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Bounds on the anomalous magnetic moment and the electric dipole momentrofi¢hrino are calculated
through the reactioe*e™— vvy at theZ, pole, and in the framework of a left-right symmetric model. The
results are based on the recent data reported by the L3 Collaboration at €ERNollider LEP. We find that
the bounds are almost independent of the mixing aggtd the model in the allowed experimental range for
this parameter. In addition, the analytical and numerical results for the cross section have never been reported
in the literature before.
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[. INTRODUCTION resonance, by considering a massive tau neutrino and using
. standard modeZ,e*e” andZ,vv couplings.
In many extensions of the standard moeM) the neu- At low center of mass energy<M?2 , the dominant con-
1

trino acquires a nonzero mass, a magnetic moment and an . =
electric dipole momenf1]. In this manner the neutrinos tribution to the procese” e —vwy involves the exchange
seem to be likely candidates for carrying features of physic§f @ Virtual photon[11]. The dependence on the magnetic
beyond the standard modg]. Apart from masses and mix- moment comes from a dlrgct coupling to _thg virtual photon,
ings, magnetic moments and electric dipole moments ar@nd the observed photon is a result of initial state Brems-
also signs of new physics and are of relevance in terrestrigitrahlung. ) .

experiments, in the solar neutrino problem, in astrophysics At highers, near theZ; poles~Mj , the dominant con-
and in cosmology3]. tribution for E,> 10 GeV[12] involves the exchange ofz,

At the present time, all of the available experimental dateboson. The dependence on the magnetic moment and the
for electroweak processes can be understood in the contestectric dipole moment now comes from the radiation of the
of the standard model of the electroweak interacti®®!)  photon observed by the neutrino or antineutrino in the final
[2], with the exception of the results of the SUPER-state. The Feynman diagrams which give the most important
KAMIOKANDE experiment on the neutrino oscillatioé],  contribution to the cross section are shown in Fig. 1. We
as well as the GALLEX, SAGE, GNO, HOMESTAKE and emphasize here the importance of the final state radiation

Liquid Scintillator Neutrino Detecto(LSND) [5] experi-  near thez, pole, which occurs preferentially at high, com-
ments. Nonetheless, the SM is still the starting point for a”pared to conventional bremsstrahlung.

th_e extenqled gauge mo_de_ls. In other words, any gauge group o, aim in this paper is to analyze the reactiene”
with physical characteristics must have as a subgroup the — i
SU(2), X U(1) group of the standard model in such a way —* ”*7- We use recent data collected with the L3 detector at

T R
that their predictions agree with those of the SM at low enth® CERNe"e™ collider LEP[12-13 near theZ, boson

ergies. The purpose of the extended theories is to explaiffSonance in the framework of a left-right symmetric model

some fundamental aspects which are not clarified in th@nd we attribute an anomalous magnetic moment and an

frame of the SM. One of these aspects is the origin of th&lectric dipole moment to a massive tau neutrino. Processes
parity violation at current energies. The left-right symmetricMéasured near the resonance serve to set limits on the tau
models (LRSM), based on theSU(2)xX SU(2), X U(1) neutrino magnetic moment and electric dipole moment. In
gauge grouf6], give an answer to this problem by restoring this paper we take advantage of this fact to set bounds for
the parity symmetry at high energies and giving their viola-#», andd,,_for different values of the mixing anglé [16-
tions at low energies as a result of the breaking of gaugd8], which is consistent with other constraints previously re-
symmetry. Detailed discussions on LRSM can be found irported[10,11,15,19,2Pand[20,21].
the literaturg 7—-9|. We do our analysis near the resonance of #e(s

In 1994, Gould and Rothsteirl0] reported a bound on %M%l). Thus, our results are independent of the mass of the

the tau neutrino magnetic moment which they obtainechdditional heavyZ, gauge boson which appears in these
through the analysis of the processe™ — vvvy, near theZ, kinds of models. Therefore, we have the mixing angle
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1 1
DMXL:‘9MXL_E'QT‘WLXL_E'Q’BXL-

1 1
Duxr=dux __'gT WrXr= 519"BXr, 2

1
DM(I):aM(I)_§|g(TWLq)_(DTWR)

In this model there are seven gauge bosons: the charged
W} g, W{ g and the neutral/{ r, B. The gauge couplings
constantgy; andgg of the SU(2), andSU(2)g subgroups,
respectively, are equaty =gg=g, since manifest left-right
symmetry is assumel@3]. g’ is the gauge coupling for the
U(1) group.

The transformation properties of the Higgs bosons under

(b) the groupSU(2), XSU(2)gxXU(1) are xy.~(1/2,0,1), xr
~(0,1/2,1) andb~(1/2,1/2Z ,0). After spontaneous symme-

FIG. £ The Feynman diagrams contributing to the processry breaking, the ground states are of the form
e"e” — vy in a left-right symmetric model.

k 0
(x)= ( ) (Xr)= ( ) (@)= ( )
between the left and the right bosons as the only additional e \/— ® \/— \/— k
parameter besides the SM parameters. 3
The L3 Collaboration evaluated the selection efficiency

using detector-simulate@*e” —vvy(y) events, random breaking the symmetry group to forth(1)., giving mass to
trigger events, and large-angté e —e* e events. A total the gauge bosons and fermions, with the photon remaining
of 14 events was found by the selection. The distributions ofnassless. In Eq3), v, , vr, k andk’ are the vacuum ex-
the photon energy and the cosine of its polar angle are corpectation values. The part of the Lagrangian that contains the
sistent with SM predictions. The total number of events ex-nass terms for the charged boson is

pected from the SM is 14.1. If the photon energy is greater
than half the beam energy, two events are selected from the

M W
data and 2.4 events are expected from the SM inuthe LG ee= (W W,;“)MC( ) (4
channel. Wr
This paper is organized as follows: In Sec. Il we describe
the model with the Higgs boson sector having two doubletsyvhereWw™ = (1/\/—)(\,\,1 W2)
and one bidoublet. In Sec. Il we present the calculus of the The mass matriM € is
processe”e”—vry. In Sec. IV we make the numerical
computations. Finally, we summarize our results in Sec. V. 9? UEH(zJr K'2 —2kk’
MCE=—- : 5
4\ —2kk'  vE+KP+k'2 ©®

Il. THE LEFT-RIGHT SYMMETRIC MODEL  (LRSM)

We consider a left-right symmetric modélRSM) con-  This matrix is diagonalized by an orthogonal transformation
sisting of one bidoubletb and two doubletsy, , xg. The  Wwhich is parametrized23] by an angle/. This angle has
vacuum expectation values gf , xr break the gauge sym- been restricted to have a very small value because of the
metry to give mass to the left and right heavy gauge bosondiyperongB decay datd24].

This is the origin of the parity violation at low energigg, Similarly, the part of the Lagrangian that contains the
i.e., at energies produced in actual accelerators. The Lawnass terms for the neutral bosons is
grangian for the Higgs boson sector of the LRSM8$

Wi
— T t
Lirsw=(Dx1) (D*x) + (D uxr) (D*xr) L fhass 8(W3 we ByMN| We | ©6)
+Tr(D,®)"(D*®). 1) B
The covariant derivatives are written as where the matrixMN is given by

073008-2



BOUNDS ON THE MAGNETIC MOMENT AND THE . .. PHYSICAL REVIEW D 69, 073008 (2004

. QX(vi+k2+k'?)  —gi(k*+k'?)  —gg'v]
MN:Z _92(k2+k/2) 92(0é+k2+kr2) _gg/UZR ' (7)
—gg'vf —gg'va 9'%(vi+0v3)

gl
LN =g(IPWi+I3W3) + B (12)

Since the procese*e*ev;y is neutral, we center our at-
tention on the mass terms of the Lagrangian for the neutral
sector, Eq(6).

The matrixM™ for the neutral gauge bosons is diagonal-  Specifically, the interaction Lagrangian By ff [26] is
ized by an orthogonal transformation which can be written in

terms of the angle#,, and ¢ [25], o] 56\/ \2N
Li’\rlnzc_zl C¢_ r_S¢ JL_ r_S¢JR y (13)

CwCs  —SwiwCo—TwSs/Cw  tw(Syp—TwCy) w w w
UN=| cwSy —SwtwSy+TwCs/Cw —tw(Cytrusy) where the left(right) current for the fermions are

Sw Sw M'w (8) JL]R=JE’R—Sin20WJem,

_ and

where cy=cos6y, Sw=Sin6y, tyw=tanéy, and ry
=./cos X, with 6y, being the electroweak mixing angle. J— PR E\]
Here,c,=cos¢ ands,=sin¢. The angles is considered as em— YL TYRT oY

the angle that mixes the left- and right-handed neutral gauge _ .
bosonsW . The expression that relates the left- and right-is the electromagnetic current. From E43) we find that the
handed neutral gauge bosdn@R and B with the physical amplitudeM for the decay of th&, boson with polarization

bosonsZ,, Z, and the photon is €" into a fermion-antifermion pair is
3 g|— 1
Z1 Wi M= | uy">(agy—bgays)v e}, (14
N 3 Cw 2
Zy | =UN| Wg|. 9
A B with
The diagon+alization of Eq$5) and.(7) giyes the mass of a=c,— S and b=c,+rys,, (15)
the chargedV; , and neutralZ, , physical fields: F'w
g2 where ¢ is the mixing parameter of the LRSM6,17). In
M\ZN = —[vf+v§+ 2(k%+k'?) the following section we make the calculations for the reac-
1,2 . — . .
8 tion e"e” — vvy by using the expressiofi4) for the tran-
- \/(sz—vf)zleG(kk’)z], (10) sition amplitude.
Ill. THE TOTAL CROSS SECTION
M%l’zzz B¥ \B2—4C, (12)
We calculate the total cross section of the proceiss™
respectively, with —vvy using the Breit-Wigner resonance fof®7,2§
1 , , —  4m(23+ D)l T,
Bzg[(gz"'g %) (vi+vR)+2g4(k*+Kk' )], olete —vry)= ( > 2 e+e2 > z, (16)
(s=Mz)°+Mz I'7
1 1 1
1 .
C=—g%(g?+29'?)[v2v2+ (K2+k'2) (v2+02)]. where '+~ is the decay rate o, to the channelz,
64g (g 9 )vivRt( (vitoR)] —ete” andI',;, is the decay rate of; to the channel,

L vy. In the next section we calculate the widths of Eq.
Taking into account thaM, >My, , from the expres- ?g vy .

sions for the masses le anszz, we conclude that the
relationM{, =MZ cos'4, still holds in this model. A. Width of Z,—e*e~

From the Lagrangian of the LRSM, we extract the terms |, this section we calculate the total width of the reaction
for the neutral interaction of a fermion with the gauge bosons

W} ¢ andB: Z,—e'e, (17)
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in the context of the left-right symmetric model which is and
described in Sec. Il.

The expression for the total width of the process M=
—e'e”, due only to thez, boson exchange, according to b
the diagrams depicted in Fig. 1, and using the expression for

— ( ig 5 i .
u(p,) " Zcosty,” (a—bys) mr v(py)

A A
the amplitude given in Eq14), is X e(v)€eg(Zy), (21)
GFMZ 2 2 where
[z, eter)y= ——=V1—47[a®(gy)*(1+27) ie
B a2 ’ Pe=eFy (%) Y+ 5 Fo(q) 04, + eFo(0) v50 0,
+b%(gR)*(1-4n)], (18 (22

is the neutrino electromagnetic vertexis the charge of the
electron,g* is the photon momentum arf, , %) are the

e_ _1 ; e__1 ; X 1,2, .
We takegy= — 7 +2 sirf@y andgj = — 3 from the experi- electromagnetic form factors of the neutrino, corresponding

where n=mg/M? .

mental datd27], so that the total width witim,=0 is to charge radius, magnetic moment and electric dipole mo-
1 ment, respectively, at’=0 [20,29. While €}, ande), are the
aM, E(a2+ b?)—4axy+ 8a2x\'§v polarization vectors of photon and of the bos_bp respec-
r L= tively. | (k) stands by the momentum of the virtual neutrino
(Zimete) ™ 24 Xw( 1= Xw) ’ (antineutring, and the coupling constanésandb are given

(19  in the Eq.(15).
After applying some of the theorems of traces of the Dirac

_ . _ 2 . .
where xy,=sin’fhy and a=e?/4 is the fine structure con- matrices and of sum and average over the initial and final

stant. spins, the square of the matrix elements becomes
B. Width of Z;—»vwy 9°
. . D [ MalP=——0— (] +d2)[(a®+b?)(s—2\SE,)
The expression for the Feynman amplitutte of the pro- s 4cog0y T T
cessZ,;—vvy is due only to theZ, boson exchange, as 22
+a’EZsine, ). (23

shown in the diagrams in Fig. 1. We use the expression for

the amplitude given in Eq14) and assume that a massive oy following step, now that we know the square of the

Dirac neutrino is characterized by the following phenomenoEq_ (23) transition amplitude, is to calculate the total width
logical parameters: a charge rad{wg), a magnetic moment —

My = Kug (expressed in units of the Bohr magnejog) and
an electric dipole momerliVT. Therefore, the expression for

of Zi—vvy:

a(u? +d2)

J— - _ T 2 2 _
the Feynman amplitudé of the procesZ;— vvy is given F(Zﬁwv)_J 96m2M 5 xyu(1—Xy) [(a®+b)(s Z‘EEV)
1

by

B | R +a?E2sir?,]E,dE,d cosd,, (24)
Ma=|u(p,)I (4 —m,) 4 cosawy (a—b75)>v(p,,) whereE,, and cog, are the energy and scattering angle of
\ \ the photon.
X €,(y)€p(Z1) (20) The substitution of Eqg19) and(24) in Eq. (16) gives
2,2 4 42 1(aer b?) — 4a®x,y+ 8ax3
_ a™(p;, +d;)| 2 w W|T (a2+b?)(s—2VsE,) +a’E’sirtg,
cr(e+e*—>vv7)=f 92 > 5  RCERVER) E,dE,dcosd, .
192m Xu( 1= Xw) (s=M2)*+M3 I
(25

It is useful to consider the smallness of the mixing anglederiving the bounds oft, andd, is more illustrative and
¢, as indicated in the Eq29), to approximate the cross easier to manipulate. ’
section in Eq.(25) by its expansion ing up to the linear
term: g:(ﬂﬁ +d§ A+ B¢+ 0O(¢?)], whereA andB are For ¢<1, the total cross section for the processe™

constants which can be evaluated. Such an approximation for vy is given by

073008-4
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o(e*e —vuy)=(u? +d2 )[A+Bp+0(47)], (26)

where explicitlyA is

_f a? | 1—4xy+8x3,
A= 96nl 2 v 2
X(1—Xw)
1 5.
S—2VsE,+ S Elsine,
X Eyd Eyd coséd,,,

M2 022 2 2
(s=M2)?+M3 T2
27

while B is given by

1
s—2\sE,+ S EZsir?g,

B‘f a? 3—8xy 27
48 [rwaw(1=xw)?] (s=MZ)?+MZ I'Z)
[ 1-4xy+ 8%,

| FwXw( 1= xw)?

1,
Xw(s—2VsE,) + EEfysmzﬁy
X E dE.,dcosé, .
(s—MZ)*+M3Z T3 T 7

(28)
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TABLE I. Bounds on the)u,,f magnetic moment andIVT electric
dipole moment for different values of the mixing anglébefore the
Z, resonance, i.es~M3 .

d) IL'LVT(107 6/’LB) dVT( 10~ 17e Cm)
—0.009 4.48 8.64
—0.005 4.44 8.56
0 4.40 8.49
0.004 4.37 8.43

cording to the data reported by the L3 Collaboration Ref.
[15] and references therein. Taking this into consideration,
we put a bound for the tau neutrino magnetic moment as a
function of the¢ mixing parameter Withjyr=0. We show

the value of this bound for values of the parameter in
Tables | and II.

These results are comparable with the bounds obtained in
the referencegl0,11. However, the derived bounds in Table
| could be improved by including data from the entiZe
resonance as is shown in Table II.

The above analysis and comments can readily be trans-
lated to the electric dipole moment of theneutrino with
m, =0. The resulting bound for the electric dipole moment

as a function of thep mixing parameter is shown in Table I.
The results in Table Il for the electric dipole moment are
in agreement with those found by the L3 Collaborafitb].
We end this section by plotting the total cross section in
Fig. 2 as a function of the mixing angt for the bounds of

The expression given fok corresponds to the cross section {he magnetic moment given in Tables | and II. We observe in

previously reported by Gould and Rothstéit0], while B

comes from the contribution of the LRSM. Evaluating the

limit when the mixing angle igp=0, the second term i(26)
is zero and Eq(26) is reduced to the expressiéB) given in
Ref. [10].

IV. RESULTS

Fig. 2 that for¢=0, we reproduce the data previously re-
ported in the literature. Also, we observe that the total cross
section increases constantly and reaches its maximum value
for ¢=0.004.

V. CONCLUSIONS

In order to evaluate the integral of the total cross section We have determined a bound on the magnetic moment
as a function of the mixing anglé, we require cuts on the and the electric dipole moment of a massive tau neutrino in
photon angle and energy to avoid divergences when the irfhe framework of a left-right symmetric model as a function
tegral is evaluated at the important intervals of each experiof the mixing angleg, as shown in Table | and Table II.

ment. We integrate ovef, from 44.5° to 135.5° and,

Other upper limits on the tau neutrino magnetic moment re-

from 15 GeV to 100 GeV for various fixed values of the Ported in the literature arg, <3.3x10 °ug (90% C.L)
mixing angle ¢=—0.009;-0.005,0,0.004. Using the fol- from a sample o&" e~ annihilation events collected with the

lowing  numerical  values:  sf®,=0.2314, Mz,

L3 detector at theZ; resonance corresponding to an inte-

=91.187 GeV,I'; =2.49 GeV, we obtain the cross section grated luminosity of 137 pb" [15]; w, <2.7X10 °ug

o=o(¢.u, d,).
For the mixing anglep betweenZ; andZ,, we use the
reported data of Mayat al.[16]:

—9X 10 3<¢p=<4x10 3, (29
with a 90% C.L. Other limits on the mixing angik reported
in the literature are given in the Refd.7,1§.

As was discussed in Rfl0], N~o(¢,u, .d, ) L. Using
the Poisson statistic[15,30, we require that N
~o(é,u,.d,)L be less than 14, withC=137 pb *, ac-

TABLE Il. Bounds on the,u,,T magnetic moment andVT elec-

tric dipole moment for different values of the mixing anglen the
Z, resonance, i.es:Mﬁl.

¢ /'LVT(lo_ GMB) dvr( 10~ 17e Cm)
—0.009 3.37 6.50
—0.005 3.34 6.44
0 3.31 6.38
0.004 3.28 6.32
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2.5 FIG. 2. The total cross section

for ete"— vy as a function of
1) and,uVT (Tables I and IJ.

4.25x 10-6

"M (ete- --->VVy) [pb]

MV(HB)
3.75x10-6

0.004

(95% C.L) atqzzMé from measurements of thg, invis-  scenario[32]. Our results in Tables | and Il confirm the
p bound obtained by the L3 Collaborati¢h5].

; ; : 6 0
ible width at LEP[20]; u, <1.83<10 °ug (90% C.L) In the case of the electric dipole moment, other upper

from the analysis oé*e™— vvy at theZ, pole, in a class of  limits reported in the literature af0,21]
Eg inspired models with a light additional neutral vector bo- 47 0
son[22]; from the order ofu, <O(1.1X10" 6ug) Akamaet |d(v)[<5.2x10""e em (95% CL), (30)

al. derive and apply model-independent bounds on the
anomalous magnetic moments and the electric dipole mo-
ments of leptons and quarks due to new phygidd. How-

ever, the limits from Ref[21] are for the tau neutrino with

an upper bound ofn,<18.2 MeV which is a direct experi- \5jues of thes parameter of the model. In the limi=0,
mental limit at present. It is pointed out in R¢R1], how-  our bound takes the value previously reported in the Ref.
ever, that the upper limit on the mass of the electron neutring15]. In addition, the analytical and numerical results for the
and data from various neutrino oscillation experiments tocross section have never been reported in the literature be-
gether imply that none of the active neutrino mass eigenfore and could be of relevance for the scientific community.
states is heavier than approximately 3 eV. In this case, limits
from Ref.[21] improve by seven orders of magnitude. The

limit w, <5.4X10""ug (90% C.L) is obtained atg®=0 This work was supported in part by SEP-CONACYT
from a beam-dump experiment with assumptions onDhe (Mexico) (Projects 2003-01-32-001-057 and 40729.F
production cross section and its branching ratio inte.  Sistema Nacional de Investigadok&NI) (Mexico) andPro-
[31], thus severely restricting the cosmological annihilationgrama de Mejoramiento al ProfesoradBROMEDP.

|d(v,)|<O(2x10 e cm). (31)

In summary, we conclude that the estimated bound for the
tau neutrino magnetic moment and the electric dipole mo-
ment are almost independent of the experimental allowed
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