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Abstract

In the minimal standard model it is possible to gauge any one of the following global symmetries in an anomaly free way:
() Le — Ly, (ii) Le — L or (iii) L, — L. If the gauge boson corresponding to (i) or (i) is (nearly) massless then it will show
up as a long range composition dependent fifth force between macroscopic objects. Such a force will also influence neutrino
oscillations due to its flavour-dependence. We show that the latter effect is quite significant in spite of very strong constraints
on the relevant gauge couplings from the fifth force experiments. In particulak.theL, . potential of the electrons in the
Sun and the Earth is shown to suppress the atmospheric neugrine v, oscillations which have been observed at Super-
Kamiokande. The Super-K data of oscillation of multi-GeV atmospheric neutrinos can be used to put an upper bound on
couplingaer < 6.4 x 1072 anda,,, < 5.5 x 10722 at 90% CL when the range of the force is the Earth-Sun distance. This is
an improvement by two orders on the earlier fifth force bounds in this range.
0 2004 Published by Elsevier B.@pen access under CC BY license.

The standard model is invariant under four global prevent mixing of different neutrino species and hence
symmetries corresponding to the baryon number and oscillations among them contrary to strong indications
lepton numberd., of the three familiesd = e, i, 1) from the solar, KamLand and atmospheric neutrino
of leptons. None of these symmetry by themselves experiments. Hence these symmetries must be bro-
can be gauge symmetries but there exists three com-ken in nature. The phenomenological consequences of
binations each of which can be gauged in an anomaly relatively heavy gauge bosons corresponding to these
free way along with the standagll (2) x U (1) group. symmetries have been discussed in [1,2]. Here we con-
These correspond [1] to (&, — L, (i) L, — L. or centrate on an alternative possibility corresponding to
(i) L, — L.. Recent experimental indications of neu- very light gauge bosons with typical masses corre-
trino oscillations lead us to conclude that none of these sponding to a range greater than or equal to the Earth—
three symmetries can be an exact symmetry of nature Sun distance. Such a scenario is strongly constrained
since exact conservation of the corresponding chargesby the fifth force experiments but it still has interesting

consequences in neutrino physics which we discuss.
For very light masses, the exchange of Bn—
E-mail address: ajoshipu@ictp.trieste.it (A.S. Joshipura). L, - gauge boson between electrons will give rise to
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a composition dependent long range force between ande,, < 1.2 x 10~ for A ~ 6400 km. The improve-
macroscopic bodies. A variety of experiments have ment in the bound on Earth-radius range fifth force is
been performed to look for such equivalence principle an improvement on the existing bounds [3] by more
violating long range forces [3]. Al(, — L, ) gauge than five orders of magnitude.

boson exchange between electrons will give rise to  The potential given in Eq. (1) is comparable or

a potential V(r) = ﬁT—ie*’mb where m;,, the gauge greater than theAT’"2 probed in various neutrino
boson mass determines the rangeof the force experiments,e.gég’z ~ (10712-10"14) eVin case of

A = 1/my. For composition dependent forces in the  the multi-GeV atmospheric neutrinos. Thus tg, .
Earth-Sun distance range the most stringent boundscan |ead to observable changes in the oscillations of
come from lunar laser ranging experiments [4,5] and the terrestrial, solar and atmospheric neutrinos. At the
from Earth based torsion balance experiments wheregry |east, these experiments can be used to put more
a search is made of a composition dependent force stringent constraints oa, . than the existing fifth

on torsion balance which would be in phase which force experiments. We illustrate this through a study
the diurnal rotation of the Earth [6]. The Earth and of the atmospheric neutrinos.

the Moon have differenZ composition and in the The observations of atmospheric neutrinos at
presence of a solar distante— L., potential caused  syper-Kamiokande have shown that thend?, pro-

by the electrons in the Sun, they will have different qyced by cosmic rays in the atmosphere are largely un-
acceleration towards the Sun. From the differential affected, whereas the, andp,, get converted partially
acceleration of the Earth—Moon system towards the tg . andy,, respectively [7]. The neutrino parameters
Sun and torsion balance experiments one can putfrom the Super-K data ardm3, = 2.8 x 1073 e\2

an upper bound of,. .y < 3.3 x 1070 for a Z
dependent force with the range~ 103 cm [3].

and Sirf 29,3 = 1 for vacuum oscillations. These pa-
: , ; - . rameters would get affected in the presence of the
The basic observation of this Letter is that in potential (1). For a small value f, ¢, (< 10-52)
. . . . en,t
spite of very stringent constraints @@y, the L. — 6 ggcillation probability observed in Super-K can be
L, . forces can significantly influence the neutrino reproduced by shifting\m?2 and Sirf 26,3 With in-
oscillations. This comes about due to the long range . aace inx,,. . the allowed parameter space becomes
nature and the flavour dependence of the potential ¢;\oi1er and finally at some no values of the
en,t
generated by the gauge bosons of the— L, parametersh 23, Sin? 2613 can fit the Super-K multi-

symmetry through thev, . — e elastic scattering.  Geyv muon neutrino event data [8]. This way we ob-
For example, the electrons inside the Sun generate 3ain a 90% CL upper bound af,, < 5.5 x 10-52 and

potentialV,,, . at the Earth surface which is given by Qer < 6.4 x 10752 on the couplings of the possible
N, YoMy 1 L.— L, andL, — L, gauge forces, respectively.

Vet = ep.t o = ep.t AU L. — L, gauge symmetry Thev, — v, oscillations
es " are governed by the evolution equation
(07
=33x 10 Mev| —£1 ), 1
x (3.3 % 10-50 @) 4 (v,
2 . dt \ V¢
wherea,, - = g, . /47 andg, . is the gauge cou- ) )
pling of theL, — L, . symmetry. The electron frac- —Afgf'& Cos Py3 i’g‘zf Sin 223
tion in the SunY, ~ (2/3), the solar massi, = N a2
1.12x 10°” GeV, the Earth-Sun distance AJ1.5 x F2SiNYp3  ZER Cos V3 — Vi
1018 cm = 7.6 x 10?® GeV ! and the nucleon mass )
m, >~ 0.939 GeV lead to the numerical value quoted X (V“) , (2)
T

above. The corresponding potential due to electrons
in the Earth of an Earth-radius range force is about 20 where the potentiaV,, is due to exchange af, —
times smaller. This means that the bounds ondhe; L. gauge boson. For anti-neutrinos the potential
established for solar-distance forces reduce by a factorin (2) will appear with a negative sign. The survival
20 for Earth distance forces i.ex., < 1.1 x 1050 probability of the atmospheric muon neutrinos can be



A.S Joshipura, S Mohanty / Physics Letters B 584 (2004) 103-108 105

. Multi-G
written as kebild
) 1.4
Coax . o AmSsL
Py = 1— Sin? 203Sin? —2~, (3) 1.2
4F, U
_ = 1
where the effective mixing angtes and mass squared  ~ o8
difference Arh§3 are given in terms of the corre- % °°
sponding vacuum quantities appearing in the Hamil- :{: 0.8
tonian (2) by the relations 1g.a
- . 1/2
A3y = Am35((6er — COS Bpa)? + SirP 2653) " 0.2
(4) -1 ~0.5 o 0.5 1
and Cos [Bzenith)
S'n2267 Sin2 2023 (5) Fig. 1. Observed mu-like events/MC in the multi-GeV energy. The
| 23= - s . . . . . _ 2 _ —3 . -1
(E2r — COS D22 + S 2073 solid line is a fit withere,, =0, Am3, = 3.9 x 1073, Sir? 20,3 =1

T _ The dashed curve is far,, = 5.5 x 10-22 with the same values
where the strength of the potential is characterized by o, Am%s and Sirf 263.

the parameter
_ 2Ver Ev

et =

(6) The multi-GeV data are presented as bins in energy
Am? and cosine of the zenith angle. We average over the
with V., given as in Eq. (1). Th&, survival proba- energy bins in our analysis. The theoretical prediction
bility is obtained from they, survival probability by for the mu-like events/Monte Carlo can then be written
replacingé — —¢ in the expressions (4) and (5). as

Note that there is a possibility of the resonant en- . L
hancement of the atmospheric neutrino mixing angle (p-like) (Cosd;,) = JAE Py @y + 1 PapPi)
due to the MSW effect generated B%,. This de- JdEy (@u+rPp)
pends on the sign &t and could occur either forneu-  where P,, and P;; are the survival probabilities
trino or anti-neutrino. Since the atmospheric flux con- and®,,(E,, Cost;) and®;; (E,, Cost;) are fluxes of
tains comparable fractions of both, this effect would the atmospherie,, andv,, respectively. We use the
get washed out and one still needs large mixing angle Fluka-3D flux given in [9] in our analysis. In (8)
to explain the atmospheric data as our detailed analy- is the ratio of the cross sectiomsy /o,y Which is
sis presented below shows. ~ 0.5[10]. In writing Eq. (8), we have neglected small

In Super-Kamiokande the neutrino flavor is identi- energy dependent of the relevant charged current cross
fied by the charged currentinteractign+- N — N’ + section given in [10].
I+ X (I =e, ). The outgoing muon or electron is We calculate the chi-square for the 10 zenith angle
identified by its characteristic Cerenkov cone. We use bins with Co®9, = (—0.9-09) as a function of the
multi-GeV and partially contained mu-like events data parametersAm§3, Sin? 20,3 for different values of
for 3 years of operation [8]. The ratio of the observed «,,. For «,; = 0, we find that the minimum chi-
mu-like events to the corresponding Monte Carlo data square is 82 and corresponds to the best fit values
[8] in the multi-GeV range £, ~ 1-100 GeV) is Am3, = 3.9 x 1073 eV?, Sirf26,3 = 1. In Fig. 2
shown as a function of the zenith-angle in Fig. 1. The we show the 90% CL allowed region when the long-
cosine of the zenith angle, C@sis related to the neu-  range force is taken to be zero (solid line). We increase
trino flight path-lengthL in (3) as aer in small steps and observe that tgé,  increases

2 2 1/2 from the « = 0 value, and the allowed parameter

L=((Re+h)?— RZSir?6;)”" — R, Cost;,  (7) space 0fAm3,, Sir 20,3 shrinks as shown in Fig. 2.
where R, = 6374 km is the mean radius of the Earth We find that whena,; = 6.4 x 10752 there is no
andh ~ 15 km is the average height in the atmosphere allowed parameter space which is consistent with the
where the neutrinos are produced. Super-K observations of muon-neutrino events in the

. (8)
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Fig. 2. L, — Ly gauge symmetry: allowed values ﬂfm%s and
Sin? 2653 at 90% CL witheer = 0 (solid curve)eer = 4 x 102

(dashed curve) andwe; = 5 x 10752 (dotted curve). For
aer = 6.4 x 10752 there is no allowed parameter space/ofi3,

and Sir?2023 which is consistent with the Super-K atmospheric
neutrino data.

multi-GeV energy range. From this we derive the
upper bound om,; < 6.4 x 10722 at 90% CL.

L. — L, gaugesymmetry Thev, — v, oscillations
are governed by the following evolution equation

when the long range potential arise from the exchange

of theL, — L, gauge bosons.

i L (v
dt \ vr

Am?2 Am? .
23 23
— 2L, CosPrz— Ve L, Sin 253
Am? . Am?
23 23
L Sin 223 a5 Cosdr3

Vi
X ( o, ) . 9)
The expression for they, and thewv, survival
probabilities are identical to (3)—(5) witt., replaced
with —V,,. Therefore, the survival probabilities of
v, andv, in case of theL, — L, and theL, — L,
symmetry satisfy the following relations:

PML(Ver) = Pﬂﬂ(_Ver) = PML(_Ve/L) = P[L;l(veu)-
(10)
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Fig. 3. L, — L, gauge symmetry: allowed values nfm§3 and
Sin? 2653 at 90% CL withaer = 0 (solid curve)a,,, = 4 x 10752
(dashed curve) andv,, = 5 x 10752 (dotted curve). For
aey = 5.5 x 10752 there is no allowed parameter spacerohZ,

and Sirf 2023 which is consistent with the Super-K atmospheric
neutrino data.

Using the same procedure as discussed above we
find that in case of thé., — L, symmetry, the upper
bound on the coupling constantds,, < 5.5 x 1072
(Fig. 3).

We have concentrated here on the— v, oscil-
lations andu-like events at Super-K. In general, the
ve — v, oscillations would also get affected by the
presence of the additional potentials considered here.
When thev, — v, oscillations are governed by the so-
lar scale, the survival probability of the atmospheric
electron neutrinos is nearly one. Addition of poten-
tial tend to only suppress the, — v, oscillations
and one would not get any bound from the study of
the electron-like events at Super-K. There would exist
some limited ranges of parameters where these oscil-
lations would be resonantly enhanced due to the con-
tribution fromV,,, .. Such parameter space would any
way be ruled out from the non-observations of the at-
mospheric electron neutrinos.

While we concentrated on the atmospheric neutri-
nos, Am2,/2E in case of the solar neutrinos is not
significantly larger than the value of the potential in
Eqg. (1) and the parametérin Eqg. (6) can become
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comparable to cogolarfor the upper bound o,
found here. This would effect the effective solar mix-
ing angle both inside the Sun and at the Earth. Thus
the L. , . would be expected to produce observable
effects on the solar neutrino oscillations also.

Let us now give a possible example of the theoreti-
cal generation of the oscillation parameters in the pres-
ence of theL, — L, , symmetry. We choose a specific
case of thd., — L, symmetry. Without specifying un-
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of the atmospheric neutrino problem. The presence of
m11, mo breaks this symmetry and generates the split-
ting required to explain the solar neutrino oscillations.
It is interesting to note that although we need very
light gauge bosoiz, with typical massMz, < 4.8 x
1022 MeV corresponding to the radius of the Earth,
we do not need to fine tune the symmetry breaking
vev (¢’) to such an extent. This follows sindéz, ~
g:(¢’) and sinceg; < 8.9 x 1026, a value of(¢’)

derlying mechanism, we assume that neutrino massesin few GeV range would still keep/z. very light.

are generated by effective five-dimensional operators
constructed from the standard model fields and an ad-
ditional Higgs double®’ having theL, — L, charge
—1. The gauge invariance of the model implies the fol-
lowing structure:
L 1T 1%
"T2 M
X [ﬂlg(lZC‘Ez‘Ealr) + ﬂzz(llC‘L’z‘L’alM)]
T a
:—2L|:7¢ t;; ¢ ﬂlz(leTC‘L’z‘L’alM)
'T a i/

+ %ﬁll(lchzf”le)], (11)
where M is a high scale associated with the physics
generating the above operators, e.g., scale of the
right handed neutrinos in the seesaw model. We have
suppressed Lorentz indices in writing above equation.
C refers to the usual charge conjugate mattixp
the leptonic doublet aneb, 7, (a = 1, 2, 3) act in the
SU(2) space.

Eq. (11) generates the following neutrino mass
matrix
mi1 mi1z2 m13
M, = <m12 mo2 O ) . (12)
miz O 0
The m;; are proportional tg3;; and can be read
off from Eq. (11). In the exact symmetry limit corre-
sponding to{¢’) = 0 the above mass matrix describes
a Dirac neutrino with mass3 and a Majorana neu-
trino with massny2. These remain unmixed and there
are no neutrino oscillations. A non-zef¢’) leads to
the required mixing and mass splitting. If parameters
B and relevant vacuum expectation values (vevs) in
Eq. (11) are chosen to give a hierarohy; < m2s <
m12 ~ m13 then the above mass matrix displays an
approximateL, — L,, — L, symmetry. This symme-
try is known [11] to lead to the successful explanation

Likewise, theZ — Z; mixing 0z_z, ~ ACARPNIN
remains very small and does not lead to observable
effects such as shift in the mass.

There is a possibility that the electrons in the Sun
can be screened by cosmic anti-neutrinos which may
have somehow been trapped in the Sun. It can be
shown that [12] that this possibility is ruled out due to
neutrino Fermi blocking as follows. The leptonic po-
tential in a matter with constant electron dengityat a
radiusR from the center i€/ = a; (47 /3)n.R2. Anti-
neutrinos trapped in this potential execute a harmonic
oscillation with frequency = (o787 n./3m,)Y2. In
a state with quantum number the amplitude of the
oscillation is(R?) = « /(myw) = k (3/8ramyne) /2.

If all the levels up-tox are occupied then the total
number of trapped degenerate neutrinas,is= «3/6.
For the electrons to be completely screened this num-
ber must equal the electron number which will occur
at the radiusReq = «/(8n,)Y/3. EquatingReq with
R, to eliminatex we find that the expression for the
radius at which neutrinos completely screen the elec-
trons is given by

>1/6

ESK

Takingn, ~ 1076 cm=2 as the electron density in the
Sun andn, < 1 eV, we find that the screening length
iS Req > 6.8/(10°%x1)Y/? pc, which far exceeds the
radius of the Sun. Therefore even if there existed a
mechanism for trapping a large anti-neutrino density
in the Sun, Fermi statistics of the neutrinos prevents a
screening of the electrons unless the matter has a size
of a few parsecs.

Anti-neutrinos outside the Sun can also contribute
to screening the long range potential. The possible
density of galactic neutrinos is limited by Fermi statis-
tics to ben, ~ p3 ., ~ m3vd,. The Debye screening

3

apnty

1

8mn,

(13)
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length is given by [13hp = (4naLm§vesa_1/2. Tak- [5] J. Muller, et al., in: Proc. of 8th Marcel Grossman meeting on
ingm, < 1eV and esc~ 220 knys we find that.p > General Relativity, Jerusalem, 1997.
6.7/(1052aL)1/2 mpc which far exceeds the Earth— [6] B.R. Heckel, et al., in: Advances in Space Research, Proc. of

. . 32nd COSPAR Scient. Assembly, Nagoya, 1998.
Sun distance. We conclude therefore that the screening [7] Y. Fukuda, et al., Phys. Rev Letty 82 (9193;9) 2644

leptonic force due to solar electrons by cosmic anti- Y. Fukuda, et al., Phys. Lett. B 388 (1999) 397;
neutrinos is negligible. Y. Fukuda, et al., Phys. Rev. Lett. 85 (2000) 3999.

We conclude that the atmospheric neutrino obser- [8] J. Kameda, in: K.-H. Kampert, et al. (Eds.), Proc. Int. Cosmic
vations at Super-Kamiokande enable us to put bounds __ Ray Conf., Hamburg, 2001, vol. 3, 2001, p. 1162.

n lond ran ivalen rinciple violating for [9] G. Battistom, et al., hep-ph/0207035.
on long range equivalence principie violating forces [10] T. Kajita, Y. Totsuka, Rev. Mod. Phys. 73 (2001) 85.

which are two orders of magnitude more stringentthan [11] r. Barbieri, et al., Phys. Lett. B 445 (1999) 239:

the corresponding bounds from the classic fifth force A.S. Joshipura, Phys. Rev. D 60 (1999) 053002;

experiments. A.S. Joshipura, S.D. Rindani, Phys. Lett. B 464 (1999) 239;
A.S. Joshipura, S.D. Rindani, Eur. Phys. J. C 14 (2000) 85;
H.S. Goh, R.N. Mohapatra, S.P. Ng, Phys. Lett. 542 (2002)
116;
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