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Constraints on large extra dimensions from neutrino oscillation experiments
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The existence of bulk sterile neutrinos in theories with large extra dimensions can naturally explain small
4-dimensional Dirac masses for the active neutrinos. We study a model with 3 bulk neutrinos and derive
various constraints on the size of the extra dimensions from neutrino oscillation experiments. Our analysis
includes recent solar and atmospheric data from SNO and Super-Kamiokande, respectively, as well as various
reactor and accelerator experiments. In addition, we comment on possible extensions of the model that could
accommodate the LSND results, using natural parameters only. Our most conservative bound, obtained from
the atmospheric data in the hierarchical mass scheme, constrains the largest extra dimension to have a radius
R<0.82 um. Thus, in the context of the model studied here, future gravitational experiments are unlikely to
observe the effects of extra dimensions.
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I. INTRODUCTION ile.” However, the KK states do not completely decouple
from the system: there are mixings between them and the
The substantial body of theoretical work done on modeldowest lying, active neutrinos. Thus they can participate in
with large extra dimensiond.ED’s) has provided us with neutrino oscillations, acting effectively as a large number of
new insight on some old problems. Even though the originakterile neutrinos. The implications of this picture have been
motivations were mostly related to the question of gaugestudied in a number of papér2—6].
hierarchy{1], various other applications have been found and The recent experimental results of the SNO Collaboration
studied. Among these is an explanation for small but non{8], in conjunction with the data from Super-Kamiokande
vanishing neutrino mass¢g]. In the more traditional sce- [9], have yielded strong constraints on the contribution of
nario with a large energy desert between the scales of eleany sterile state to the solar neutrino anomaly. Motivated by
troweak symmetry breaking and grand unification, the smalthe new data, we have reexamined the phenomenological
Majorana masses can be easily generated through the seeseawnistraints on models with extra-dimensional neutrinos. We
mechanism. In the models with LED’s, however, this is nothave considered the bounds coming from reactor and accel-
possible, since physics at energy scales well above a TeV isrator experiments, as well as measurements of fluxes of
no longer described by a renormalizable quantum fieldsolar and atmospheric neutrinos. We have studied a model
theory. There is, however, an alternative mechanism. In thegel, 5] with 3 bulk neutrinos which have Yukawa couplings to
models, all the standard mod@&@M) particles, including left-  the 3 active brane neutrinos. We will refer to this model as
handed neutrinos, have to be confined to a 4-dimensionahe (3, 3) model, where the first integer corresponds to the
subspacd3-brang inside the full space-time. On the other nhumber of brane neutrinos and the second is the number of
hand, if an SM singlet fermiorisuch as the right-handed bulk neutrinos. Unlike most previous studies, we are consid-
neutring is present, it can propagate in more than four di-ering the situation in which the dominant effects for the solar
mensions. The large volume of the extra dimensions leads tand atmospheric neutrinos are oscillations amongst the three
a suppression of the wave function of this fermion on theactive states, with oscillations into the sterile KK excitations
brane, which in turn allows small Dirac neutrino masses taegarded as a perturbation to be constrained by the data. This
be generated naturally. This point contributes positively toframework, which is motivated by the SNO and Super-
wards a comparison of the models with LED’s with those ofKamiokande data, allows us to obtain simple analytic results
the traditional energy desert paradigm. throughout the analysis. We emphasize that the principal role
From the four-dimensional point of view, a higher- of the extra dimensions in this case is to provide a natural
dimensional SM singlet fermion can be decomposed into #ramework for small Dirac neutrino masses.
tower of Kaluza-Klein(KK) excitations. These states do not  In this paper, we will assume that the manifold on which
have SM charges, and can therefore be classified as “stethe extra dimensions are compactified is highly asymmetric,
with one dimension much larger than the rest. Unlike most
collider, astrophysical and cosmological bounds, which are
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largely independent of the compactification manifold’s shapgonents of the bulk fermions, which from the four-
and only constrain its volume, the analysis of this paper willdimensional point of view appear as sterile neutrinos.
yield bounds on the size of the largest dimension. The Throughout this paper, we will assume that one of the
bounds we obtain are sufficiently tight to rule out the  dimensions is compactified on a circle of radiRsvhich is
context of the model considered hgedfectively the possi- much larger than the sizes of the other dimensions. In this
bility that the near-future Cavendish type experiments willcase, only the KK excitations of the bulk neutrinos corre-
observe a signal for large extra dimensions. Although thisponding to the largest dimension will be relevant at low
conclusion clearly depends on the assumed properties of trenergies, and our treatment will be essentially five-
neutrino sector of the theory, we note that Be 3) model  dimensional. Apart from its simplicity, this model is interest-
seems to be the simplest and most natural way to incorporatag for the following reason. LED’s could be discovered by
small neutrino masses in theories with LED'’s. Cavendish type experiments which search for deviations of
Along with the solar and atmospheric neutrino anomaliesthe gravitational force from Newton’s law at short distances.
evidence for neutrino oscillations has been reported by thét present, these experiments probe distances of order 0.2
Liquid Scintillation Neutrino DetectofLSND) experiment mm/[11], and sensitivities of order 0.05 mm can be achieved
[10]. The LSND results cannot be accommodated within then the near futurg12]. If the compactification manifold is
minimal (3, 3) model without the introduction od hoc  symmetric, astrophysical constraints on the radii of the extra
parameters, such as brane Majorana masses. We propose tdimensions imply that these sensitivities will not be suffi-
extensions of th&€3, 3) scheme which can address these re-cient to detect a sign4ll3]. However, the astrophysical and
sults, using only the natural parameters of the model. Thether high-energy constraints primarily restrict trmumeof
first proposal introduces two new sterile states, one on ththe extra dimensions, while the Cavendish type experiments
brane and the other in the bulk. Thus, this model is of theare sensitive to the size of tHargestdimension. Thus, in
(4, 4) type. The second proposal uses an additional LED of anodels with highly asymmetric compactifications, such as
different radius, in which a sterile bulk state is sequesteredthe one we are considering, these experiments still have a
The paper is organized as follows. In the next section, wehance of observing deviations from Newton'’s law. Unfortu-
describe our setup and introduce the necessary notation. Timately, the constraints obtained in this paper indicate that
motivation behind our analysis as well as our approach anéven this possibility may be already ruled out, if the neutrino
choice of parameters are discussed in Sec. lll. Section \$ector of the model has the properties assumed in our study.
discusses constraints on the model from reactor, accelerator, As we will see below, the simple setup described here
atmospheric, and solar data. We present our results in theannot accommodate the positive result reported by the
context of the hierarchical, inverted, and degenerate madsSND neutrino oscillation experiment. In Sec. V, we will
schemes. In Sec. V, we address the LSND results and outlingropose two simple extensions of this setup that might be
the aforementioned proposals for accommodating them. Owapable of explaining the LSND result.
conclusions are presented in Sec. VI.

B. The (3, 3) model

Il. FORMALISM AND NOTATION From the 4-dimensional point of view, the 5-dimensional
A. General setup fermion ¥ can be decomposed into two Weyl fermions,

L . . . . Th i f th lis gi
As required in theories with LED’s, we will assume that and e action of the model is given by

the standard modd&BM) fields, including the three families _ _

of left-handed neutrinos{* («=e,u,7) and the Higgs dou- 5=f d*xdy iq’“rAéA‘I’aﬁLJ d*x(i viy,0t v
bletH, are confined to a four-dimensional brane, while gravi-

tational fields propagate in a space-time with 2 additional +N,pH vyB(x,0)+H.c), 2

compactified dimensions of volumé;. The fundamental
gravitational scale of the higher-dimensional thedy is _ . . . .
whereI',,A=0,...,4 are thés-dimensional Dirac matri-
ggnerally taken to be close to the weak scale to solve the S No'?e that this action conserves lepton number: in par-
hierarchy problem. To reproduce the measured strength (ffe I d t introd Mai ; t,h left-
four-dimensional gravity at large distances, we require icufar, we do not introduce Majorana masses for the fe
' handed neutrinos. The Yukawa couplings,; have

M2=MS+2y (1) dimensions of (mass)’?. Since the only mass scale in the
Pl oo problem at this point isMg, we introduce dimensionless
- Yukawa couplings via
whereMp=2x 10" GeV is the reduced Planck mass.
We postulate the existence of three families of SM singlet h o=\ M2 @)
bulk fermions¥¢, which can propagate in4¢J dimensions. af— TaBTIF
Yukawa couplings ofV  to the left-handed neutrinos on the
brane give rise to masses for active neutrino species whicWe will assume thah,,z are of order one.
are naturally of the right size to accommodate the solar and Let us decompose the 5-dimensional fermighs; into a
atmospheric neutrino anomalies. The same couplings lead tower of KK statesw,(_rf)R, n=—o ..., It turns out that
mixings between the active species and the higher KK comeertain linear combinations of the KK states are completely
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decoupled from the left-handed neutrinos, and therefore need mP 0 0
not be considered. The states that do couple are given by b
v2mP 1R 0

20 = ya(0). M= B 9)

To complete the diagonalization, we need to find infinite-
dimensional matricek andR such thatRTM L; is diagonal;
then, the mass eigenstates are given LQy=LTvL, Tk
(W= \/—(¢a(n)+ gf"), n=1.. .. (4 =RI'vy. In this paper, we are primarily interested in the
decomposition of the flavor-basis brane neutrino stafein

In this notation, the mass terms resulting from E2).take  (€'MSs of the mass eigenstates. These are given by

the form 3 .
=2 |air§0 LY (10)

0= SO ), =1

PrON (2 e B 4 2 a4y e
5) The easiest way to fint is to observe that it has to diago-
nalize the Hermitian matri# ™M, and therefore consists of
The Dirac mass matrix is given by its eigenvectors. This procedure was performed in Refs.
[2,3,5. The component of that enters Eq(10) is given by

Mos=hap(Me/Mp), 6)
where v=(H)=246 GeV, and we have used E@J),

(Mé\/5)1/2=|\7p|/|\/|F (note that the KK modes have a heres = JZmPR. anda(M? he e | ‘th
refactor proportional to/;%?), and Egs.(4). If Mg/M wheres; = y2m;'R, and\{* are the eigenvalues of the ma-
P prop > as.(4) PP Pl trix RZMTM, which are found from the equation

<1, as is natural in models with LED’s, the common scale
of Dirac masses is well below the electroweak symmetry -

breaking scale even for order-one Yukawa couplings. For Ni— Egizcol( i) =0. (12
example, with Mg~100 TeV, and 0.¥h,z<1, Dirac
masses of the active species will coincide with those required
by the solar and atmospheric data. This is the hlgher

2
1+ w212+ 201 &

(LP")2= (12)

The mass of the modd™ is simply given byx("/R. Simi-

dimensional version of the seesaw mechanism. arly,

Diagonalization of the mass terms in E&) can be per-
formed in two steps. First, we find>33 matricesl andr kn_ Kei on (13)
which dlagonallze the Dirac mass matmmD—r mP| : )\i(”)z_kZ '

=diagm} ,my ,m3). We define
wherek=1 ... andn=0...%

vE=19yl; Since our philosophy will be to consider the effects of
extra dimensions as small perturbations on top of the oscil-
pa(n) — airi(n) n=0 - lations amongst zero modes, we will be mostly interested in
R R 1 LA 1 D . N
the case wher® *>m;, that is, the limit of small;. In
Vﬁ(n):rai VI/_i(n), n=1 .. .. (7) this limit, we find
The transformation of theL(”) by re' greatly simplifies the NUS i 1- m° 4. .. Loo 1— —§
problem by leaving the second term in E@) diagonal. : J2 12~ ' :
Then, Eq.(5) takes the form
3 _ )\i(k):k+i§i2 c, L= §'+...
> VM +H.c. ®) 2k k
|:
gi é:l
where ko_ _ 2Ly .. kk—1 — ..
Li ko Lisleo gt (14)
V(_IZ(V Vlr_l(l) /|(2)’ '”)T,

andL*=0(&?), wherej#k=1 . ... A quantity of crucial

vR= (v @ pp@ 0@ T interest is the probability of finding a neutrino of flavérin
a beam that was born with flaver and has traveled a dis-
andM; is an infinite-dimensional matrix given by tanceL. This probability is given by
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Pas(L)= |Aa,B(L)|21 oscillations amongst the active brane states, and allows one
to put constraints on their mixings with the sterile KK states.

3 In the model proposed by Dvali and Smirn8], the

Aa,e(l-):izl [T1A* A(L), (15  solar neutrino deficit is explained by the oscillations 1§
into the KK excitations of the bulk neutrino of the same
whereE, is the energy of the beam, and flavor. The other active flavorgy* and v/, play no role.(In

the language of Sec. Il B, this correspondsltb=1, |2
=1%3=0.) It is immediately obvious that this model is in
contradiction with the SNO data: it predicts that no non-
electron active neutrinos should be observed in the solar flux.
Similarly, the probability forv,, to oscillate into sterile neu- To accommodate the data, it is necessary to introduce non-
trinos is zero mixing among the active neutrinos.
Motivated by the SNO data, we will take the following
3. approach. We assume that in the limit in which the sterile
Pas(L)=2, 2 [Baigol? (17 KK neutrinos are decoupledR(—0 limit) the oscillations
amongst the remaining active species provide a good fit to
where the solar neutrino data. To be specific, we assume that the
large mixing angle MSW solution to the solar neutrino prob-
oz A2 lem, which provides the best fit to the ddtd], is correct.
Buigg=1"> L?“Lik”eXP<i : ) (18 We fix smZ,= omZ,;=(m2)2—(mP)2=3.7x10"5 eV? and
n=0 take the mixing matrix elements to bE'=cospg, 1°?
=sing, with tarf3=0.37. (Varying these parameters over
their allowed ranges does not significantly affect our conclu-
sions) Furthermore, we will assume that the atmospheric
Ill. LED STERILE NEUTRINOS AND SNO: MOTIVATION neutrino anomaly observed by Super-Kamiokand@] is
AND CHOICE OF PARAMETERS also due predominantly to the oscillations between the active

The flux of solar neutrinos has been measured by sever&P€ci€s ¢, v;). This assumption is supported by the
collaborations using independent experimental techniquednalysis of the neutral-current-enhanced events, the zenith
[14]. The observed flux is consistently lower than the predic-2ngle distribution, andr-appearance candidates in Super-
tions of the standard solar mod&SM) by a factor of two to ~ Kamiokande[18], and by the zenith angle distribution ob-
three, depending on the spectral sensitivity of the experiServed by MACRQ19], which strongly disfavor the possi-
ment. The most elegant explanation of this deficit is provided?!lity that the anomaly is due to,, v oscillations. A good
by the hypothesis of neutrino oscillations. The neutrinos profit to the Super-Kamiokande data is obtained if we choose
duced in the Sun are in the flavord) eigenstate. If this state the mixing between, andv. to be maximal, and the mass
is a nontrivial superposition of the mass eigenstates, some &Plitting | 6m,,| =|sm3,/=3x10"% eV Finally, we (gen-
the neutrinos would change flavor on the way to the Eartherally) choosed® to be 0 because of the strong constraint on
Because the terrestrial experiments are predominantly senghis matrix element provided by a combination of atmo-
tive to electron neutrinos, this effect leads to a suppression gipheric neutrino data and reactor experiments. With these
the measured fluxes. choices, the only remaining free parameters are the radius of

Until recently, the experimental data could be explainedhe extra dimensiork and the absolute scale of the Dirac
either by an oscillation of, into other active species,, or ~ Masses. For the latter, we will consider three possibilitiBs:

v,, or by its oscillation into a sterile neutrino sector, denotedthe“hierarchical” mass schemey? ~0, mg>m3 , implying
by vs. However, the best fit was for oscillations into active m5 =~ (ém2,,)*>~0.055 eV andn; ~ (smZ,)*?~0.006 eV,
neutrinos, especially when the Super-Kamiokande day-nigh2) the ‘“inverted” mass scheme,m>~0, m~m}>
and spectrum information was includ¢€l]. The case has ~(sm?, )¥?~0.055 eV; and?3) the “degenerate” schente,
recently been greatly strengthened. The SNO Collaboratiopith mP~m>~m>~1 eV, where the common value has

[8] has unambiguously demonstrated the presence of Nolleen chosen to be close to the cosmological limit-df4 eV
electron active neutrinos in the solar flux. Moreover, the totabn the sum of the light neutrino massi29]. In the next

flux of solar neutrinos implied by SNO and Super- section, we will present experimental constraints on the ra-
Kamiokande data is in excellent agreement with the SSMjius R in each of these three schemes.

any) of the solar neutrinos get converted into sterile speciesyat it allows us to obtain simple analytic results throughout
In our framework, there are three active species, namely

the left-handed brane neutrinog’. These states can mix

both among themselves and with the excited KK states of the2the original motivation for the degenerate scheme, i.e., mixed

bulk neutrinos,»{. The bulk neutrinos do not carry any hot-cold dark matter models, has now largely disappeared, but it is

SM charges, and therefore are sterile. Thus the SNO da#iill a logical possibility. Note also that this scheme requires a fun-

indicates that the solar neutrino deficit is primarily due to thedamental scalé ¢ larger than 100 TeV.

o (n2
AL)=> (Lion)zexp(i)\' - . (16)

n=0 2E,R?

R2/’

14

Of course 25 _1P,4(L) + P s(L)=1.
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TABLE I. Upper bounds orR (cm) at 90% C.l. and the corresponding lower bounds dd ®V) from
various measurements.

Experimental bounds

Experiment Hierarchical Inverted Degenerate
(cm, eV) (cm, eV) (cm, eV)

CHOOZ (9.9<1074,0.02) (3.3¢107°,0.60) (1.8<10°8,10.9)

BUGEY none (4.%10°5,0.46) (2.4<1075,8.3)

CDHS none none (510 6,4)

Atmospheric (8.X10°°5,0.24) (6.10°°,0.32) (4.8<1075,4.1)

Solar (1.0<10°3,0.02) (8.9<10°°,0.22) (4.10°5,4.1)
the analysis, making the underlying physical picture quite o — cos¢X
transparent. A more complete approach would be to fit the P (L)~ 2|12, ( L1 +0(&%, (20
data allowing all the parameters of the mod8l Dirac i k=1 2

masses, 3 mixing angles, 1 Cabibbo-Kobayashi-Maskawa o _
(CKM) phase and the radius of the extra dimensi®nto ~ where the oscillation phase is
vary, and then obtain bounds &by marginalizing over the

other variables. The resulting bounds would necessarily be (A2 e 5o
less restrictive than the results of our present approach. How- b= ? ~ ; — 2E (21)
ever, as we explained above, current experimental data dis- v v

is convenient to evaluate the probabilities numerically,
eping only a finite number of terms in the sums in @)

or Eqg. (20). (The oscillation probability into thé-th KK
state is suppressed ly 2 for largek.)

For the CHOOZ experiment, the distance from the reactor
to the detector i ~1 km, and the neutrino energiés,
range from about (+6) MeV. The ratio of the measured
flux to the no-oscillation Monte Carlo prediction reported by

Having stated our approach, we will use the formalismCHOOZ, R =1.01+0.028(stat}- 0.027(syst), implie’
developed in the previous two sections to derive constraints
on the radius of the extra dimensiddfrom a variety of Ped(L)>0.942 [P.s<0.058 (22)
sources, such as reactor and accelerator searches for neutrino
oscillations and solar and atmospheric neutrino flux measureat 90% C.I. Taking an average vall¢E,~300 m/MeV,
ments. We will next consider each of these constraints irwe obtain the following 90% C.I. constraints on the radius of
turn. the extra dimension{l) in the hierarchical schemet,

<0.43, corresponding to B~0.02 eV;(2) in the inverted
A. Reactor and accelerator experiments scheme¢;~ ¢,<0.13, 1R>0.60 eV; and3) in the degen-
CErate schemes ~ &,~£3<0.13, 1R>10.9 eV. We present

dominant role for either solar or atmospheric neutrinos. Thi
implies that the results presented here should provide a go
first approximation which could then be refined by a more
systematic analysis.

favors the possibility that oscillations into sterile states play 3;3

IV. EXPERIMENTAL CONSTRAINTS ON R FROM
NEUTRINO OSCILLATION DATA

Large fluxes of anti-electron neutrinos are produced a Il the corresponding upper bounds Bnin Table I. The

nuclear power reactors. If the flux can be either prec_ilcte onstraints in the inverted and degenerate schemes are quite
accurately or measured by a nearby detector, measuring ﬂée

ve flux at a certain distancé from the reactor gives the scheme. There are two reasons for this. First, sigce

electron neutrino survival probabilitf.(L). Several ex- 2 .
) . =v2mR the same bound ofiresults in stronger bounds on
periments, such as CHOO21] and Bugey{22], have uti .R if the active neutrinos are heavy. Secondly, with the pa-

lized this approa_ch to s<_aarch for neutrino OSC'"at'Qns' The.'rrameters of the CHOOZ experiment, the phases of the oscil-
results are consistent with no oscillation hypothesis, that i

ﬁ’ations into the first few KK states are small in the hierarchi-

bit stronger than in the, perhaps more natural, hierarchical

Pee(L)=1. . I .
The electron neutrino survival probability is determined Iczirgé?s:éCsiﬁgt?gﬁss;lr;gsiebﬁC;Irlggl(ljr:si'x-:—:gsh'gher modes have
by Eq.(15), '

2

, (19 3These results and similar ones throughout the paper are obtained

by the conservative method of assuming a Gaussian distribution for
o Ped(L) in the physical region &P.(L)=<1, using the central
where A; is given by Eq.(16). For 1°=0 and the values yajue and uncertainty frorfR but renormalizing so that the total
chosen for themP, P.f(L)~1—Pc{L). For the case of probability for finding any value oP.(L) in the physical region is
small ¢ that we will be primarily interested in unity.

PedL)=

3
;1 [1€112A(L)
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These results were obtained numerically using @),  The resulting constraints are of the order1 and are not

but it is instructive to discuss the approximate form(#), competitive with bounds from neutrino disappearance ex-

which yields almost identical results, even in the hierarchicaperiments. For the degenerate scheme the oscillation phases

mass scheme. In the hierarchical case, could be substantial even for low-lying modes, but because
of unitarity cancellations the resulting oscillation probabili-

1—cos¢§ ties are severely suppressed, and no useful bound can be

(23 obtained(The cancellations appearing in this case are analo-

gous to those discussed in Sec). V.

K i Another accelerator experiment, LSND, has reported evi-

The lﬁhasesab2 of the first few KK states are not large, so the yonce for neutrino oscillations. We postpone the discussion

cos¢, terms must be kept. We have verified that integratingys this result until Sec. V.

over the neutrino enerdy, , which smooths the oscillations,

gives results almost identical to using the averhgg, . In

PedL)=2sifB¢2>, (

k=1 k2

the inverted and degenerate cases,dkg are large and the B. Atmospheric neutrinos
COS¢'§‘2 average to zero. Sincé;~§, in these cases, one  The Super-Kamiokande experimgaf] has measured the
finds Peg L)~§§w2/3. fluxes of electron and muon neutrinos produced in the atmo-

Our assumptioh®3=0 yields the most conservative limit. sphere by cosmic rays. While the flux of electron neutrinos is
Relaxing this assumption would result in more stringent lim-well described by a Monte CarldMC) simulation based on
its because * P.(L) would receive new positive contribu- the no-oscillation hypothesis, the muon neutrino flux devi-
tions ~|1%%|2(2+ (72/3)£3), where the two terms are respec- ates significantly from this prediction. In particular, the flux
tively due to oscillations into active neutrinos and into theof up-going muon neutrinos is suppressed in comparison
third KK tower. with the down-going flux. The data, including the corre-
The analysis of the Bugey experiment is very similar. Thesponding zenith angle distribution, is consistent with the hy-
results are presented in Table |. Because of the small distang@thesis that on their way through the Earth the up-going
between the reactor and the detector in this experiment, it ig1uon neutrinos undergo oscillations that convert them into
not possible to put significant bounds Brin the hierarchic  »,’s. (An alternative possibility ofv,— v oscillations is
scheme: oscillation phases are substantial only for very higitrongly disfavored18].) Fitting the data within the two-
KK modes, but the mixings of those modes with the activeflavor scheme vyields the mass differendém3,~3
neutrino are severely suppressed. In the other two mass10 2 eV?, and the mixing angl@,s~ /4 (maximal mix-
schemes, the bounds are similar to CHOOZ, although someng).
what weaker due to a lower precision of the flux measure- For the case we are considering, the oscillationvpf;
ment. into sterile KK states will involve large oscillation phases
Neutrino oscillations can also be searched for at acceleraand therefore lead to a suppression of the overakhnd/or
tors, where beams of muon neutrinos can be produced. The, fluxes that is independent of the zenith angle. The Super-
CDHS experimenf23] at CERN has searched for the disap- Kamiokande Collaboratiofi 7] have included the possibility
pearance of muon neutrinos from a beam with average eref suchL/E,-independent flux changes in their analysis to
ergyE,~3 GeV by measuring the ratios of the numbers oftake into account the theory uncertainties in the absolute and
events in two detectors at 130 and 885 m from the sourceelative flux calculations. However, their results can also be
The negative results of this experiment can, in principleused to constrait./E -independent oscillations into sterile
yield bounds orR. However, for theL/E, range of the ex- states, provided the theoretical uncertainties in the fluxes are
periment we obtain significant bounds only for the degenerproperly included.
ate scheme. Averaging over the neutrino energies in the The best-fit values of the Super-Kamiokande ddt@),
CDHS range and comparing with the measured ratio, wassuming av,«< v, analysis, suggest that there is a slight
obtain the constraint that R/must be greater than around 6 overall excess in the ratio of the measured to the central
eV, with a small allowed window around 4 eV. Because ofvalue of the simulated number of events. The data also yield
the imprecise nature of the degenerate solution, we just quot deficit for the ratio of thei-like to e-like events, assuming
1/R>4 eV. the same two-flavor analysis. In the analysis of the T4
More recently, the CHORUR4] and NOMAD[25] Col-  the overall excess and the deficit mentioned above are pa-
laborations have searched for appearanceof tau neutrinos  rametrized bya=0.034+0.25 andB,= —0.059+0.08, re-
in a beam originally composed of, . The non-observation spectively, where the observed sub-GeMandv,, rates rela-
of tau neutrino events has led to strong bounds on the prohive to the number expected for no oscillations into sterile
ability of v,— v, oscillations, of ordeP< 10~%. Unfortu-  states are
nately, this constraint does not put significant bound€kon

With the parameters of these experiments, the phases of the [ =(1+a)|1- &)

oscillations into the first 10—100 modes are small in hierar- Ve 2

chical and inverted schemes. For higher modes, the oscilla-

tion amplitudes are of ordef’/n?, since the KK mode has

then to oscillate back inte. to be detected. Thus, the cor- fo=(1+a)|1+ Bs 24)
responding probability is severely suppresseg;~ E4n?, Y 2)
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The subscrips refers to the fact that this value is obtained
from the sub-GeV events, which yield the most stringent 2 P(ve—v,)=0.62+0.21,
constraints. We have assumed that the errors are dominated T
by the theoretical flux uncertainties. Quantitatively, the ex-

perimental results imply P(ve—vs)=0.0830.21,

1 P(ve— ve)=0.30+£0.05 (28

—a= 5Py = r) T Pre—ry)] @9 for the probabilities for an initiaPB neutrino in the SNO—
Super-Kamiokande energy range to oscillate infq v, or

and a sterile state, or to remainig,, respectively. This leads to
Bs=P(ve—v9)—P(v,—vy). (26 P(re=vs)<0.40 @9

. at 90% C.I.(The corresponding limit would be 0.41 usin

In what follows, we use the one-sided 90% C.I. UPPETihe older crcgss sectior)sp 9 g

boundﬁ Or?._ @ aﬂ.d ilﬁs to derlr\l/e our ﬁonstrglnts. , To compute the fluxes of solar neutrinos, we need to take
In the hierarchica mzisas(k?c eme, the active neutrinos Prepyg account matter effects in the Sun. In vacuum, the flavor-

dominantly mix with thex™, sinceéz>§,, §~0. Since  basis active neutrino states can be decomposed into the mass

1#3=0, this mixing can only occur for the muon neutrinos, eigenstates according to

decreasing their flux compared to the best-fit value; the elec-

tron neutrino flux remains unchanged. Equati@f) implies 50 .
that at 90% C.1., ve=2, 2 UV, (30)
P(v,—vs) = P(re—vs)<0.17. (27 [This is just Eq.(10) of Sec. Il B; we have dropped the

S o _ o subscriptL to avoid cluttering and defined (P =1L ] In
Thus, ignoring thes, OSZC"'at'O”S: and in the limipz>1, we  matter, an additional, flavor-dependent effective mass term is
obtain P(v,—vg)=&m%6<0.17, which yields R  generated for active neutrino species. The decomposition

>0.24 eV. (30) is modified by this effect

In the inverted mass scheme wiih~ &,=¢ and £3~0, .
two KK towers, 71® and 720, contribute to the oscilla- b =SS ymeie) (31)
tions. Both electron and muon neutrinos can mix with these e By L LU

states, so both fluxes are reduced. It turns out that the sup-
pression is more significant for the electron neutrino, so Weyvhere 7 (" and UT™ are respectively the eigenstates and
derive our constraint from the upper bound Bo. Again,  mixing matrix elements in matter. These of course depend on
assuming the phase energy averaging, we Mftte—vs)  the matter density, and therefore change as the neutrino trav-
=2P(v,—vy)=¢7/3. Thus, £7%/6<0.1, which yields g|s through the Sun. We assume that neutrino propagation is
1/R>0.32 eV. adiabatic, that is, the fraction of each of the mass eigenstates
Finally, in the degenerate mass scheme, Witlr £,~£&3  in the beam remains constant. This is an excellent approxi-
:g, all three KK towers can mix with the active neutrinos mation for the |arge mixing ang|6_MA) solar neutrino pa-
with an approximately equal strength. In this case, the oscilragmeters that we are usin@4,26. Since all the phases as-
lations into the KK states suppress the electron and muoBociated with solar neutrino oscillations are large, we can
neutrino fluxes by theame amountin this case, we use Eq. neglect the interference effects between the matter eigen-
(25) to find (L/2) P(v,—vs) + P(ve—15)]<0.39, at 90%  states. Then, the oscillation probability is given by a simple
C.l. We have P(v,—vg)=P(ve—vs)=E7%3, where formula[26]
phases are energy averaged. This yigjés?/3<0.39 and
hence 1IR>4.1 eV. As we can see, the bounds from the B ~iy pyin)
atmospheric data are quite stringent. These results are sum- P(ve— Vf)‘% P(ve—vm™) P =)
marized in Table . '

C. Solar neutrinos :izr; U PuEYP. (32

As we already discussed in Sec. lll, the results of the .
SNO Collaboratiorf8] make it unlikely that oscillations into  In this equation and below;{" andU™™ are evaluated at
sterile KK neutrinos play a major role in explaining the solarthe neutrino production point in the core of the Sun, and we
neutrino deficit. In particular, combining the SN®] and have assumed that the neutrino flux is measured in the
Super-Kamiokandg9] results, and using the new SSM esti- vacuum(as is the case for solar neutrinps.
mate of the flux of®B neutrinos[15] that incorporates a The values of the mixing angleu;g}(“) in Eq. (32) can be
recent more accurate measurement of {Be(p,y)®B reac-  computed exactly if the neutrino energy and electron and

tion [16], one obtains neutron densities in the region of the Sun where the neutri-
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nos are created are known. This in turn depends on the nunmg between the pairs to account for the LSND results. How-

ber and properties of the Mikheyev-Smirnov-Wolfensteinever, the simplest versions, in which the pairs consist of ei-

(MSW) resonancef26] passed by the neutrino on its way to ther (a) (ve,vs) and (v, ,v,), or (b) (ve,v,) and (v, ,vs),

the vacuum. are now excluded by the solar and atmospheric data, so that
For the energies of th8B neutrinos observed by Super- the partners of the, and v, would have to be mixtures of

Kamiokande and SNO, an MSW resonance can only occuand v,. The alternative 3-1 (or 3+ p, with p>1) scheme

for mass-squared splittings less than about “@V2. involves three closely-spaced active neutrifsimilar to the
Hence, in our case, resonant conversion is only possible béxerarchical, inverted or degenerate scherseparated from

The higher mass states, which are mainly the sterile Kkoscillations are therefore a sub-leading effect involving the
excitations, do not undergo resonant conversion and are littlgixing of bothv,, andv, with the sterile state. Such schemes
affected by matter effects for the masses required by thare strongly disfavored because it is difficult to obtain a large
reactor and atmospheric data. Thus, there is only one res@nhough effect for LSND while still respecting the reactor and
nance to consider. We will assume that all solar neutrinogcceleratow, andv,, disappearance constraints, but are still
observed by SNO and Super-Kamiokande cross this resdarely possible.

nance, and that for all of them the propagation through the Although the(3, 3) model contains KK states of mass
resonance is adiabatic, which are excellent approximations'1 €V in the hierarchical scheme for large mode numbers
for the large mixing anglgLMA) parameter region. The k~100, transitions among the active states are suppressed by
electron neutrino mixing angles in the core of the Sun ardhe smallness ofl®| (so far set to zeoand sm? for the
then active states, as well as by theklfactors in the mixing.

oY 2 oY 2 - - Even allowing|1®3|~0.2, calculations based on our formal-
U O2=0, [URY2=|UQ2+|UQ?, (33  ism still fall an order of magnitude short of the central value
for P(v,— ve) quoted above. The inverted and the degener-
ate schemes result in roughly the same or even smaller prob-
abilities. In generic 3-1 or 3+ p schemes the rate is simply

. o proportional to the fourth power of mixing anglés, i.e.,
small-<£ expansions of the vacuum mixing angléd), allow - = 5 5 )
us to estimate the sterile component of the solar neutrin& (¥« Ve) *6es8,.4. However, in our model there are can-
flux. For example, in the hierarchical mass scheme, cellations between the two KK towers so thRv,— v,)
| &5~ &517=4|6mZ,R%? (or [1%912|6m5,R%|? for 19+ 0).
Thus, there are no enhancements from the larger Dirac
masses in these schemes, and &sannot be larger than in

(34) the hierarchical case because of other constraints.
Hence, it seems that an extension of {Be 3) model is

The experimental bounB(ve— v5)<0.40 at 90% C.I. then needed in order to address the LSND results. Several authors
implies 1R>0.02 eV. The analysis in the other two mass[7] have considered the introduction of Majorana masses of
schemes is analogous except tR{ve— v) = m2¢5/3, im-  unknown origin for the brane states. In the following, we
plying 1/R>0.22 eV (inverted schemeand 1R>4.1 eV  propose two other extensions that seem to provide the nec-

with all the other matrix elementd™™ being equal to their
vacuum values.
Formulas(32) and (33), together with Eq.(17) and the

2
P(ve—vg)=1— E P(ve—v,)= %(1+sin2,8)§§.

a=eu,T

(degenerate schemeThese results are shown in Table I.  essary ingredients to accommodate the LSND data. We give
only simple estimates of the effects. To determine whether
V. THE LSND EXPERIMENT these extensions can indeed provide a consistent explanation

_ - _ of all neutrino oscillation data requires a more careful study,
The LSND experiment has searched fgy— ve oscilla-  which is outside the scope of the present work.

tions and reports an excess®fevents, corresponding to an

oscillation probability P(v,— ve)=(0.264£0.067 A. The (4, 4 model
*+0.045)% [10]. Similar results are obtained far,— ve.
The data suggests that the oscillations occur for 0.2 eV
<6m?’<10 e\?, with the lowersm? values favored by the
nonobservation of an oscillation signal in the KARMEN ex-
periment[27]. Thus, it seems that mass scales~of eV
must be present in any model that attempts to describe thf m
LSND results. In particular, one must introduce a fourth neu-
trino to account for LSND as well as the solar and atmo-
spheric results, and this must be a steriledue to the con-

straint on the number of light active neutrinos from the Where\ is a coupling analogous %, in Eq. (2), andvy is
width [28]. Many authors have analyzed such four-neutrinothe right-handed component bif. Note thatM is the only
schemeg29]. The best fits are obtained in the so-called 2natural choice for the mass scale. Introducing a dimension-
+2 schemes, in which there are two closely spaced pairs dess Yukawa coupling=AM 22 and performing the KK de-
states, with the pairs separated byl eV and a small mix- composition ofv, we obtain mass terms of the form

Consider two extra sterile neutrinos, denotedNvyand
v}, residing in the bulk and on the brane, respectivefyis
left-handed. A mass term that couples these two states is
consistent with all the symmetries of the theory. It has the

Lmase AMev v3(x,0) +H.c., (35)
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— S Ae(L)=2(m2)?(— s Cr+C SR)(CLCrF S SR)
mgl 1O+ 2> S | +H.c., (36) re
n=1 2 ) 2 )
) ) X Pll_ F) Rl_ P22_ F) R2 y (40)
where the mass scale is given by
M2 wheres| g= sinB_r, and similarly forc, . This is easily
F . .

me=h—. (37)  generalized to the three-family case that can accommodate

Mp atmospheric neutrino results. Thus, itis clear thatithe v,

oscillation rates can be enhanced compared to(8e3)

For Mg~100 TeV andh~1, this mass scale is in the 1 to model. However, a full investigation of this proposal is be-
10 eV range. Thus, the scale required to account for thgond the scope of this paper.

LSND results has been obtained without any fine-tuning, us-
ing only the natural parameters of the theory. Note that the
symmetries of the theory also allow the brane Yukawa cou-
plings betweenv} and the active left-handed neutrine§, In this paper, we have studied neutrino oscillations in the
which will lead to mixings between the active species andcontext of theories with LED’s. In particular, we focused on
the fourth sterile KK tower. It seems plausible that the solara 5-dimensional model with three active brane and three ster-
atmospheric and LSND results could be accommodated site bulk neutrinos, coupled to the 4-dimensional Higgs field.
multaneously in this framework; however, a more carefulThis setup yields small Dirac masses for the active species,

VI. CONCLUSIONS

analysis is clearly called for to verify this. in addition to a tower of sterile KK neutrinos. An attractive
feature of this(3, 3) model is that it does not introduce any
B. Two large dimensions ad hoc parameters, such as small 4-dimensional Majorana

masses. With an extra dimension of radRjghe lightest KK
"heutrinos have massesl/R. Our approach was based on the
assumption that a three-flavor analysis of the data provides
. . the best fit for the observed oscillations, and we have treated
verted and degenerate schemes the rate is proportional fRe effect of the LED as a perturbation. Hence, in our treat-

2 2 2 2
|§2__ &? or ||,63|2|§3_§2|2 rather than|&,|* or [1%%]%|&,]". ment, the Dirac masses are taken to be much smaller than
This cancellation can be traced to the fact that all of the bU|k1/R.

neutrinos propagate in the same large dimension. The can- The recent solar neutrino data from the SNO Collabora-
cellation could pe broken in the case in vyhich there are WQion, in conjunction with the results of the Super-
or more extra dimensions of unequal radii. In the following, k smiokande experiment for atmospheric neutrinos, signifi-
we consider a simple phenomenological model in which thgany constrain the size of the effect of sterile states on the
three bulk neutrinos each propagate in only one extra dimenso|ar neutrino deficit. In particular, models based solely on
sion, of radiiR;, R,, and R, respectively, where two or 5ctive-sterile oscillations, as in RdB], are now ruled out.
more of theR; may be different. We make no attempt 0 Thjs fact motivated us to determine what bounds the new
construct a full model or derive all of the constraints, for our y5t4 place on the contributions of KK sterile states to neu-
goal is only to illustrate a possibility. trino oscillations. Since these sterile states originate in the
One can then show that in the limit when th&lare all  extra dimensions, we obtained constraints on the Riz#

large compared to the Dirac massey , the amplitude the largest of the extra dimensions. In addition to the new

As discussed above, the small rate expected for LSND i
the canonical3,3) model is due to a cancellation between
the contributions of two KK towers, so that even in the in-

A, e(L) in Eg. (15) becomes solar data analysis, we also performed analyses of reactor,
2 accelerator, and atmospheric data. TBe3) model studied
A (L)=|— W_::TJF Zp=t| +... (38) here cannot accommodate the LSND data. However, we pro-
ﬂ 6 o] ] | Ll 3

posed two natural extensions of this model to address the
LSND results. One is &, 4 model with two extra sterile
WhereEE\/EmDR, mP is the analog of the Dirac mass ma- neutrinos, one on the brane and another in the bulk, which
trix in Eq. (6), R is the 3X 3 matrix diagR,,R,,R3), andthe can yield a 3+1, or, less naturally, a 22 four-neutrino
matrix P is given by scheme. These are phenomenologically similar to four neu-
trino schemes obtained in other theoretical frameworks,
2l yielding equally good or poor descriptions of the data. How-
P= 2 — (39 ever, there are no Majorana masses, so there is a conserved
k=1 Kk lepton number and neutrinoless double beta decay is forbid-
. s . N D_ 1t d den. The other extension uses two LED’s of unequal radii, in
with ¢*=[(k°L)/(2E,)]R™“. Writing m”=I"mpr, where  each of which a bulk neutrino is sequestered. We provided
mg=diag(m?,m3 ,m3) is diagonal, we see thah,.(L)  estimates of the effects in these two cases and concluded that
does not vanish fom?~m} provided that the left and right the LSND results seem to be accommodated in our propos-
unitary matricesl and r are not equal. As a simple two- als, although a more careful analysis is warranted.
family example withl andr given by rotations with angles In this paper, we have concentrated on constraints from
B and Br, respectively, one finds laboratory, solar and atmospheric neutrino oscillation experi-

ue
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ments. There are also complementary constraints from cogven stronger. On the other hand, the currently discussed
mology and astrophysics. In particular, the degenerat€avendish type experiments have sensitivities only of order
scheme may be excluded by consideration of big bang nus0 xm, and an improvement of two orders of magnitude
cleosynthesis, cosmic microwave background radiation, angiould be necessary to reach the region allowed in our model.
diffuse extra-galactic background radiatif80], but the hi-  Thus, to the degree that tii®, 3) model is a natural context
erarchical and inverted schemes are consistent. There afg small Dirac masses in theories with LED’s, our analysis
also potentially very strong limits on all of the schemes com-gyggests that neutrino oscillations seem to rule out the pos-

ing from the constraints on the energy carried away by th&ipjlity of observing the gravitational effects of the extra di-
sterile KK modes from deep inside a supernova core. Qualimensions in the foreseeable future.

tative estimatef31] concentrating on a single family suggest
that the constraints may be considerably stronger than those
in Table I. A more detailed study would be very useful.
Bounds on the model considered here can also be derived
from studying the effects of KK neutrinos in electroweak Itis a pleasure to thank J. Bahcall, T. Kajita, C. Lunardini,
processe$6]. and A. Pierce for useful communications and discussions.

Our main results are contained in Table I. These are to bél.D. is supported in part by the Department of Energy, under
interpreted as constraints on the size of the largest of thgrant DE-FG02-90ER40542. P.L. is supported by the W.M.
extra dimensions, regardless of their total number. If, a&eck Foundation at the Institute for Advanced Study and by
seems plausible, the pattern of masses in the neutrino sectibre Monell Foundation, and by the Department of Energy
is like those of the other fermionic sectors, and hence hiergrant DOE-EY-76-02-3071. M.P. is supported by the Direc-
archical, the strongest bound comes from the atmospherior, Office of Science, Office of High Energy and Nuclear
neutrino data and requird®to be less than about 0.gm. Physics, of the U.S. Department of Energy under Contract
The bounds in the inverted and degenerate mass schemes &&-AC03-76SF00098.

ACKNOWLEDGMENTS

[1] N. Arkani-Hamed, S. Dimopoulos, and G.R. Dvali, Phys. Lett. [14] For recent analyses, see G.L. Fogli, E. Lisi, D. Montanino, and

B 429 263 (1998; I. Antoniadis, N. Arkani-Hamed, S. Di- A. Palazzo, Phys. Rev. B4, 093007 (2001); J.N. Bahcall,
mopoulos, and G.R. Dvalibid. 436, 257 (1998. M.C. Gonzalez-Garcia, and C. Pena-Garay, J. High Energy
[2] K.R. Dienes, E. Dudas, and T. Gherghetta, Nucl. PBfS7, Phys.08, 014 (200); P. I. Krastev and A. Y. Smirnov, Phys.

25(1999; N. Arkani-Hamed, S. Dimopoulos, G.R. Dvali, and Rev. D65, 073022(2002.

J. March-Russell, Phys. Rev. &b, 024032(2002. .
[3] G.R. Dval :md AY SymirnO\\; Nucl, Phy§(5632)63 (1999 [15] J.N. Bahcall, M.H. Pinsonneault, and S. Basu, Astrophys. J.
[4] R.N. Mohapatra and A. Per;ez-Lorenzana Nucl. PIB&Z6, 555, 990(2001); J.N. Bahcall, M.C. Gonzalez-Garcia, and C.

466 (2000; B593 451 (2001). Pena-Garay, hep-pH01150.
[5] R. Barbieri, P. Creminelli, and A. Strumia, Nucl. Phgs85 ~ [16] AR. Junghanet al, Phys. Rev. Lett88, 041101(2002.
28 (2000. [17] Super-Kamiokande Collaboration, Y. Fukuefaal, Phys. Rev.
[6] A. loannisian and A. Pilaftsis, Phys. Rev. B2, 066001 Lett. 81, 1562(1998; T. Kajita, Nucl. Phys. B(Proc. Supp).
(2000. 100 139 (2009); and (private communication
[7] See, for example, A. Lukas, P. Ramond, A. Romanino, and 18] Super-Kamiokande Collaboration, S. Fukueteal, Phys. Rev.
G.G. Ross, Phys. Lett. B95, 136(2000; K. Agashe and G.H. Lett. 85, 3999(2000); T. Toshito, hep-ex/0105023.
Wu, ibid. 498 230 (2001); D.O. Caldwell, R.N. Mohapatra, [19] MACRO Collaboration, M. Ambrosiet al, Phys. Lett. B517,
and S.J. Yellin, Phys. Rev. B4, 073001(2002; C.S. Lam, 59 (2001.
ibid. 65, 053009(2002. [20] X. Wang, M. Tegmark, and M. Zaldarriaga, Phys. Rev(t®
[8] SNO Collaboration, Q.R. Ahmasdt al, Phys. Rev. Lett87, be publishell astro-ph/0105091.
071301(20012). [21] CHOOZ Collaboration, M. Apolloni@t al., Phys. Lett. B466,
[9] Super-Kamiokande Collaboration, S. Fukwetaal, Phys. Rev. 415(1999.
Lett. 86, 5651(2001). [22] Bugey Collaboration, Y. Declaist al., Nucl. Phys.B434, 503
[10] LSND Collaboration, A. Aguilaret al, Phys. Rev. D64, (1995.
112007(2009; C. Athanassopoulost al, Phys. Rev. C58, [23] CDHS Collaboration, F. Dydakt al, Phys. Lett.134B, 281
2489(1998. (1984.

[11] C.D. Hoyle, U. Schmidt, B.R. Heckel, E.G. Adelberger, J.H. [24] CHORUS Collaboration, E. Esket al., Phys. Lett. B497, 8
Gundlach, D.J. Kapner, and H.E. Swanson, Phys. Rev. Lett.  (2002).

86, 1418(2001. [25] NOMAD Collaboration, P. Astieet al., Nucl. Phys.B611, 3
[12] J.C. Long, H.W. Chan, and J.C. Price, Nucl. Php5839, 23 (2002).

(1999. [26] A detailed discussion and review of matter effects is given in
[13] S. Cullen and M. Perelstein, Phys. Rev. L&®3, 268 (1999; T.K. Kuo and J. Pantaleone, Rev. Mod. Phgs, 937 (1989.

C. Hanhart, J.A. Pons, D.R. Phillips, and S. Reddy, Phys. Lett[27] KARMEN Collaboration, M. Steidl, Nucl. Phys. BProc.

B 509 1 (2002. Suppl) 100, 188(2001).

105015-10



CONSTRAINTS ON LARGE EXTRA DIMENSIONS FROM . .. PHYSICAL REVIEW B5 105015

[28] See the combined analysis of the LEP Collaborations ALEPH, 073007(1999; V.D. Barger, B. Kayser, J. Learned, T. Weiler,

DELPHI, L3, and OPAL; the LEP Electroweak Working and K. Whisnant, Phys. Lett. B89, 345(2000; V.D. Barger,
Group; and the SLD Heavy Flavour and Electroweak Working D. Marfatia, and K. Whisnant, Phys. Rev. Le88, 011302
Group, hep-ex/0112021. (2002.

[29] For recent discussions, see M. Maltoni, T. Schwetz, and J. W30] K. Abazajian, G.M. Fuller, and M. Patel, hep-ph/0011048; H.S.
Valle, Phys. Rev. 055, 093004(2002; M.C. Gonzalez-Garcia, Goh and R.N. Mohapatra, Phys. Rev.6B, 085018(2002.

M. Maltoni, and C. Pena-Garay, hep-ph/0108073; S.M. Bilen-[31] R. Barbieriet al. [5]; A. Lukaset al.[7].
kii, C. Giunti, W. Grimus, and T. Schwetz, Phys. Rev.6D,

105015-11



