amplitude for the singler® production. In Sec. IlI, the

At first sight, it is likely that any deviation oR o, from  kinematics and the differential cross section for singfe
1 implies muon neutrino oscillations into a sterile neutrino.production are given. In Sec. IV, we present the contribution
However, if there exists a large muon neutrino magnetic moto the cross section of the® production generated by a
ment (diagonal or transition it will produce an additional possible neutrino transition magnetic moment. In Sec. V, we
neutral current effect which has to be separated out to draw discuss the physical implications based on the numerical re-
definite conclusion. Indeed, right after the discovery of thesult.
neutral current, the upper bound on the muon neutrino mag-

netic moment was givefl2]. Also, the experimental bounds Il. PRODUCTION OF THE SINGLE NEUTRAL PION
on transition magnetic moments and other properties in view ] o
of NC data were presentdd3]. Single 7° production has two contributions: one from the

The theoretical problem of obtaining a large neutrinoProduction and decay of th@&/2,3/2 baryon resonances and
magnetic moment has begun with interactions beyond théhe other from the continuum contribution. At low energies
standard modd2]. In general, the loop diagram will have a (E<2 GeV), the contribution from baryon resonance pro-
(mass suppression, presumably %, whereMy can be  duction is a dominant one for singte® production[20]:
the W boson mass or a scalar mass. It is possible to have a

*
large Dirac neutrino magnetic moment if the loop contains a vN—v+N7,
heavy fermion2], N* 704 N ®)
m where N* represents baryon resonances. The cross section
Hoy™ M_)Z( @ for single 7r° production in the regiokV<1.6 GeVt? (W is

the hadronic invariant mass in the final sjatan be de-
scribed following Fogli and Nardulli20]. The effective La-

wherem is the mass of the heavy fermion. This mechanlsmgrangian for the neutrino neutral current is defined by

can be generalized in models with scalgtd].

But the same loop without an external photon line would 1

give a contribution to the neutrino mass matrix. Therefore, Lyc=—=Gpry (1+ v5) vINC, (6)
one expects, taking the coupling as £0 \/5
m. [ m.\13 by assuming the following genersl A structure of the had-
o~ 1O3M—9<M—“ up~10 Bug, (4)  ronic part of the NC:
X X

RE=GVEH ATV AWV AY, (D)

where ug=ef/2mgc is the electron Bohr magneton and we o
usedm,~0O(1) eV for the numerical illustration. To sup- whereV, ,A}(i=3,8,0) are the S(3) nonet partners of the
press the contribution to the mass and still allow a largeCC [21]. Neglecting the strange and charm NC's, one can
magnetic moment, continuo{i$5] and discret¢16] symme-  write
tries have been considered. In this case, the neutrino mag-
netic moment can be as large as ~ 10~ 4z, which is INC=gV3+gaA3+gi V[ +gnAL°, (8)
not affected by the SN 1987A constraint10 “ug [17]
since this bound applies to the electron neutrino only.

However, a large transition magnetic moment to a sterile 1
neutrino is not forbidden that severely. For example, one can v/0= \@(VEJF V2V, (9)
introduce a transition moment with an accompanying mass
as large as several hundred MeV. Of course, the masses of
the light neutrinos are bounded by a few eV. In this case, the ,0 \F 8 0
transition neutrino magnetic moments can be as large as A= §(AX+\/§A )
10" "ug and may contribute to NC events. In particular, we
are interested in single® production through a large transi- the electromagnetic current being given y/’=V3+2v/°.
tion magnetic moment, which would contributeRgo,.. IN From the Weinberg-Salam modg1],
this spirit, we will obtain the upper bound on the transition
neutrino magnetic momefto a sterile neutrinofrom R 0/ . 1 1

On the other hand, the experimental bound of the transi- =5~ Sir O, 9a=7> (12)
tion magnetic moment isu,,ﬂs 10 %ug [18]. This is ob-

where

(10

tained from thev, neutral current experiments because the , 1 2 .

sterile neutrinovs can be freely produced if the mass differ- 9v="3SIM 0w, ga=0. (12)
ence ofy, andvs is much smaller than the center of mass

energy in the procedd3,19. The isospin decomposition of one® channels is given by
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1 1 Llewellyn-Smith[24], andM" is mass of the\ resonance.
A(vp—vp7)= 3(2AsTA)+ /38, (13)  As shown in Ref[20], the form factorsC;(q?) can be ob-
tained by comparison with the values of the helicity ampli-

1 1 tudes given by the relativistic quark modeb]. The explicit
A(vn—rvn70) = §(2A3+A1)— \/;S (14)  forms are given by
The reduced matrix elements ,A; are given by , 1.7J1—g%/4M3%
C - L
1 @) [1- g% (Mp+My)21¥7 1—2/0.71 GeV]
A= E(AR-I—A?T-FAR‘), (15) (22)
3 1 My
A= ——A% — V2A%— —— A%+ A2+ AS+AY C4(9%)=——=Cs(a?), (23)
1 2\/5 NN \/_ T 2\/5 N S P \/W
(16)
whereA?,i=N,NN=,P,S,D are given in the Appendix and ~ Cs(q?)=0. (24)

the indicesS,P,D denoteS;;,P;;,D41 [22], respectively.
The contributions to the amplitud@come from the follow-

ing amplitudes: Then, the vector form factor@i\’(qz) used in Eq.(20) are

given by

5= \/IA°+ \ﬁAO +2A%s 2A24 2 A0
"2 27N N Pna T 3 APt 3 AT 3 0 |- CY(g%)=3Ci(g?). (25)
(17

As is well known, the dominant contribution to the am- The axial form factoiC{'(g?) is also taken to be the general
plitude A comes from theA resonance in this regionf  formula
<1.6 GeVt?) [23]. Then, the amplitude for the singke®
production can be described by

CA(0)
CAg?) = ————, (26)
G, . O g2
NC \/E a 1
N whereM ,=0.65 GeV¢? for C2 andM,=1.0 GeVE? for
where the other resonances.
Le=U(K) Ya( 1+ y5)u(k), (19
v IIl. KINEMATICS
J“zmia(p’)quDW —(g“ﬂ‘(zﬁ—q/*y“)ysg\,M—3 Consider the process given in E®). It is convenient to
T N

choose the center of momentum frame. Without loss of gen-
erality, we can choose the initial four momenta of the neu-

Cy : .
(B . e 4 greq.CA trino and the nucleon in the c.m. frame gs,1§,0,0) and
(9#“0-pa—q pA)75gVM’2\‘ 9*“gaCs |U(P), (Ex.—p.0,0), respectively, where
(20)
E
where My is the nucleon masd) ,, is the propagator of p= ——, (27
Rarita-Schwinger field which is gi;\L/pen by V1+2E,/My
p+M’ 2 pup,
D.p(p)= 9up— 2 Myt+E
Mmp 2_ 12 . ’ Mmp 3 , _ v
M’ +iM'T 2 En= —, (28
P M N1+ 2E, /My

3 L 3 VY (21)

where E,, is the incident neutrino energy in the laboratory
frame. The final four-momenta of neutrino, nucleon, arfd
arek’, p’, andq,, respectively, where

LRy Py, L )

and q=p,—p=k—k’ is the momentum transfep,=p’
+q,, I' is the decay widthC. and C/(i=3,4,5) are the
vector and axial vector transition form factors as defined by k'=E,/[1,cos#, sing,0)], (29
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MZ
1,\/1- E_zN(_ cosB- cosé

N’

p,:EN'

+ sinB- sinf- cos¢,— cosB- sind

— sinB- cosf- cos¢,— sinB- sin (]5)], (30

mfr FIG. 1. Feynman diagram for the production arising from the
1,\/1- E(— Cosa- cosé neutrino transition magnetic moment.

w

q7T= Eﬂ'

nucleon plusr® follows in the detector, and one observes the

— sina- sin@- cos¢,— cosa- siné 0 ) ;
v'+N+ 7" final state. Thev,-v'-y vertex is parametrized

by a transition magnetic moment
+ sina- cosf- cosg, sina- sing) |, (3D .
1 ’ 14
IfV/V'uILLBu(I )V’o-,uvq u(l)VM’ (38)
where whereq=I|-1"=p’+q,—p is the momentum transfer. The
K'2—p'2+§2 couplinng,VM at g?=0 is the transition neutrino magnetic
cosa= 9,—*” (32 moment in units of the electron Bohr magneton and will be
2|K'|- [0 denoted ag’.
o 2y - The squared matrix element that describes the sindle
_kK'“+p'“-q, 33 production, induced by a transition neutrino magnetic mo-
0sp= 2||2/|,|5/| : mentf’, can be written as
The angles®? and ¢ correspond to rotations around thand e ’Z,ué v qem
X axes, respectively. Then, the differential cross seation |Aml*= 2 M#L, (39

can be expressed as

i where
(2m)%| Ancl
P MHr=3 3 Tul)o e quih (o agu( /)]
A 2
- %d E,.dE déd(cosf),  (34) (40)
32(2m)*ME,
and
where
‘]em_l z JemJem (41)
TA |2 G'Z: MV_Z spins pvo
|ANC|2:7L,U,V‘]MV1 (35)
whereJZ is the hadronic electromagnetic current given be-
with fore by J5™=V> +(1/3)V,°.
LI (36) V. RESULTS AND DISCUSSIONS
me2 spins mer

In this section we present the numerical results of the
and cross section of single® production for the NC interactions.
The calculated cross section generated by the neutrino tran-
1 ¢ sition magnetic moment is shown in Fig. 2 as a function of
szﬁ S%SJqu (37 the incident neutrino energy for a hadronic invariant mass
P less than 1.6 Ge¢f. We find that the values of the cross
where the summation is performed over the hadronic spinsSection are of the order 16° cn?” for E,<2 GeV. _

In order to see how the contribution to the cross section
generated by the neutrino magnetic moment can be con-
strained by the experimental results of the rdig,., it is
sufficient to calculate the ratio;, /oy © whereo, and o ©

In this section, we consider thie production arising from are the cross sections of singt€ production from the neu-
the Feynman diagram shown in Fig. 1. The decajrdb a  trino magnetic moment and the standard model NC interac-

IV. CONTRIBUTION FROM THE NEUTRINO MAGNETIC
MOMENT
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FIG. 2. The cross section generated by the neutrino transition FIG. 3. Plots ofr;/yc as a function of the incident neutrino
magnetic moment as a function of the incident neutrino energy fo'énergy forf’ =0.6X 10~

. . i 8, The dashed line corresponds to the case
the hadronic invariant mass less than 1.6 G8Vf' is taken to be

of no cut and the solid line corresponds to the invariant mass cut at

0.6X 1078. 1.6 GthZ.
tions, respectively. The reason is tledike events(CC) are
not affected by the presence of the neutrino magnetic mo- M _(Ma1, My 44
ment. In Fig. 3, we plot this ratio T My, Moy (44)
p— O-f, . .
rf’/NC_F (42 where My,~My, is roughly 1d times m;;~0(1072) eV.
0

Thusm,, is of order=< 100 eV. The diagonalization process

) o . L should not change the mass of the muon neutrino drastically,
as a funchgn of the incident neutrino enerBy for f'=f i.e., M= miz/muwl MeV. Therefore, a singlet neutrino at
_ _ 2 . . . . . ’ . 1)

=0.6x10"". f, is defined as the v.’al_ue giving a /S|m|l_ar CON- the intermediate scale with possible interactions beyond the
tribution as the NC interaction. 2" is e timesfo, Fig. 3 standard modelscalar or gaugecan lead to a sizable tran-
should be multiplied by a factoe. Note that the contribu-  gition magnetic moment.

tions from the transition magnetic moment and from the  1pg effects of the muon neutrino transition magnetic mo-

sjrt?\pdgrd {EOdel NCbC:O nott _rmxt n tthe procezss;ﬂl]\layt ment should be separated out toward a final determination of
ue the unmixablg matrix structure among these Wo. e my,0n neutrino oscillation to the tau neutrino or to a

, . i
However,. fory+ N_”j. +.A there are terms which mix t'hese' sterile neutrino. The most promising method is to study the
two contributions. This is because the number of indices in

] g energy distribution of the finak®, since the kinematics for
the form factord”,, defined inAT",N, can match that of the  {he magnetic moment is different from the NC interactions

y matrices by eliminating one index ia,I', by g,,. The  where the former has ad? dependence in the differential
dashed line corresponds to the case of no cut whereas thg,ss section while the latter has gé dependence at low
solid line corresponds to the hadronic invariant mass cut aénergy

2 . .
é‘6 QeV[l:_ : ;I;]he'z[ tﬁurrent lzrpenment?l reslult of tr;etragol Indeed, if the transition magnetic moment is discovered
~0/e IMPIIES that In€ possIbIe excess from 1 amounts to ©. y the measurement of the energy distribution, it will hint an

from which we can obtain the constraint on the neutiino o e giate scale physics. On the other hand, one can com-
magnetic moment. For example,Bf=5 GeV a constraint

" <013 leads to pare this gnticipation to the ea_rlier expe(_:tation that_neutrinos
FIINC™= 2" must oscillate due to the belief that singlet fermions, the
remnants of grand unification or the standard model super-
fr<2.2x10°°. (43)  string, would be present at the intermediate s§2,27.
Similarly, if singlet neutrinos are present much above the eV
The transition magnetic moment of this magnitude im-scale, there may be a large transition magnetic moment
plies a muon neutrino and sterile neutrino mass matrix of thevhich can be detected by future high statistics atmospheric
form neutrino experiments.
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APPENDIX

We present the expressions Af’, i=N,NNm,P,S,D
[20]:

A2=3

ks

1 _
\[EGFJAﬁgNNWU(p’)%U(p)

20+
—_—q, , Al
(A, +a2—mZ A" Ay
1 _
Al?l:_s\/;GF‘])\\/igNqu(p,)
! ! F2 ! 1
X ngl%\"‘gvm[h=q]_9A§FA7M’5
p'+4+My
X——————ysu(p), (A2)
(p'+a)’~ M3
1 _
A%Nw:3\[§GFJ)\\/§9NNwU(P’)
pat+My| , F2
m ngnﬁgvm[vx,ﬂ]
,1
_gAgFA%\?’s u(p), (A3)
3 1 — patMe
Ag__i\/;GF‘])\fPu(p )ﬁDigA%\?’sU(p),
Pa—Mp
(A4)
9\F — , PatMs >
0o_~ _ A l r~S., _ A~
As—2 ZGFJ fsu(p )pi—Mé gvGin gVZMN

1
X[y 8175+ 9ag Gan|u(p), (A5)
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0 9\f fo—
Ap=-— 2 EGF_qu(p )d%vsD .
A A ’H§ A
x| (49" = A"y gy -+ (Pa-ag”

S S

—q°pA)gv—5 — (p-ag”™ —a’pM gy —
MR MR

u(p), (A6)

1
- gp)\g;@ Hi?’s

where Gg=1.023< 10‘5M,Q2 is the Fermi constant,
OnnA/4m=14.8 is theNN# coupling constantMy is the
nucleon massn,, is the pion mass, anbll ; the mass of the
generic resonance R We also assume My
=0.65 GeVt? [M,=1.0 GeVk? 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)=VP(t)+V"(t), (A7)

whereVP(V") is the electromagnetic form factor with a pro-
ton (neutron as target.

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

N S A8
() 1-1/0.47 Ge\? -
FV(t)=( T 1 (A9
1 aMZ—t) (1-1/0.71 Ge)?’
Vi _
Fa(t) 1'85{ 1 4|\/|§I (1-t/0.71 Ge\H)?'
(A10)
Fa(t)=1.23 A

(1-1/0.81 GeV?)?'

wheret = Q? is the moment transfer and the axial form factor
is characterized b¥ 5(0)=1.23, which is derived from neu-
tron decay, wherealsl ,=0.90 GeV£t? is perfectly compat-
ible with an overall fit to neutrino experiments. The form
factorsG; andH; are explicitly given in Ref[20].

The axial form factors in the amplitudes Eq8.1)—(A3)
are taken to be the general formula

A(0)

T (1-tM2)? (A12)

A(t)

where M ,=0.65 GeVt? for C& and M,o=1.0 GeVE? for
the other resonances.

033008-6



BOUNDS AND IMPLICATIONS OF NEUTRINO.. .. PHYSICAL REVIEW D60 033008

[1] B. Pontecorvo, zh. Esp. Theor. Fiz.33, 549 (1957 [Sov. [16] K. S. Babu and R. N. Mohapatra, Phys. Rev. Lé#t, 1705
Phys. JETPS, 429(1958]. (1990.

[2] J. E. Kim, Phys. Rev. 14, 3000(1976. [17] 3. M. Lattimer and J. Cooperstein, Phys. Rev. Létt, 23

[3] Super-Kamiokande Collaboration, Y. Fukud al, Phys. (1988; A. Goyal, S. Dutta, and S. R. Choudhury, Phys. Lett. B
Rev. Lett.81, 1562(1998. 346, 312(1995.

[4] CHOOZ Collaboration, M. Apolloniet al, Phys. Lett. B420,  [18] Particle Data Group, R. M. Barnett al, Phys. Rev. [64, 1
397(1999. (1996.

[5] E. J. Chun, A. S. Joshipura, and A. Yu. Smimov, Phys. Lett. B[19] J--M. Frere, R. B. Nevzorov, and M. I. Vysotsky, Phys. Lett. B

357, 608 (1995. 394 127 (1-993. .
[6] Soudan-2 Collaboration, W. W. M. Allisoet al, Phys. Lett. [20] G. L. Fogli and G. Nardulli, Nucl. PhysB160, 116 (1979;

B 391, 491 (1997; Soudan-2 Collaboration, T. Kafka, Nucl. [21] 5165 16?(1980' iral N J.E. Kim. M. Levine. P
Phys. B(Proc. Supp). 70, 340 (1999, or a review on neutral currents, see J. E. Kim, M. Levine, P.

[7] T. Kajita, hep-ex/9810001 Langacker, and H. H. Williams, Rev. Mod. Phys3 211

: ) (1981).
[8] MACRO Collaboration, M. Ambrosicet al, Phys. Lett. B [22] Particle Data Group, C. Caset al, Eur. Phys. J. C3, 51
434, 451(1998. (1998.

[9] M. Takita, Ph.D. thesis, University of Tokyo, ICR-Report-186- [23] E. Kh. Akhmedov, A. Dighe, P. Lipari, and A. Yu. Smirnov,
89-3. Nucl. Phys.B542, 3 (1999.

[10] F. Vissani and A. Yu. Smirnov, Phys. Lett.482, 376(1998. [24] C. H. Llewellyn-Smith, Phys. Re[8, 271 (1972.

[11] K. R. S. Balaji, G. Rajasekaran, and S. U. Sankar,[25] R. P. Feynman, M. Kislinger, and F. Ravndal, Phys. Re®, D
hep-ph/9806256; see also A. Geiser, Eur. Phys. J, @37 2706(1971); F. Ravndal,ibid. 4, 1466 (1971); L. A. Copley,
(1999. G. Karl, and E. Obrykijbid. 4, 2844(1971).

[12] J. E. Kim, V. S. Mathur, and S. Okubo, Phys. Rev9[B050  [26] M. Gell-Mann, P. Ramond, and R. Slansky, Supergravity

(1974

[13] J. E. Kim, Phys. Rev. Letd1, 360(1978; K. Fujikawa and R.

Shrock,ibid. 45, 963 (1980.
[14] A. Zee, Phys. Lett93B, 389(1980.
[15] K. S. Babu and R. N. Mohapatra, Phys. Lett. B8 225

(1989; Phys. Rev. Lett63, 228 (1989; M. Leurer and N.

Marcus, Phys. Lett. 237, 81(1990.

033008-7

edited by P. van Nieuwenhuizen and D. Z. Freedrfdorth-
Holland, Amsterdam, 1979p. 315; T. Yanagida, in Proceed-
ings of the Workshop on the Unified Theory and Baryon Num-
ber in the Universe, edited by S. Sawada and A. Sugamoto,
Report No. KEK-79-18, 1979.

[27] L. Ibanez, J. E. Kim, H. P. Nilles, and F. Quevedo, Phys. Lett.

B 191, 282(1987); A. Faraggi,ibid. 278 132(1992.



