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A Majorana neutrino is characterized by just one flavor diagonal electromagnetic form factor, the anapole
moment, which in the static limit corresponds to the axial vector charge radijisExperimental information
on this quantity is scarce, especially in the case of the tau neutrino. We present a comprehensive analysis of the
available data on the single photon production proasss™— vy off Z resonance, and we discuss the
constraints that these measurements can set,zgrfor the 7 neutrino. We also derive limits for the Dirac case,
when the presence of a vector charge ra«j'r@ is allowed. Finally, we comment on additional experimental
data onv, scattering from the NuTeV, E734, CCFR, and CHARM-II Collaborations, and estimate the limits
implied for (r3) and(r2) for the muon neutrino.
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[. INTRODUCTION neutrino anapole form factak®(g?) do not couple the neu-
trinos to on-shell photons. Far=j and in theg®=0 limit
Experimental evidence for neutrino oscillatidids-4] im-  they are related to the vector and axial vector charge radii
plies that neutrinos are the first elementary particles whosér2) and(r4) through
properties cannot be fully described within the standard
model(SM). This hints at the possibility that other properties
of these intriguing particles might substantially deviate from (rg)=—6VP(0), (ra)=—6AP(0). (1.2
the predictions of the SM, and is presently motivating vigor-
ous efforts, on both theoretical and experimental sides, to
understand in more depth the detailed properties of neutrind® the following, even whem*+0 we will keep referring to
and of their interactions. In particular, the electromagnetid¢he reduced Dirac form factor and to the anapole form factor
properties of the neutrinos can play important roles in a wideds the vector and axial vector charge radii. A long standing
variety of domains such as cosmolof§] and astrophysics controversy about the possibility of consistently defining
[6,7], and can also provide a viable explanation for the ob-gauge invariant, physical, and process independent vector
served depletion of the electron neutrino flux from the Sun@nd axial vector charge radil6] has been recently settled
[8-13. [17-20. The controversy was related to the general problem
The electromagnetic interaction of Dirac neutrinos is de-of defining improved one-loop Born amplitudes in SU(2)
scribed in terms of four form factors. The matrix element of XU(1) for four-fermion processes, like, for example,
the electromagnetic current between an initial neutrino state*e™— ff. If one tries to take into account one-loop vertex
v; with momentunp; and a final state; with momentunp; corrections by defining improved effective couplings, one
reads[14,15 finds that gauge invariance cannot be preserved unless, to-
o gether with other one-loop contributiongy box diagrams
PP (p)y =iu TR (a?)u; are also added to the amplitude. However, box diagrams con-
nect initial state fermions to the final states, and thus depend
D2\ — (2~ _ D(2)_ AD( 2 on the specific process. Due to the absence of neutrino-
Fula)=(ay, V@) AT s photon coupling at the tree level, the problem is even more
+io,,a'IMP(g?) +EP(9?) ys], (1.1)  acute when trying to define the charge radius as a physical,
process independent property, intrinsic to neutrino$1# it
whereq=p;—p;, and the {j) indices denoting the relevant was realized that for neutrino scattering off right handed po-
elements of the form factor matrices have been left implicit.
In thei=j diagonal caseMP andEP are called the mag-
netic and electric form factors, which in the lintit=0 de- The vector charge radius is defined as the second moment of the
fine, respectively, the neutrino magnetic momept  spatial charge distributiokir2)=[r2p(r)dr where p\(r) is the
=MP(0) and the CP violating) electric dipole moment  Fourier transform of the full Dirac form facta?V°(g?). The axial
=EP(0). The reduced Dirac form factoW®(q?) and the vector charge radius can be defined in a completely similar way.
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larized fermions, théV box diagrams are absent to begin nova 1987A as well as from nucleosynthesis do apply. They
with, and thus no ambiguity arises. This suggested a way tgield, respectively[24], |(r?)|<2x10 *cm? and [25]
derive a unique decomposition of loop contributions that/(r?)|<7x10 33 cn?.?

separately respects gauge invariance, and from which a pro- However, if neutrinos are Majorana particles, they do not
cess independent charge radius could be defined as an intrihave light right-handed partners, and the previous constraints
sic property of the neutrino. Furthermore, [it8,2 it was  do not apply. In this case, in particular for theneutrino, an
argued that the charge radius so defined is a physical obser@hapole moment corresponding to an interaction even stron-

from experiments. such an interaction could keep. in thermal equilibrium

For Majorana neutrinos, in the nondiagonal Caséﬂ( long eno%:]h to experience a substantial reheating from

4 — . .
#M) and in the limit of CP invariance the electromagnetic® € — 7-¥- annihilation. We have investigated to what ex-

interaction is described by just two form factd]. If the tent this reheating could affect the Universe expansion rate
initial and final Majorana neutrinos involved in the processand change the predictions for primordial helium abundance.

have the sam&P parity, onIyE}\i"(qz) andA}‘i"(qz) are non- As we will discuss in Sec. I, we have found that even an

ishi hile if theC P parity | ite. the el interaction one order of magnitude stronger than electroweak
vanishing, while it parity Is opposite, the electromag- o4 hardly affect helium abundance at an observable level.

netic interaction is described by} (g%) and V}{(q%). Fi- We conclude that constraints on the Majorana neutrino
nally, in the diagonal Majorana casq'\"= vi'\" the only axial charge radius can be obtained only from terrestrial ex-
surviving form factor is the anapole momeAt'(g?). As  periments. The present laboratory limits for the electron neu-
discussed if21], this last result can be inferred from the trino are [26] —5.5X 10" 32<(r4(v,))=<9.8x10 %2 cn?
requirement that the final state of the two identical fermiong67]* Of course, in the Dirac case these limits apply to the
in y— MM be antisymmetric, and therefore it holds regard-SUm(ry)+(rz) as well. Limits for the muon neutrino have
less of the assumption & P invariance. been derived fI’OI’n/M Scattering eXperiment[S27,28|. They

In the SM the neutrino electromagnetic form factors havere about one order of magnitude stronger than for the elec-
extremely small valuef22]. Because of the left-handed na- tron neutnno;, and will be discussed in Sec. IV_. Because of
ture of the weak interactions, the numerical values of thdh€ fact that intense. beams are not available in laborato-
vector and axial vector charge radii coincide, and for the/ieS; to date no direct limits ofr(v.)) have been reported

different v, v,, and v flavors they fall within the range t_)y experime_nta_l _collaborat_ions. However, _under the assump-
[17] (r\Z,A)~(1M—4)>< 10-33 e 2 However. since neutrinos tion that a significant fraction of the neutrinos from the sun

do show properties that are not accounted for by the SM, ifCNVerts intov,, by using the SNO and_?luper—Kammkande
could well be that their electromagnetic interactions also de@0servations the limif(ra(v;))[=2x10 cn? has been
viate substantially from the SM expectations. derived[29]. A limit on the v, vector charge radiuéDirac

In general, the strongest limits on the neutrino electro-£asé was derived by analyzing KEK TRISTAN data on the
magnetic form factors come from astrophysical and cosmosingle photon production process'e™—vvy [30]. The
logical considerations. For example, the neutrino magnetisame data can be used to constrain also the anapole moment
moments can be constrained from considerations of stelldor a Majorana v,, and therefore we have included

energy losses through plasma photon degay vy [23],  TRISTAN measurements in our set of constraints.
from the nonobservation of anomalous energy loss in the !N the next section we will briefly analyze the possibility
Supernova 1987A neutrino burst as would have resulte@f deriving constraints on the Majorana neutrino axial charge
from the rapid emission of superweakly interacting right-radius from nucleosynthesis. In Sec. Ill we will study the
handed neutrino§23], and from big bang nucleosynthesis Pounds on the tau neutrino charge radius implied by the
arguments. In this last case, the agreement between the megRISTAN and CERNe"e™ LEP experimental results. In
surements of primordial helium abundance and the standargec- |V we will discuss the constraints on the muon neutrino
nucleosynthesis calculations imply that, for example, spirfharge radius from the NuTeV, CHARM-II, CCFR, and BNL
flipping Dirac magnetic moment interactions should be weakE734 experiments. They result in the following 90% C.L.
enough not to populate right-handed neutrinos degrees &fMits:
freedom at the time when the neutron-to-proton ratio freezes
out[5]. _ — 32 — /2 - —32

Since the charge radii do not couple neutrinos to on-shell 8.2x10°% omP<(rj(v,))=9.9x107 ent’, (1.3
photons, the corresponding interactions are not relevant for '
stellar evolution arguments. However, in the Dirac case,—

right-handed neutrinos can still be produced through, €.9-3 the SM with right-handed neutrinas, cannot be produced

e"e” —wgrrg, and therefore the constraints from the Superhrough the charge radius couplings, since the vector and axial vec-
tor contributions exactly cancel. Therefore, the quoted limits im-
plicitly assume that, because of new physics contributions, one of

°These values are obtained in th&=0 limit, and decrease with the two form factors dominates and no cancellations occur.
increasing energies with a logarithmic behavior. “These limits are twice the values published 26] since we are
using a convention fo(r{ ,) that differs by a factor of 2.
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—5.2x10° %% cnP=<(ri( v,))=<6.8x 1033 cné. However, even in the presence of such a large interaction,
(1.4 helium abundance would only be mildly affected. This is
because aT~0.7 MeV e*e™ annihilation is still not very
For(r2(v,)) we could not find new experimental results that efficient, and the photon temperature is only sligr_ltly above
would imply better constraints than the existing ofizg]. ~ the temperature of thermally decoupled neutrinog:, (
We just mention that the Bugey nuclear reactor data from the_ T.)/T,~1.5%[32]. This induces a change in the primor-
detector module closest to the neutrino souft® m) [31]  dial helium abundanc&Y~+0.04(AT, /T,) which is be-
should imply independent limits of the same order of mag4ow one part in 1000. This effect could possibly be at the

nitude as the existing ones. level of the present theoretical precisi8¥] the present ob-
servational accuracy, for which the errors are of the order of
0,
Il. NUCLEOSYNTHESIS 19%[35].
In this section we study the possible impact on the pri-  1il. LIMITS ON », VECTOR AND AXIAL VECTOR
mordial helium abundanc¥ of an axial charge radius large CHARGE RADII

enough to keep a Majorana, in thermal contact with the Lim ) ’ ) )
plasma down to temperaturds<1 MeV. In this case the imits on (ry) and(rj) for v, can be set using experi-
neutrinos would get reheated ey e~ annihilation, and this Mental data on single photon production through the process
would affect the Universe expansion rate. To give an ex€ e —wvvy. In the following we will analyze the data from
ample, if one neutrino species is maintained in thermal equiT RISTAN and the off-resonance data from LEP. These data
librium until e"e~ annihilation is completedT<m,) this  have been collected over a large energy range, from 58 GeV
would affect the expansion asy=1—(4/11)*3~0.74 addi-  up to 207 GeV. Given that form factors run with the energy,
tional neutrinos. we will present separate results for the data collected below

The amount of helium produced in the early Universe isZ resonancéTRISTAN), for the data betwee# resonance

2 X2 2
+ T}{NVO'S(S,,QV,QA)

determined by the value of the neutron to proton rafip at ~ and the threshold fow"W™ production(LEP-1.5, and fi-
the time when thee* <> p» andnv« pe~ electroweak re- nally for the data above/"W" production(LEP-2). Due to
actions freeze out. This occurs approximately at a temperdl® much larger statistics collected at high energy, a com-
ture T;,~0.7 MeV [32,33. Apart from the effect of neutron bined fl.t of all the data does not give any sizable improve-
decay, virtually all the surviving neutrons end up fie ment with respect to the LEP-2 limits, which therefore rep-
nuclei. Assuming no anomalous contributions to thel€Sent our strongest bounds. _
electron-neutrino reactions, the freeze-out temperature can The SM cross section for the processe — vy is
only be affected by changes in the Universe expansion ratéjiven by[36]
which is controlled by the number of relativistic degrees of
freedom and by their temperature. If tau neutrinos have only do,,,  2alw X
standard interactions, at the time of the freeze-out they are dxdy _x(l—yz) 1- 2
completely decoupled from the thermal plasma. However, an
anomalous contribution to the proces$e™ « v,v, would +og(s)+oy(s')} (3.9
allow the v, to share part of the entropy releasedeine™
annihilation. The maximum effect is achieved assuming thaf?hereos corresponds to the lowest ordechannelz boson
the new interaction is able to keep the thermalized down ~€Xchange wittN, =3 the number of neutrinos that couple to
to T;,. The required strength of the new interaction can be€Z boson. For later convenience in, we have explicitly
estimated by equating the rate for an anomalously fastnown the dependence on the electron coupligs —1/2
ete v, v, processI’, =(ov)n, to the Universe expan- +2sirfdy and ga=—1/2, wheredy, is the weak mixing

] T <P ) angle. The additional two terms,; and o in Eq. (3.1) cor-
sion ratel’y, = (8mp/3mp) “. In the previous formulagov)  respond respectively tB-W interference and to channelW
is the thermally a\s/e_raged cross section times the relative vasoson exchange im, production. The kinematic variables
locity, nﬁfoz.365l' _is the number density of electrons,  are the scaled photon momentus E.,/Epeam With Epeam
~1.669,(T*/mp) is the Universe energy density witf, = /5/2, the reduced center of mass enesgy s(1—x), and
~10.75 the number of relativistic degrees of freedomyhe cosine of the angle between the photon momentum and
and mp is the Plank mass. The thermally averaged crosghe incident beam directiop=cosé,. The expressions for
section can be written aiUU)ZKGﬁrTZ where G, the lowest order cross sections appearing in BdD) read
~(27%al3)(r3) parametrizes the strength of the interaction
and is assumed to be sensibly larger than the Fermi constant E(gz+gz)M4
Gg, and k~0.2 has been introduced to allow direct com- sGE 2OV Iz
parison with the SM ratéov)SM=0.2G2 T? [32]. By set-
ting I‘VT=FU at T=T;,, we obtain G, ~13

o4S)=— , 3.2

X 10° GeV 2. Therefore, to keep the, thermalized until SG? (gy+gn)(M2—s)M2
the ratio n/p freezes out, an interaction about ten times crst(s)=6— > > 5 (3.3
stronger than electroweak is needed. T (Mz=s)*+MzI'7
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ng The substitutiorgy,— gy in Eq. (3.9 takes into account the
ai(s)= 5 (3.4  new photon exchange diagram for production of left-handed
v,. In the Dirac cases channel production of right-handed
whereGe is the Fermi constanty the fine structure constant, ¥ through photon exchange must also be taken into account.
and M andI', the mass and width of th& boson. A few  This yields a new contribution that adds incoherently to the
comments are in order. Equati@B.1) was first derived in  Cross section, and that can be included by adding inside the
[36]. It holds at relatively low energies whevé exchange in ~ angular brackets in Ed3.1) the term

the t channel can be legitimately approximated as a contact

interaction. This amounts to neglecting the momentum trans- N s’ E 2

fer in theW propagator, and to dropping thé-y interaction, oR(S) = 6 (87)% (312
so that photons are emitted only from the electron lines.

While this approximation is sufficiently good at TRISTAN 27ra

energies, to analyze the LEP data collected aboveso- 8= 3G, [(ray—(ra)]. (3.13

nance some improvements have to be introduced. We will
use an improved approximation where finite distance effect
are taken into account in th& propagator; however, we will : .
still work in the limit of vanishingW-y interactions. While ~“® trough these couplings. For a Majorana neutrifie-0
strictly speaking the amplitude with the photon attached onl)ﬁnd<rV>:0' and thus the limits on anomalous contributions
to the electron legs is not gauge invariant, the necessary cof@ the procese’ e — vvy translate into direct constraints
tribution for completing the gauge invariant amplitude is ofon the axial charge radiué3(v,)). Note that including
higher order in a leading log approximatif#i7], and for our  anomalous contributions just for the is justified by the fact
analysis can be safely neglected. Finite distaoexchange that for v, and v, the existing limits are generally stronger
effects can be taken into account in the previous expressiorihan what can be derived from the process under consider-
through the replacement ation.

Tn the SM(r2)=(r2) and therefore there is no production of
\Y A

Te(S)—s(S) - Fel —5 |, (3.5 A. Limits from TRISTAN
My The three TRISTAN experiments AMY38], TOPAZ
[39], and VENUS[40] have searched for single photon pro-
S duction ine*e™ annihilation at a c.m. energy of approxi-
Ut(s)_’ot(s)'F‘(Wv)' 36 mately s=58 GeV. Anomalous contributions to the cross
section fore"e”—vvy would have been signaled by an
whereM,y is the W boson mass, and excess of events in their measurements. Limits on the tau

neutrino charge radius from the TRISTAN data have already
(3.7) been derived in30]. In the present analysis, we include also
’ : the neutrino axial charge radius, and we give an alternative
statistical treatment based onya analysis and on the mea-
3 sured cross sections, rather than on the number of events
Fi(2)=—[—2(1+2)log(1+2)+2(2+2)]. (3.8  observed combined with Poisson statistics as giverBaj.
z This puts the TRISTAN constraints on a comparable statisti-
) i L , cal basis with the LEP results discussed in the next section.
The contact interaction approximation is recovered in the TR|STAN data are collected in Table I. The number of
limit z—0 for which Fg;(2)—1. o . single photons observed, including the SM backgrounds, was
An anomalous interaction due to nonvanlshmg axial six for AMY, five for TOPAZ, and eight for VENUS. The
and axial vec_to_r charge radii can be directly mcluded in Edqnumbers listed in thé s column in Table | are the back-
(3.1) by redefining theZ boson exchange term in the follow- 46nd subtracted events, which correspond to the measured
Ing way: cross sectionsr™2 given in the fourth column. We have
, B , found that our expressions for the cross secti®il)—(3.8)
N,os(s".0v,9a) = (N, = 1)o(s",0v,Gn) tend to overestimate the Monte Carlo results quoted by the
+04(s",0%(8'),9n), (3.9 three collaborations. This might be due to additional specific
experimental cuts in addition to the ones quoted in the last
where two columns in Tat# | . In anycase, the disagreements with
the Monte Carlo results remain well below the experimental
errors, and therefore we simply consider it as an additional
5, (310  theoretical uncertainty that we add in quadrature. In con-
structing they? function, we use conservatively as experi-
e mgntgl errors the upper figures of the _three measurements.
o= LrH+(rRl. (3.11)  This is justified by the fact that the-Z interference term
3G arising from new physics is always subdominant with respect

(1+2)%log(1+2)—z 5

3 3
Fst(z):; 1+ =7

!

1——

gy (s )=gy—
Vg
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TABLE I. Summary of the TRISTAN data: The center of mass energy and luminosity are given in the
second and third columns. The background subtracted experimental cross sections and the Monte Carlo
expectations quoted by the three collaborations are given, respectively, in columns four &l fiéneto-
barng, while the number of observed events after background subtraction is listed in colunmisiihe
efficiency of the cuts in percent units. The last two columns collect the kinematic cutsx with,/Epeam,

Xr=Xxsin @, with 6, the angle between the photon momentum and the beam directiory,=acais 0, .

Vs (GeV) L(pbh) o™(fb) oM () Neps  €(%) E,/Epeam |Vl
55 29 % 34 44 x=0.175
91 for 34 64 x=0.175

AMY [38] 57.8 4.2 30 <0.7
56 (x=0.125 49 58 x=0.125
99 ly|=<0.7) 49 57 x=0.125

TOPAZ [39] 58 213 3735 54 2230 273 x=014 <08
x7=0.12

VENUS [40] 58 164.1 42.0'333 364 3.93% 57 x;=013 <0.64

8AMY observes six events in the four runs listed abénespectively 0, 2, 2,)2with an estimated background

of 1.7-0.3 events. The quoted value fbl,,s has been derived from their background subtracted cross
section.

PTOPAZ observes five events, and expects’gSfrom background.Ng,s has been derived from their
background subtracted cross section.

YVENUS observes eight events and expect§%ti,‘1from background. They quote :{% background sub-
tracted?vy events, which correspond to the cross section given in the fourth column.

to the square of the anomalous photon exchange diagram, B. Limits from LEP
and therefore new physics contributions would always in-
crease the cross section.

For a Majoranar, (8'=0 and(r2)=0) the TRISTAN

Limits on (r2) and(r3) can be derived from the obser-
vation of single photon production at LEP in a completely
similar way. We stress that, contrary to magnetic moment

data imply the following 90% C.L.
—3.7x10°%! cnmP<(ri(v,))=<3.1x10 % cn?.

interactions that get enhanced at low energies with respect to
electroweak interactions, the interaction corresponding to a
charge radius scales with energy roughly in the same way as

the electroweak interactions, and therefore searches for pos-
sible effects at high energy are not at a disadvantage with

) o er%s ect to low energy experiments. It is for this reason that
states througlg in Eq. (3.12 allows us to constrain inde- P gy exp

endently the vector and axial vector charae radius. The 909 EP data above th& resonance are able to set the best
g L are y v xialv 9 IuS. Constraints on the vector and axial vector charge radii for the

7 neutrino.
All LEP experiments have published high statistics data

for the processe*e‘ﬂv?y for c.m. energies close to tte
pole; however, due to the dominance of resonarioson
exchange, these data are not useful to constrain anomalous

As we have already mentioned, strictly speaking the Conpeutrino couplings t@ channel off-shell photons. Therefore,

straints just derived cannot be directly compared with the" the following we will analyze LEP data on single photon

LEP constraints analyzed below, since the two experimentgroduction collected above resonance, in the energy range

are proving neutrino form factors at different energy scalest30 GeV—-207 GeV. We diVi‘Ee the data into two sets: LEP-
.5 data collected below th&™ W™ production threshold are

Of course, since our limits are meaningful only to the extentl , ,
that they are interpreted as constraints on physics beyond t|1,‘é)l+lec3ed in Table II, while LEP-2 data, collected above the
SM, it is not possible to make a sound guess at the form ofV' W~ threshold and spanning the energy range 161-207
the scaling of the form factors with the energy, which is GV are collected in Table IIl.

determined by the details of the underlying new physics.
However, if we assume a logarithmic reduction of the form 1.LEP-15

factors with increasing energy as is the case in the SM, than The ALEPH[41], DELPHI[42], and OPAL[43-45 Col-

we would expect a moderate reduction of absit.65 when  laborations have published data for single photon production
scaling from TRISTAN to LEP-1.5 energies, and an addi-at c.m. energies of 130 GeV and 136 GeV. During the fall
tional reduction of about=0.75 from LEP-1.5 up to LEP-2 1995 runs ALEPH41] and DELPHI[42] accumulated about
measurements at 200 GeV. 6 pb ! of data for each experiment, observing, respectively,

—2.1x107 3 cmP<(rg A(v,))<1.8x10 3 cn?.
(3.15
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TABLE Il. Summary of the ALEPH, DELPHI, and OPAL data collected the beMW~ production
threshold. ALEPH41] and OPAL[44,45 present separate results for two different energies, while DELPHI
[42] combines together the data collected at 130 and 136 GeV. DELPHI presents separate data for two
different detector components: the high density projection chaiitfe€) covering large polar angles, and
the forward electromagnetic calorimet@&EMC) covering the forward regions. The kinematic cuts applied
are given in columns eight and nine. Wherever a double error is listed, the first is statistical and the second
is systematic.

LEP-15 s (GeV) L,(pb™!)  o™*(pb) oM (pb)  Nops €(%) E, (GeV) |y

ALEPH 130 29  9620+03 107202 23 85
=10 =095
[41] 136 29 721702 9.102 17 85
DELPHI
HPC[42] (133 583  7.9-1.9+0.7 — 20 5% =2 <0.70
FEMC[42] (133 583  6.0-1.9+0.6 — 17 4% =10 0.83-0.98
OPAL 130 230 10.82.3+0.4 1348022 19 81.6 x;>005 <0.82
or
[44] 136 259  16.32.8+0.7 11.30:0.20° 34 79.7 x;>0.1 <0.966
130 235 11.625+0.4 14.26:0.06° 21 77.0
[45] x7>0.05 <0.966
136 337 14.924+05 11.95007 39 775

3 stimated from the inferred experimental cross sections and measured numbers of events.
bCalculated from the expected number of events as predicted by the KORALZ event generator.

40 and 37 events. In the same runs ORARB,44] collected a  roughly a factor of 2 worse than the limits from TRISTAN in
little less than 5 pb!, observing 53 events. In addition, Egs.(3.14 and (3.15. The main reason for this is that at
OPAL published data also for the 1997 rufa the same LEP-1.5 energies initial state radiation tends to bring the
energiey [45], collecting an integrated luminosity of effective c.m. energy of the collisiosi close to theZ reso-
5.7 pb " and observing 60 events. nance, thus enhancirigj exchange with respect to the new
ALEPH reports two values for the cross sections at 13Ghoton exchange diagram.
GeV and 136 GeV, each based on 2.9 piof statistics.
They also quote the results of a Monte Carlo calculation of 5 LEP-2
the SM cross section, whcich is in good agreement with the '
experimental numbergéand with our estimates DELPHI Above the threshold foww" W~ production the four LEP
combined together the statistics of both the 130 GeV and 136xperiments collected altogether about 1.6 hbf data. The
GeV runs, however, they present separate results for twoorresponding 24 data points are collected in Table IlI.
different detector components: the high density ProjectioALEPH [46—4§ published data for ten different c.m. ener-
ChamberHPC) covering large polar angles, and the forward gies, ranging from 161 GeV up to 209 GeV. Data collected
electromagnetic calorimeteiFEMC) covering small polar between 203.0 GeV and 205.5 GeV were combined together
angles. Since DELPHI does not quote any Monte Carlo refthey appear in the table as the 205 GeV enarnyd the same
sult we assign a bona fide 5% theoretical error for our crossvas done for the data collected between 205.5 GeV and
section estimates. OPAL published two sets of data. The dat209.0 GeV that are quoted as the 207 GeV entry. DELPHI
recorded in the 1995 rurjg3] were reanalyzed if44], and  [49] published data collected at 183 GeV and 189 GeV, and
correspond to 2.30 pt collected at 130 GeV, and to gives separate results for the three major electromagnetic
2.59 pb ! collected at 136 GeV. In the 1997 rufd5] calorimeters, the HPC, the FEMC and the small angle tile
2.35 pb ! were collected at 130 GeV, and 3.37 phat 136  calorimeter(STIC) that covers the very forward regions, be-
GeV. With a total integrated luminosity of about 28 gb  tween 2° and 10° and 170° and 178°. In three pafeds-

LEP-1.5 implies the following 90% C.I. 52] the L3 Collaboration reported the results obtained at 161
a 5 . GeV, 172 GeV, 183 GeV, and 189 GeV. While for most data
—5.9x107% cnP=(r(»,))=<6.6<10"% cm? points the agreement between our SM computation of the

(3.16  cross sections and the Monte Carlo results is at the level of
5% or better, we find that the L3 Monte Carlo results are up
to 20% larger than our numbers, and this disagreement is
—3.5x1073 cm<(r2 ,(»,))<3.7x10°3L cn? encountered for all four L3 data poin.ts. While we have not
’ (3.17 been able to track the reasons for this discrepancy, we have
verified that the effects on our final results are negligible.
for the Dirac case. Let us note that, in spite of the muchOPAL published data for four different c.m. energies
larger statistics, the limits from LEP-1(3.16 and(3.17) are  [44,45,53. For the data presented |A44,45 we have esti-

for the axial vector charge radius of a Majorang and
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TABLE lll. Summary of the ALEPH, DELPHI, L3, and OPAL experimental data, collected abbV&V~ production threshold. The
notation is the same as in Table Il. Wherever a double error is listed, the first is statistical and the second is systematic.

LEP-2 Vs (GeV) L(pb™) ™% (pb) o™ (pb) Nobs €(%) E, (GeV) Iyl
ALEPH 161 11.1 5.30.8+0.2 5.810.03 41 70
x7=0.075 <0.95
[46] 172 10.6 4.70.8+0.2 4.85-0.04 36 72
[47] 183 58.5 4.320.31+0.13 4.15-0.03 195 77 x7=0.075 <0.95
189 173.6 3.430.16+0.06 3.48-0.05 484
192 28.9 3.470.39+0.06 3.23:0.05 81
196 79.9 3.030.22+0.06 3.26-0.05 197
[48] 200 87.0 3.230.21+0.06 3.12£0.05 231 81.5 x7=0.075 <0.95
202 44.4 2.990.29+0.05 3.07:0.05 110
205 79.5 2.840.21+0.05 2.93-0.05 182
207 134.3 2.670.16+0.05 2.80:-0.05 292
DELPHI
[49]
183 50.2 1.850.25+0.15 2.04 54 58
HPC x=0.06 <0.70
189 154.7 1.86:0.15+0.14 1.97 146 5%
183 49.2 2.330.31+0.18 2.08 65 54 x=0.2 =0.85
FEMC
189 157.7 1.890.16+0.15 1.94 155 56 x<0.9 <0.98
183 51.4 1.2#0.25+0.11 1.50 32 b x=0.3 =0.990
STIC
189 157.3 1.4+ 0.15+0.13 1.42 94 b x=<0.9 <0.998
L3 161 10.7 6.750.91+0.18 6.26-0.12 57 80.5 =10 <0.73
and
[50] 172 10.2 6.120.89+0.14 5.610.10 49 80.7 E=6 0.80-0.97
[51] 183 55.3 5.36:0.39+0.10 5.62£0.10 195 65.4 =5 <0.73
and
[52] 189 176.4 5.250.22+0.07 5.29-0.06 572 60.8 E{=5 0.81-0.97
OPAL 161 9.89 5.30.8+0.2 6.49-0.08° 40 75.2 x7>0.05 <0.82
or
[44] 172 10.28 5.50.8+0.2 5.53+0.08° 45 77.9 Xx1>0.1 <0.966
[45] 183 54.5 471 0.34+0.16 4.98-0.02° 191 74.2 X7>0.05 <0.966
[53] 189 177.3 4.350.17+0.09 4.66-0.03 643 82.1 X7>0.05 <0.966

#stimated from the Monte Carlo cross sections and the expected numbers of events.
®The STIC efficiency varies between 74% and 27% over the angular region used in the analysis.
‘Calculated from the expected number of events as predicted by the KORALZ event generator.

mated the Monte Carlo cross sections from the publishederived in[29] from the SNO and Super-Kamiokande obser-
numbers of events expected as predicted by the KORALZ/ations and than the limits obtained jB80] from just the
event generator. The results agree well with our estimates. TRISTAN data. In Fig. 1 we depict the 90% C.L. on

The 90% C.L. implied by LEP-2 data read

—8.2x10 %2 cnP=(ri(v,))=<9.9x10 % cn?

for the Majorana case, and

(3.18

—5.6x10 % cmP<(r{ A(v,))<6.2x10 3 cn?

for a Diracwv,.

These limits are about a factor of 4 stronger than the limitfore can only bound the combinatign?)+(r3).

(3.19

(r2(v,)) and(r3(»,)) for the Dirac case as derived from the
LEP-2 data. The picture shows the absence of any strong
correlation betweerrZ(v,)) and(ra(v,)). We stress that
the possibility of bounding simultaneously the vector and
axial vector charge radii stems from the fact thateihe™
annihilation right-handed neutrinos can also be produced,
and they couple to the photon through a combinatiofr 6
and(r3) that is orthogonal to the one that couples the left-
handed neutrinos. In contrast, neutrino scattering experi-
ments do not involve the right-handed neutrinos, and there-
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-04 FIG. 2. 90 % C.L. on (r2)+(r3)) for the muon neutrino de-
-0.6 rived from (a) E734 at BNL[28], (b) CHARM 1l [27], (c) the
CCFR experiment60], and(d) the NuTeV resulf56].
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{ra(vs)) (107% em?) ments. Since the results for neutrino experiments and the

FIG. 1. Combined limits or2(».)} and{r2(».)) for Dirac tau 'measuremen'ts at tfiepqle are not conS|stent'at therlevel,
) : in the following equationg4.3)—(4.5 we will (conserva-
neutrinos derived from LEP-2 data. The plot shows #g,+2.71 . ) . et
contour, corresponding to 90% C.L. tively) combine the errors by adding the_m lineatly.
' From the NuTeV resul{4.1) we obtain the 90% C.L.

Before concluding this section, we should mention thatPPer limit
independent limits could also be derived from the DONUT 2 2 a3 .
experiment, through an analysis similar to the one presented (rv(vu) +(ra(v,))<7.1x10 ey 4.3
in [54], and that yielded limits on the, magnetic moment. : . i
We have estimated that the constraints from DONUT Wouloh chlée\'éier’ ;;mr?s E\%i‘rl)”r?}'irt‘t; acl;[b?ari]noenc}/?::)l;hItnh?svfr:lejzgsifre-
be at least one order of magnitude worse than the Iimité 9: i =
obtained from LEP; however, it should be remarked thatMent. A reanalysis of the E734 data ep-e andv,-e scat-
these limits would be inferred directly from the absence oft€fing[28] yields the 90% C.L.:
anomalous interactions for a neutrino beam with an identi- i 5 )
fied v, componen{55]. —5.7X10"% cmP=(ry(v,))+(ra(v.))

<1.1x10 % cn?. (4.4
IV. LIMITS ON vy VECTOR AND AXIAL VECTOR

CHARGE RADIUS Note that in Ref[28] the E734 Collaboration is quoting a

The NuTeV Collaboration has recently published a value![.OWer ![!mrlmtt abtcr)]ut Btr? times af‘d an uppeArf I|r_|r_1r|]t_ apo?t 7.5
of sirfé, measured from the ratio of neutral current to Imes ighter énF. ? ofneﬁ given in E@.'t)d Ifﬁ;hsj or
charged current in deep inelastig-nucleon scatterings6]. various reasons. FIrst ot all, as was pointed outsf, in

Their result reads [28] an inconsistent value foBg was used that resulted in
bounds stronger by approximately a factor&. In addi-
sir?6)=0.2277-0.0013+ 0.0009 (4.1  tion, the errors were combined quadratically, which, due to

the large negative trend in their data, resulted in a much

where the first error is statistical and the second error istronger upper bound 011\2,(VM)>+(r,§(VM)> than the one
systematic. In order to derive limits on neutrino electromag-quoted here. Finally, our value af is defined through the
netic properties one should compare the results obtained ighift g,— g, — & of the SM vector coupling, consistently, for
neutrino experiments to a value of &k, determined from  example, with the notation of59], while the convention
experiments that do not involve neutrinos. Currently, theused by the E734 Collaborati¢@8] as well as by CHARM
most precise value of sifiy from non-neutrino experiments || [27] define § as a shift in sifé,. This implies that our
comes from measurements at thpole and from direct mea- |imits are larger by an additional factor of 2 with respect to
surements of th& mass[57]. In our numerical calculations the results published by these two collaborations.

we will use the value for sfitk, obtained from a global fit to From the CHARM Il neutrino-electron scattering data
electroweak measurements without neutrino-nucleon scattef27] we obtain at 90% C.L.:
ing data, as reported 56,58

—0.52x10732 cP<(r2 +(r2
sin? 6, = 0.2227+ 0.00037. 4.2) (r(v)) +(ra(r,))

- : _ <2.2x10 % cn?. (4.5
The effect of a nonvanishing charge radius can be taken into

account through the replacement—gy— & in the formulas  These limits differ from the numbers published by the

for v,-nucleon andv ,-electron scattering59], whereéis  CHARM Il Collaboration[27] not only because of the men-
given in Eq.(3.11). Since there are no right-handed neutrinostioned factor of 2 in the definition o, but also because the
involved, there is no effect proportional ® and therefore

only 8(rg(v,))+(ra(v,)) can be constrained. Upper and

lower limits can be directly derived by comparing %y SExcept for the CCFR data, which are consistent with the SM
with the quoted value of sf#,, from non-neutrino experi- precision fits.
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present value of sfitk, [57] is smaller than the one used in the only permitted flavor diagonal electromagnetic form fac-

1995 in the CHARM Il analysis. tor, cannot be constrained through astrophysical or cosmo-
From the data published by the CCFR Collaborafié] logical observations. In Sec. Il we discussed in some detail
one can deduce how it is not possible to derive useful constraints from nu-
cleosynthesis and from measurements of primordial helium
—0.53x10 % cnP<(r{(v,))+(ra(v,) abundance. We concluded that in order to constefh we
a2 can rely only on the analysis of the results of terrestrial ex-
<0.68<10 32 cn?. (4.6) periments.

The four limits discussed above are represented in Fig. 2, N Sec. Il we presented a comprehensive analysis of the
which makes apparent the level of precision of the NuTeVavailable offZ-resonance data for the processe™ — vvy.
result. By combining the upper limit from CCHEQq. (4.6)] We used these data to derive limits for the axial vector
and the lower limit from CHARM II[Eq. (4.5] we finally =~ charge radius of the- neutrino, as well as the combined

obtain limits on the vector and axial vector charge radii in the case
) ) of a Diracv,. These limits are largely dominated by the high
—5.2x107% cm?=(r{(v,)) +(ra(v,)) statistics LEP-2 data collected above #W¢ W~ production
<6.8x10 % cn?. 4.7 threshold.

We also analyzed the bounds that can be derived for the
muon neutrino from an analysis of neutrino scattering ex-
periments. We obtained the most stringent limits by combin-
ing the CCFRv,-nucleon scattering and the CHARM I
v,-electron scattering results. No new limits were obtained
for the electron-neutrino orientation; however, new experi-

. P . ments dedicated to the detailed study of electron-
interpreted as a measuremenl(off,( vu)) +(ra(v,)), which (ant)neutrino interactions with matter, such as, for example,

becomes consistent with zero only at approximately 2.5 stanhe MUNU experiment at the Bugey nuclear readi6s]

dard deviations. However, while the quoted value is not ing,, 14 pe able to improve existing limits by about one order
conflict with other experimental limits, we believe that it

of magnitude.
would be not easy to construct a model that could generate a g

neutrino charge radius of the required size, without conflict-
ing with other high precision electroweak measurements. A ACKNOWLEDGMENTS
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