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Physics beyond the standard model with a new reactor experiment
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We discuss the sensitivity to new physics of a measurement J@pﬁe* cross section at a nuclear
reactor, with an accuracy as that foreseen for the MUNU experiment. In particular we consider the anomalous
contribution to?ee’ scattering arising from extra doublet scalars fields, additi@dnabsons, and more exotic
particles, such as leptonic photohS0556-282(198)03603-0

PACS numbsgps): 12.60.Cn, 13.16:q

I. INTRODUCTION ze—_};ee— 1)

Two experiments have measured the& ™ —v.e~ cross  scattering is

section in the few MeV energy rangg,2]. Both experiments
were running close to the core of a nuclear reactor and mea- do 2G?’m

2, 2(1 T)Z mT
OrTOL ® ngsz

sured only the kinetic energy of the recoiling electron with dT -

plastic or liquid scintillators. The sample of neutrino interac-

tions consists of about 46@] and 200[2] events, respec- \here

tively. The v,e~ — v~ has been measured at Los Alamos

with a fine grained tracking calorimeter exposed to neutrinos _

from muon decay at re$8]. The statistics, about 240 events, QL:§+S|n29vv,

is comparable to that of the reactor experiment, but the neu-

trino energy, peaked near 33 MeV, is higher. gr=sir6 3)
MUNU [4], a second generation experiment which will R W

study the?ee*—>7€e* process, is now ready to take data. It G is the Fermi constanmm is the electron mass andT are,
will be performed in the basement of a nuclear reactor irrespectively, the energy of the incoming neutrino and the
Bugey (France at the distance of 18 m from the core. The kinetic energy of the scattered electron.

filing gas (CF, at 5 bar, 18.5 kpof a 1n? time projection  we want to study possible deviations afe~ scattering
chamber is used as an active target. With respect to previoygom the above behavior. We assume that the experiment is
experiments, two substantial improvements are planned ifollecting 5000 neutrino interactions and 2500 background
MUNU: the electron energy and direction will both be deter-eyents in the energy region above 0.5 MeV. We take a 5%
mined; about 5000 events will be collected during 2 years okystematic error on the cross section measurement, arising

data takmg. .. from uncertainties on thexTe spectra (normalization and
In particular the measurement of the electron d|rect|onn{5i£1(,ipe and detector efficiency, as [4]. We also assume that

offers an important handle for background measurement a trig
T . . e background events have the same energy distribution as
rejection. The physics potential of MUNU for the study of ;| a Wellgshielded high purity germanium detgeﬁ:[ﬁﬂ.

the neutrino magnetic moment and neutrino oscillations has For the energy resolution we assume a Gaussian distribu-

been discussed if4] and[S]. In this paper we discuss the .. \ith 4 full-width-half maximum of 0.1 MeV for a 0.5

additional physics items which can be studied with a reIa-MeV electron and with a/T dependence on the electron

tively precise measurement of thee ™ cross section at low  yinetic energyT. These values, rather typical for gas detec-
energy. In this respect we shall consider the anomalous coRgs at high pressure, are similar to the ones foreseen for the
tribution to vee~ scattering arising from an extra doublet MUNU experiment.
scalar field, the effect of addition@ bosons, and more ex- For the angular resolution we assume that the scattering
otic interactions, due to leptonic photons. angle 9 between the neutrino and the electron is recon-
structed in the detector with a Gaussian distribution which
has the full width half maximun® shown in Table | as a
function of the electron kinetic enerdly.

In the Born approximation, the standard model cross sec- These values are given by the Moliere theoryadt@ cm
tion for the range in Clz at 5 bar. We shall also discuss the effects of a

. @

Il. THE veE~ SCATTERING CROSS SECTION
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TABLE I. Full width half maximum® of the angular resolu- —0.015 7171 | T T T T T | T T T
tion. C ]
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T [MeV] O [degreé A C 3
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50% improvement and of a 50% worsening of this angular
resolution. The true resolution of MUNU will probably lie in —-0.020 ()

between these extrema.

A few remarks are in order here. For a two body final /t\s —0.025
state, as the one we are considering here, the electron sce{
tering angle and energy are related by kinematics. Thereforin, —0.030 ]
for a “perfect” experiment the capability of measuring both S . 1, .ﬂ.ﬂE

quantities is redundant. However, the above statment as ~ —0.035
sumes a flux of monoenergetic neutrinos, infinite resolution
for the neutrino energy and scattering angle, and zero back-

ground. In real life the capability to measure both these FIG. 1. Fractional contribution of one loop electroweak correc-

guantities is extremely useful and is a distinctive feature of, — . function of th . |
the MUNU experiment. tions to v,e~ cross section as a function of the scattering arggle

. . d thee™ il T (b). the B d [
In fact this feature allows for the following. (&) and thee" recoll energyT (b). {e,y) are the Born and one loop

Background measurement and rejection. Electrons frorrgfontrlbutlon t_o thevee™ scattering cross section ayeraged over the
_ . - - . : reactor neutrino flux and detector energy resolution.
ve€ scattering will appear only in the forward direction and

therefore signals detected in the backward direction will be . _ _ .
used to measure the background even when the reactor ¢9l€cting multiple(real and virtual soft photon emissions.

operating[4]. We have checked that, by substituting the_ . _ functions
Both measurements are affected by a finite resolution angiven in [8] with the same functions but bounded to be
systematic uncertainities. The two measurements do providgmaller than 30 in absolute value, the results are unchanged
a useful cross check. at the per mille level. This strongly suggests that the exact
Assuming infinite resolution once the electron scattering’2/U€ off. — 4, in the energy rangewhere the perturba-

angle is measured the initia, energy can be reconstructed. Uv€ €xpansion does not hold, is unimportant and that higher
Therefore one can study differential quantities., do/dT) order corrections are inessential. Notice that this is true even

whithout any assumption on the reactor neutrino spectrunf€glecting the experimental” energy resolution.
which is known only at the few per cent level. In practice 1he QED radiative corrections as given[#] do not ac-

this strategy is limited by finite experimental resolution, COUNt for the exact dependence on the electron mass. A
however, it turns out that this is a valuable source of infor-CheCk that this does not affect the final result is therefore

important, when analyzing the data, although in the light of
the discussion i8] the effect is expected to be small.

When analyzing experimental data, the corrections due to
detectablereal photons emission have to be included.

In summary one loop electroweak corrections are of the
order of a few percent, i.e., of the same size as the experi-
A complete and detailed account of the fifll] set of one  mental accuracy anbaveto be included in the analysis of

loop radiative corrections to.e” scattering, as well as a experimental data. The theoretical error on the~ cross

comprehensive set of references, is giveri8h The same  section induced by neglecting higher order corrections is be-

corrections forv.e~ scattering are obtained by replacing low the per mille level and it is therefore completely negli-

gL(T)<—gr(T) in the formulas given if8]. In Fig. 1 the gible given the foreseen experimental accuracy.

impact of the radiative corrections is shown. The typical ef-

fect is a correction of about 2.5% mildly dependent on en-

ergy and scattering angle. In view of the expected experi- !The definition of this energy range is to a large extent arbitrary.

mental sensitivity this appears an important effect and it is invhat our “experiment” demonstrates is that the valuefof_ ,

itself remarkable that a low energy neutrino scattering exis unimportant when one loop QED contributions become larger

periment has some sensitivity to the radiative corrections, ahan 5%. In practice this means that, once averaged over an-

the one sigma level. tineutrino spectra and energy resolution, one loop radiative correc-
A few comments are in order here. tions contribute at most at the level of 3—4 %. Higher order correc-
As noticed in[8], the given corrections are unphysically tions are of the order of the square of one loop ones namely we

large very close to the™ energy end point. This is due to expect that they induce an effect of at most a few per mille.

S

T[MeV]

mation.
The capability to reconstruct the initial, energy allows a
direct measurement of the reactor neutrino spectrum.

A. Radiative corrections
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ciseness from now on we will refer to these observables as
t, andty,, respectively maximizes the sensitivity to thg,
andgg variations.

We checked that a 50% change in the energy resolution
does not affect the sensitivity tég, and 8gg which is
mainly limited by the systematic uncertainties.

We now consider the additional information provided by
the reconstruction of the electron scattering anglén this
respect we remark that the angular distribution of recoil elec-
trons is peaked at about 30° and is very small in the very
forward region(zero scattering angleThis can be used to
] discriminate against anomalous signals which, on the con-
P trary, predicts a sizable forward scattering amplitéde.

To assess the experimental sensitivity we have selected
two bins ;< 6< 6, and 6,< 6< 65 (the optimal values de-

FIG. 2. Expected 90% C.L. exclusion contours in thg , sgz ~ P€nding somehow from the angular resolutiand we have
(shifts, in absolute value, of, g with respect to their standard studied the observable defined by the ratio of the events in
model values plane. Continuous lines are obtained from the elec-the two bins, referred to &R, in the following. It is impor-
tron recoil spectrumtg, andt, variables as defined in the text, tant to notice here that this observableessentially insensi-
Sec. |1 B. Dashed, dot-dashed, and dotted lines are obtained frorfye to the uncertaintiesn the antineutrino spectrum. In fact,
the Ry observable(again as defined in the text, Sec. Il Bnd as- e have divided the expected antineutrino spectrum into
suming angular resolutio®, 1.59, and 0.8, respectively(see  yyenty energy intervals each contributing about 5% each to
Table | for the definition of the full width half maximur®). the total signal. We have then increased or diminished by 9%

In the following we want to discuss the sensitivity of a (3 times the b uncertainty of the spectruneach of these

new reactor experiment, as MUNU, to the effects of physicscontributions in order to maximize the variation of the ratio.
beyond the standard rﬁodel. Just’for this purpose we cafS a result the variation is always below 1.2% for the best
safely neglect one loop electroweak correction. Indeed, let u@ngular resolution which we have considered. This proce-
write the scattering amplitude ad=Agy+.Anp, SM and dure certainly overestimates the theoretical uncertainty and
NP denoting standard model and new physics contributiongherefore it demonstrates that the observable |-§-foéeys-
respectively. To assess the sensitivity to new physics effedgmatic errors due to the spectrum. The sensitivity oftge
what matters is the ratibAypl/|.Asy| Which will be experi- Observable t@, ,gr shifts is also shown, as a function of the
mentally detectable. To discuss this issue an estimatésgf ~ angular resolution, in Fig. 2which also shows the nice co-

accurate to few percent is sufficient. operation of the two measuremepts o
As discussed above the main limitation is of statistical

nature and therefore by increasing the exposure time and/or
the target size the allowed area can be strongly narrowed.
In order to discuss the experimental sensitivity to the preNotice that this observable is sensitive only to the ratio
dictions of the theoretical models, an operative definition ofg, /g.
“sensitivity” is needed. For a given model we compute the  The above discussion implicitly includes the measurement
value of the observables which we are considering. We tak@f S|n26W Because of its relevance, we discuss here, in some
the standard model as a reference value and we assume tlgitail, the accuracy which can be reached. A shift if&in
the relative statistical error is given by the inverse squargorresponds to correlated shifisg, = dgz. The angular
root of the number of events used to measure the given Obshape method, namely, tiiR, observable, provides a useful
servable. We then add in quadrature the estimated statisticahnstraint: more precisely we estimate & &rror of 0.015,
and systematic errogncluding that induced by background 0022, and 0.03 for the three angular resolutions which we
countg to obtain the total error. We say that the experimenthaye considered. The best information is provided by the
is sensitive to the theoretical model if this predicts Va|uesobservabletm using electrons with kinetic energy smaller
that deviate by at least 1.65from the reference values.  than 1 MeV. In this case our estimate for the Error is
Once thev, spectrum and the experimental resolutions
are known, the electron recoil spectra is a functioig,0find
gr (and of the experimental resolution as welhd therefore  2This is strictly related to th&inematical zeraoticed in[5] al-
these two parameters can be determined. Figure 2 represemisugh because of the experimental resolution there is no zero in
the sensitivity todg, and 8gg shifts with respect to the stan- real life. We should mention here that we have analyzed the impact
dard model values, which is achievable with 5000 neutrintf the electron recoil angle measurement on both neutrino magnetic
interactions and 2500 background events and for the energyioment and neutrino oscillation searches and, once we include a
and angular resolutions that we have assumed. realistic detector resolution in the analysis, our estimate is less op-
The figure has been obtained as follows: for eachimistic than that given id5].
(89, ,69R) pair we have determined two values of the recoil 3with a much larger statistic the statement can become critical,
kinetic energyT i, and T4 such that the number of de- however in this case one can probably define a much more refined
tected events witl > T, or T<T . (for the sake of con- sampling and lower the effect
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- | | | | | iy Lyuk: Yele€rh. (4)
-0.40 | -

P In the limit of largem;;, from Eq.(4) we obtain the effective
_0.45 - - four fermions Lagrangian
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wherey, denotes the Yukawa coupling constantecdnd v,
to the scalar doubléh.

We will be mostly interested in the term involving neutri-
nos which, after Fierz reordering, becomes

[P TS R A

—0.60

-0.08 -0.06 -0.04 -0.02 0 0.02
244 2
; ——_yegm' eR Ve,V (6)
. . - R .
FIG. 3. Expected 90% C.L. exclusion contours in 8w, , g al Zm%+ prRTeTnTe

plane. The result of the CHARMII Collaboratid®], with 1.65
error bars, is also shown for comparison. See text for additiona,:rom a practical point of view this amounts to a redefinition

comments. of the coefficientgg in Eq. (2):
0.014 which should provide the best low energy measure- y2\2
. e
ment of siféy. Or—Ort —>—- (7)
Finally, notice that, according to the above estimates, we 8mg+ G

expect an improvement of a factor 5-10 with respect to pre-
vious v(ve)e~ elastic scattering measurements thus reach-The only direct limits on effective interactioit€) come from

ing an accuracy not far from that QFM(,,M)e* “high en- previous measurements ote(je)e* cross section which

ergy” experiments_ give 5gR<08 from [3] (reflecting the poor SenSitiVity of
For comparison in Fig. 3 we report the results of thev.e™ experiments tgg) and8gr<0.1-0.4 fromye™ [1,2]

CHARMII [9] experiment together with our estimate for the experimentd.Limits coming from the nonobservation of the

new reactor experiment. A few words of warning are in orderfy + particle can always be evaded by pushing up the value of

here. To compargy ,g, as obtained inv,e™ and in v, e~ mi+ and will not be considered here.

we have shifted by-1 theg, of the reactor experiment. An indirect bound can be derived from'e” —e’e”

In the absence of more information we merely report thescattering which would receive a contribution frdmi ex-

uncertainty on the quantitiegg,,=—0.025-0.019, g, change. This bound readd?] v¥m2.<3.0x10°° at the
=—0.503+0.018 as given by the CHARMII Collaboration ge. d42] ye/mpe=3.

. ~0‘
[9]. From CHARMII data one can certainly obtain a standard®% C.L. Although after SU(2) breaking ttte " masses
ellipsis in thegy g, plane. become unrelated, a useful insight can be derived from the
We believe, however, that this comparison is anyhow use@SSUmptiomgo=mg- which would imply 6gg<0.05.
ful in demonstrating that a new reactor experiment can reach SO far the analysis has been purely phenomenological, on
a sensitivity comparable to CHARMII. In summary, the the grounds of the effective Lagrangi46) with the only
measurements of the energy and angular distribution provig@{ra requirement that the standard model gauge symmetries

complementary information and the experiment will be sen2re not spoiled. Itis of interest to consider the interact®n
sible to variations ofy, (gg) as small as 5%10%) in the framework of some theoretical models. Among these

we recall the models for the radiative generation of neutrino
massedi.e., the Zee moddl10] and its many varianjsand
supersymmetric models witR parity breaking 11].
In general, for Zee-like models the above discussed
We will explore the effects of new particles/interaction bounds apply with no further constraint. On the other hand
contributing to the procesd) analyzing the present bounds for supersymmetrySUSY) models withR parity breaking
on the coupling constants and particles masses and discus®me extra constraint can appear because of the supersym-
ing the possible improvements. We classify the possible opmetric nature of the theory. The two natural candidatesfor
erators starting from a renormalizable SU&SU(2), in these models are the muon and tau spartneand %,
X U(1)y invariant Lagrangian and we derive, whenever ap-
propriate, the effective pointlike four fermions interactions.

ll. ANOMALOUS CONTRIBUTIONS
TO ve~ SCATTERING

“This range has to be understood as purely orientative. No direct
limit is quoted in the above papers and the limit is inferred from the
) ) » ) quoted cross section and the relative error. We give a range rather
Let us first consider the addition to the SM Lagrangian ofihan a definite value because we do not know the detection effi-

an extra scalar doubldt coupled to the electron ciency as a function of the positron energy.

A. Extra scalar doublets
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FIG. 4. Expected sensitivity to a new massive neutral gauge

b:)S(in with masé/l Zé)ar_:_(:] COUplt'.ngSZL'R It.o Ie.ft-tind rlght-th?jnijed function of the parameter [see Eq(10)] The notation is the same
electrons as in Eq8). The continuous line is the expected lower as in Fig. 4. The cross denotes the CDF lower boliig for the

bound obtained by considering the electron recoil energy wherea\§ . . . .
- X : _Value ofa corresponding to manifestly left-right symmetric models.
dashed and dot-dashed lines include also the angular information. “ P g y gnt sy

The notation is the same as in Fig. 2.

FIG. 5. Expected sensitivity to the left-right symmetd¢ as a

B.Z'

rgspectively. In this framework bounds R’ have been A new Z boson would give an additional neutral current
discussed i13]. The bound onu comes from the compari-  contribution to ye~ scattering. In the following we will
son of G¢ as determined fronu decay and from semilep- neglectz,z’ mixing since the LEP-I experiments are par-
tonic B decays and it is the tighter one. The looser constrainicylarly sensitive to this possibility and therefore the exist-
applies to ther couplings for which two very similar bounds ing bounds are far beyond the sensitivity of a reactor experi-
can be derived by comparing the ratios for ment.

(r—vve)l(r—vvu) and (r—vve)/(u— vve) with their The relevant Lagrangian is

standard model values. Both comparisons vyield
gR(m%R/m%L)<O.01f at the 90% C.L., whereg, is the su-

persymmetric partner of the right handed electron. If ap'whereZ’zzl’Ly“. In the largem,. limit this gives an effec-

proximate slepton masses dege_nera&y as_sumed,ng tive four fermions coupling analogous to that due to the or-
=my , the above bound can be directly applied to . If  dinary Z and implies the following shifts i, andgg
this assumption is remove@nd this is reasonable for the

EZ: ZLEEZ,LE+ ZRERZ'GR, (8)

slepton in large taf [14] models, inspired by SO(10) grand \/EZE
unification, or several grand unified theori@UT), due to 9 =0t ——,
the effect of the top Yukawa coupling around the GUT scale 4Ggmy,
[15]) we are left only with the previously discussed bounds.
Let us summarize the above discussion. The effect of the V22,25
interaction(4) can be translated iota a shift ingg, as in Eq. gr—0Ort m 9
Fitizr

(7), which is constrained by direct limits fron;e(ve)e‘
experiments,5gr<<0.1-0.4, limits frome~e" scattering,

2, 2 ; The explorable region is shown in Fig. 4. Without any as-
Ogr(Mt /M) <0.05, and in the framework of SUSY mod-

sumptions about th&’ couplings to leptons and quarks the

. . . 2 2 —
els withR parity breaking,égg(mg /m?> )<0.012. only existing bounds are again from(v,)e” ande’e”
As can be seen from Fig. 2 the expected sensitivity of sscattering as given in the previous sections.
new reactor experiment isgg>0.03 fromty, ,t,, observ- It is of interest to discuss the sensitivity to a few among

ables andsgg>0.017, 0.023, 0.032 from thR, observable the most popular theoretical models predicting 'aboson.
for the three angular resolutions which we have considered-or the left-right[16] Z' the couplingsz, r are

A final remark is in order: since the interactiqd) is
peculiar tov, ande™, i.e., it violates lepton universality, the s =% 1 s ° (a_ i) (10)
bounds fromv e~ scatteringdo not apply L costy a’ R cosy ’

wheree is the electromagnetic chargéy, is the Weinberg

®In R parity breaking supersymmetric modgisis conventionally — angle, andx is a model dependent parameter= \J2 corre-
denoted a1, and\ ;3; for  and 7, respectively. sponds to manifestly left-right symmetric models Fig. 5
5The bound is stronger than the one given[18] since experi- the sensitivity tom,, as a function ofw is given. It is com-
mental measurements have improved so far. parable to that of the CDF experimdii/] which, however,
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FIG. 6. Expected sensitivity to thE6Z'. Same notation as in FIG. 7. Expected sensitivity to neutrino-photdparaphotop
Fig. 4 andg as in Eq.(11). The cross denotes the CDF lower bound coupling. The continuous line is obtained from the electron recoil
[17] for the value of corresponding to the so callet),, Z,,, and  spectrum {y andt,, as defined in the text, Sec. I))Bthe region
Z 4, models. outside the contour will be “excluded” at 90% C.L. Dashed, dot-

dashed, and dotted lines have the same meaning as in Fig. 2.
relies on suitable assumptions on the decay modes, i.e.,
that theZ’ decays mainly into known particles. For generality, we assume differentl) chargeQ,  for

Another class of interesting models are the extendedhe ek fields’ and we neglect the issue of anomaly cancel-
grand unified theorie§GUTs) based on th&g gauge group lation (which can be achieved by a proper assignment of
[18] (which arises naturally at the scalégyr, as a limit of ~ charges to particles other thag ande™).

a wide class of phenomenologically interesting superstring The Lagrangian of relevance tQ(v.)e~ scattering is
theories. In these models th&' arises as a mixture of two . _
extra U(1) gauge bosor(ggain neglecting mixing with the L=Q_ LA Lt QrerAER, (13
standardZ), Z' = cos8Z,+singZ,, with couplings .

whereA, denotes the paraphoton field.

3 J10 Using T dependent), andgg we can still recast the cross
7, = e —_coB+ sing section in the form(2) with the shift
L cow| B 6 ’ , ,
gL—g.+ QL 2 g, +3.1x 10%° QL
— — = . —_—
e [ 1 J10 L9 8m T G T(MeV)
ZR=———| —=C0§B8— ——sinB|. 11
R cosfw| /6 $- g S 1y 11010QLQR
gR—>gR+3. X W
The sensitivity tom,, as a function of cg8 is presented in . . o
Fig. 6; at least for a sizable range f it is comparable with In Fig. 7 we report the estimated sensitivity of a reactor
existing bounds from CDEL7] and it is free of assumptions experiment such as MUNU in th@?, Q_Qg plane, it ap-
about theZ’ decay modes. pears that a sensitivity at the level af=Q?/(4m)~10"
We quote also the expected bounds for the standardill be achieved.
model Zg,,, i.e., a gauge boson with the same couplings as
the Z boson: IV. CONCLUSIONS
meSM>430, 370, 300 GeV (12 In a survey of the physical items which can be studied

with a relatively accurate measurementﬁ( ve)€  Sscatter-

for the three angular resolutions which we have considerednd We have considered, particularly, the information from
This has to be compared with the best limit of 505 GeV fromthe measurement of the electron scattering angle. We esti-
the collider Detector at FermilatCDF) [17] (which, how- ~ Mate thaig, andgg will be measured with an accuracy of 5
ever, depends on the assumptions about Ziedecay and 10 %, respectively. This information can be recasted as a
modes. sensitivity to signals of new physics.
In particular we considered the following. A new charged
_ scalar boson of madd coupled tov, ande™ with strength
C. Leptonic photon
The possibility of an extra massless gauge bogara-

photon coupled only or mainly to leptongl9], has been  7In the original proposal of these exotic gauge bosons only the
considered. Elastic neutrino scattering provides stringen®, = Qg case is considered, however, there is no compelling reason
bounds on these exotic interactions. for this assumption neither theoretical nor phenomenological.
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y. Its effects are detectable for We thus foresee an important improvement on the sensi-
) tivity to these new particles with respect to previous

y V2 ~0.015-0.03 (14) ve(ve)e™ experiments. The explorable region in the param-

M2GE eter space significantly overlaps with that of the Tevatron

collider; in addition one does not rely @ hocassumptions

A new neutral massive gauge boszf. Using as para- ahout new particles decay modes as in collider experiments.
digms E6 grand unification models and left-right symmetric

models we estimate a sensitivity upZ6 masses of 400—450
GeV.
Paraphotons Their effect is detectable even for a cou-
pling strength eleven orders of magnitude below the electro- We thank R. Barbieri and A. Masiero for useful discus-

ACKNOWLEDGMENTS

magnetic one. sions.
[1] F. Reineset al, Phys. Rev. Lett37, 315(1976. G. Ross and J. W. F. Valle, Phys. Let51B, 375(1985; J.
[2] G. S. Vidyakinet al,, J. Mosc. Phys. Sod, 85 (1991J). Ellis et al, ibid. 150B, 142 (1989; S. Dawson, Nucl. Phys.
[3] R. C. Allenet al, Phys. Rev. D47, 11 (1993. B261, 297 (1985; R. N. Mohapatra, Phys. Rev. D1, 3457
[4] MUNU Collaboration, C. Brogginiet al, LNGS Report No. (1986; R. Barbieri and A. Masiero, Nucl. Phy8267, 679
92/47, 1992. (1986.
[5] J. Segura, J. Bernabeu, F. J. Botella, J. Penarrocha, and [12] H. J. Beherenckt al, Phys. Lett.140B, 130(1984; M. Der-
Valencia, Phys. Lett. B35 93(1994; Phys. Rev. D49, 1633 rick et al, ibid. 166B, 463(1986.
(1994). [13] V. Barger, G. F. Giudice and T. Han, Phys. Rev40) 2987
[6] C. Arpesellaet al, LNGS Report No. 92/35, 1992. (1989.
[7] S. Sarantakos, A. Sirlin, and W. J. Marciano, Nucl. Phys.[14] M. Carena, M. Olechowski, S. Pokorskj, and C. E. M. Wagner,
B217, 84 (1983; D. Yu. Bardin and V. A. Dokuchaevabid. Nucl. Phys.B426, 269 (1994).
B246, 221 (1984. [15] R. Barbieri, L. Hall, and A. Strumia, Nucl. PhyB445 219
[8] J. N. Bahacall, M. Kamionowski, and A. Sirlin, Phys. Rev. D (1995.
51, 6146(1995. [16] R. N. Mohapatra and G. Senjanovic, Phys. Rev2® 165
[9] CHARMII Collaboration, P. Vilainet al, Phys. Lett. B281, (1982.
159 (1992. [17] The CDF Collaboration, F. Abet al, Phys. Rev. [61, R949
[10] A. Zee, Phys. Lett93B, 389 (1980. (1995.

[11] C. Aulakh and R. Mohapatra, Phys. Letl9B, 136(1983; F. [18] D. London and J. J. Rosner, Phys. Rev3f) 1530(1986.
Zwirner, ibid. 132B, 103(1983; L. Hall and M. Suzuki, Nucl.  [19] S. I. Blinnikov, A. D. Dolgov, L. B. Okun, and M. B. Vo-
Phys.B231, 419(1984; I. H. Lee, ibid. B246, 120(1984); G. loshin, Nucl. PhysB458 52 (1996.



