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Test of the Equivalence Principle from Neutrino Oscillation Experiments
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We consider the hypothesis that neutrino oscillation data can be explained if the gravitational
couplings of (massless or degenerate mass) neutrinos are flavor nondiagonal, in violation of the
equivalence principle. We analyze the various neutrino oscillation laboratory experimental data
including the recent LSND observations to constrain the relevant parameter space. We find (under
the hypothesis that gravity couples to matter and antimatter in the same way) that there is no allowed
region of parameter space which can explain the existing data, implying that the LSND result cannot be
explained by oscillations of degenerate-mass neutrinos due to equivalence principle violations.

PACS numbers: 14.60.Pq, 04.80.Cc

Empirical evidence supporting neutrino-flavor oscilla- compatible with present day solar observations. Extension
tions continues to mount [1]. At present there are fouto a full three-flavor model indicates that the allowed
different solar neutrino experiments [2], each using distegions of parameter space can widen due to mixing with
tinct detection techniques, that consistently find a discrepa third flavor [12].
ancy between the measured salaflux and that predicted In the present paper we consider the VEP mechanism
by solar models [3]. There are also a number of experiin the context of laboratory searches for neutrino oscil-
ments on atmospheric neutrinos [4] which find that the ralations. We first show that LSND data itself can be
tio of the flux of v, to v, is significantly smaller than one explained by neutrinos of degenerate or zero mass with
would expect from standard particle physics models [5]flavor nondiagonal gravitational couplings. We then carry
Most recently, the Liquid Scintillator Neutrino Detector our analysis further to include other laboratory experi-
(LSND) group has recently announced an exagssvent ments [13,14,15], which also constrain the allowed VEP
between the energy range 36 and 60 MeV [6]. If this exparameter space. We find that the combination of these
cess is due to the, — 7, oscillation, then it implies an constraints rules out any violation of the equivalence prin-
oscillation probability of(0.3491% = 0.07)%. The dis- ciple in thee-u sector, implying that gravity couples to
tance traversed by the, before being detected asiais  v. the same way as,,.
about 30 m. As a consequence, in the absence of other physical

Mechanisms underlying neutrino oscillation typically mechanisms (such as lepton number violation), previous
assume that neutrinos have nondegenerate masses, fatcelerator data in conjunction with the LSND results can
lowing the original suggestion by Ponetcorvo [7]. In thisonly be explained by assuming neutrinos have differing
scenario the weak interaction eigenstates of neutrinos arsasses. A repetition of the above analysis in this case
distinct from their mass eigenstates, thereby permitting osw¥ould then imply a new bound on the parameter space of
cillations between the various flavors. the VEP mechanism [8].

An alternative neutrino oscillation mechanism was pro- In this Letter we shall not argue in what circumstances
posed more recently by Gasperini [8] (and independentlyhe equivalence principle might be violated. Rather, we
by Halprin and Leung [9]), in which neutrino weak in- take a phenomenological approach to this problem and try
teraction eigenstates are distinct from their gravitationato constrain the parameter space only from an analysis of
eigenstates. This mechanism (later referred to as thiée existing data on neutrino oscillations. For the sake of
VEP mechanism [10]) does not require neutrinos to havéimplicity we work in the two generation scenario. At the
nonzero masses; instead neutrino oscillations occur in thignd we shall comment on the role other oscillation data
mechanism due to an assumed flavor nondiagonal coulays in constraining VEP.
pling of neutrinos to gravity, in violation of the equiva- We turn now to the question of whether or not the
lence principle. LSND results can be understood solely in the context of

From this viewpoint, neutrino oscillation experiments the VEP mechanism. In this mechanism, the gravitational
furnish us with a test of the equivalence principle. Theeigenstates|vg) = (vi6,v2¢) are related to the weak
VEP mechanism has been explored in a number of papegigenstatesvy) = (v., v,) by an SO(2) rotatiomR (6 )

[11] as a possible explanation of solar neutrino data. A low) = R(66) |ve) (1)
recent analysis [10] has shown that, in the context of a two- W GIIrGr
flavor model, there are small allowed regions of parametewhere 6 is the mixing angle. The gravitational eigen-
space at both small and large VEP mixing angles which arstates are solutions to the Dirac equation in a Schwarzchild
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background. For a spherically symmetric metric, choosindower and upper bounds oAg, and hence onf¢|Af.
the trajectory of the neutrino in the radial direction, we canin the smallA region large numbers of oscillations take
write down the diagonal components of the Hamiltonian, place before the beam reaches the detector, and so the
HE = —20¢(MIE0 + f1), ) value 1of sn?(rr_L/)\) may be assu_med to be its average
hich h luti ¢ th . value 5. In this regime, observation of a small (or null)
which governs the evolution of the neutrinos. Herene trino oscillation probability puts both lower and upper
the_f,- are the_flavor depenc_lent grawtatlor_lal parameter%0r just upper) bounds on giz¥ for large|é|Af. In the
which determine the magnitude of the violation of thejyarmediate region the oscillation length is comparable
weak equwalepce principle. - The evolutpn of the weaky, the travel lengthl. and so sif(wL/A) varies slowly
eigenstates will be governed by the equation between 0 and 1, putting limits on $i9 that are quite
cd (ve) _ sensitive to the actual value bp|Af.
e ( ) = 2Elp(n)IAf For the LSND experiment, the oscillation probability (4)
0 %sinze(; ) ( v, ) - in the VEP mechanism can be simplified to

Lsinog  co6g » P = sif26g sirt[7.62 X 10°|¢(r)|Af],  (5)

where |¢(r)| is the Newtonian gravitational potential Where we have takefl.) = 30 m and the average neutrino
andAf = f, — f1. If the equivalence principle is not €nergy is taken to be 50 MeV. The change on the bounds

violated, thenf, = f». on|¢(r)|Af for large sif26s due to the uncertainty in the

In this paper we shall be discussing small scale terrediStance or neutrino energy are negligible. Fof 3y, =
trial laboratory experiments, for which(r) may be taken 1, the allowed region (95% C.L. from LSND [6]) for the
to be constant. Although a natural choice forwould ~ Violation of the equivalence principle is
be the Earth’s gravitational potentiat(10~?)], another 9.76 X 10718 > |p(r)|Af > 5.03 X 10718 (6)
choice is to consider the potential due to all forms of dis- .
tant matter. The dominant contribution is from the IocalThe smaliA region occurs when
supercluster which has been estimated to3be 1073 |plAf > 1.35 X 1071 (7)
[16]. For our purposes the choice @f is irrelevant,  for which the LSND data yields the bound
since to find the allowed parameter space we shall con- .
sider |¢|Af as the relevant parameter. Particular limits 0.0029 < si26g < 0.011. (8)
on Af that arise from given experiments may be found byThus with the above bounds on the VEP paramiet¢A 1,
substituting the above values fdr. one can explain the LSND result. This would apparently

Consider a beam of muon neutrinos that traverses mean that the LSND result does not imply a nontrivial
distance of. meters. The probability that a muon neutrino neutrino mass matrix. We shall now demonstrate that
will get converted to an electron neutrino is given by these allowed regions have already been ruled out by other

7L accelerator experiments.
P(v, — v.) = sin26g sin’ L (4) The E776 experiment at the Brookhaven National Labo-

) ) G ratory did not see any statistically significant excess num-
whereAg = 7/E|¢(r)|Af is the oscillation length. Al-  per of », (77;) events over the background at a distance
thOUgh this oscillation mechanism has a number of Simi'of 1 km from the source in a W|debanqi (W) beam.
larities to those of neutrinos of nondegenerate mass, thgost of the events are above 1 GeV and peaked around
oscillation length has a markedly different energy depenq 4 Gev. Only 19 events with an expected background of
dence, varying inversely with energy in (4), whereas it is); + 5 + 3 + 3 were observed, and from this an upper

proportional to energy in the massive case [1]. As we shallimit on the probability of neutrino oscillations was deter-
see, although there exists a fairly wide parameter space fehined at 90% C.L. [13].

neutrinos of nondegenerate mass which can explain all the For |arge siRd; this gives a lower limit on the mass-

laboratory experiments, the VEP mechanism for degenekquared difference consistent with the LSND result for
ate mass neutrinos cannot explain all these experiments.a neutrino oscillation scenario of neutrinos of nondegen-

To analyze any neutrino oscillation data, it is usefulerate mass [6]. However, because of the difference in
to divide the parameter space into three regidns< A,  energy between the LSND and E776 experiments, the

L > A, andL ~ A, whereA is the oscillation length. In 1 GeV null result of the E776 gets translated to
the largeA regime, siA26 can be as large as unity, and the IBIAS < 3.0 X 10°2 )

data constraim as a function of the mixing angle. As
0 decreases, the maximum excursion for this part of thén the VEP mechanism. This bound is not consistent with
curve occurs at approximately $® = (P), for which  the LSND result (6). In Table I, we present the upper
A = 2L. In the case of the LSND experiment, if one and lower bounds orn¢|Af that are permitted within
interprets the excess, events as neutrino oscillations, the limits of error from E776 and LSND experiments, re-
then the above oscillation probability would mean bothspectively, for several values of $9;. Over the entire
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TABLE I. Bounds on |¢(r)|Af from E776 (upper) and gravitational interactions conserve total lepton number),

LSND (lower). then we can compare the allowed parameter space of
| (r)|Af the VEP mechanism with the, — v, oscillation limit
Upper bound from Lower bound from as obtained by the SKAT experiment at Serpukhov
sint265 E776 experiment LSND experiment [14], which provides the most stringent upper limit on
0.002 .03 X 10-2 135 x 10-16 the mixing angle in the smallf\ region at 9.0% C.L.
0.003 6.06 X 10-20 1.02 X 1016 [15]. SKAT measures the ratio of, to », induced
0.004 509 X 1020 855 X 10~17 charged current reactions as observed in a bubble chamber
0.005 448 X 1072 7.52 X 10717 exposed to a wideband neutrino beam with energies
0.006 4.05 X 1072 6.8 X 107V between 3 and 30 GeV and a neutrino beam length of
0.007 3.72 X 10720 6.25 X 10717 270 m. The smalkg region sets in for the SKAT average
0.008 3.46 X 1072 5.81 x 107" beam energy dip|Af > 2.3 X 107!%, and the bound on
0.009 325 X 1012 546 X 107 the mixing angle is sit26; < 0.0025. This fully rules
8'8% ;'?2 i }8,20 5;2 i }8,17 out the VEP mechanism for degenerate mass neutrinos.
0203 1:75 % 10-20 2.9'3 % 10-17 We can thus conclu_de that the LSND result pannot
0.04 151 X 10~20 253 % 10~ be explained by neutrinos of degenerate mass if other
0.05 135 X 10~20 226 X 10~ laboratory bounds on neutrino oscillations are taken
0.06 1.23 X 10~20 2.06 X 10~!7 into consideration. This result holds regardless of the
0.07 1.14 X 10720 1.91 x 107" gravitational potential at the Earth’s surface. In particular,
0.08 1.06 X 10720 1.78 x 107V for massless neutrinos there is no allowed region of the
0.09 1.00 X 1072 1.68 X 10717 parameter space of the VEP mechanism which can explain
0.1 9.51 X 102! 1.6 x 107" all the experiments.
0.2 6.71 X 107> L13 X 107 If we admit the possibility of a nontrivial neutrino
8:2 451247‘2 i: }8,21 %zi }8*18 mass matrix, then all of the above experiments only
05 424 X 10-2! 712 % 10-18 put bounds on the VEP parameters. As discussed in
0.6 378 X 102! 6.5 X 1018 Ref. [8], in the expression for the neutrino oscillation
0.7 3.59 X 102! 6.02 X 10~18 probability in a two-flavor scenario the oscillation length
0.8 3.35 X 1072 5.63 X 10718 A is now a function of|¢|Af, Am?, and two mixing
0.9 3.16 X 1072 531 X 10718 angles, and the LSND experiment will limit a combination
1 3.00 X 1072 5.03 X 10718 of these parameters in the large oscillation region via

an appropriate generalization of Egs. (5) and (6). The
other experiments will provide further constraints on the
parameter space, and there will be some minithai®

hich is consistent with all empirical constraints. We
tend to relate details of this analysis in a forthcoming

range we find that the upper bound on fhigAf from
the E776 experiment is much less than the lower bound o:f:
|¢|Af as allowed by the LSND result. As a result there

. . aper.
does not exist any region of the parameter space of thi

VEP mechanism which can explain both the LSND resuItcol:.usr%;?(;?ﬁ,%hvgtehgﬂ\;eb;g?xn é?(ate:rrr?ehts's,h:llfl erse (S)ﬂlttthe
as well as the E776 experiment for €8s > 0.003. ) yexp

We now concentrate on the other reaions of the arameEOSSibi"ty of the VEP mechanism for neutrinos of degen-
. 9 - P erate mass (this includes massless neutrinos as well), pro-
ter space. The smallg region (for which|¢|Af is so

large that many oscillations occur within the experimental\./l.id.ed _mat;er-an?imatter gravitational uni.versality holds.
b ) . his situation arises because of the particular energy de-
eam length) sets in for the E776 experiment at . I . 27
pendence of neutrino oscillations in the VEP mechanism in
|plAf > 8.03 X 1077, (10)  combination with the differing neutrino energies employed
which is consistent with (7), and implies a bound of in each experiment. Such experiments therefore provide
: us with important new empirical information concerning
Sim26g < 0.003 (11) " the validity of the equivalence principle.
on the mixing angle. Thus, combining the allowed re- In the absence of other physical mechanisms for intro-
gions of the E776 experiment with the LSND result im- conversion of neutrino species, these results imply that
plies that both these experiments can only be explained byeutrinos must have different nonvanishing masses. A
degenerate mass neutrinos through the VEP mechanisnaturalness argument would then imply that if the gravita-
for very large|¢|Af > 1.35 X 107!¢ and for0.0029 < tional couplings ofv, andv, are the same, then the gravi-
Sif26s < 0.003. tational coupling ofv, should be equal to these, making
Even this marginally consistent result may be ruledthe VEP mechanism an unlikely candidate for a neutrino
out as follows. If we further argue that gravity couplesoscillation mechanism. Once we admit the possibility that
with matter and antimatter in the same way (so thaneutrinos are massive, there is little motivation to consider
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