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Majorana neutrino, the size of extra dimensions, and neutrinoless double beta decay
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The problem of the Majorana neutrino mass generated in the Arkani-Hamed—Dimopoulos—Dvali model with
n extra spatial dimensions is discussed. Taking into account constraints on the neutrino masses coming from
cosmological observations, it is possible to obtain lower limits on the size of the extra dimensions as large as
10 ® mm. In the case ofi=4 it is easy to lower the fundamental scale of gravity from the Planck energy to
the electroweak scale-1 TeV without imposing any additional constraints. A link between the half-life of
neutrinoless double beta decay and the size of extra dimensions is discussed.
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Theories and models with additional spatial dimensionghe model introduce other branes, which exist parallel to
have drawn much attention during recent yeaee, e.g.[1]  ours, as well as other particles which can be found in the
and references therein for a recent revie@uch ideas have bulk. The possible interactions of our brane with these ob-
their source in the works of Kaluza and Klein, who showedjects lead to a lot of interesting phenomena. To mention some
in the 19204 2,3] that adding a fifth spatial dimension allows €xamples from neutrino physics, one may find in the litera-
us to unify Maxwell's and Einstein’s theories, and obtain inture not only discussions of neutrino gravitational interac-
this way a common description of electromagnetic and gravitions[9], masses and mixing patter[i0], oscillations[11],
tational interactions. The theory of Kaluza and Klein hadsterile neutrino$12], but also, e.g., unification schends].
been proven to be wrong and therefore the idea of extr&mong others a naturally small Majorana neutrino mass can
dimensions has been unpopular until the development of thee generated.
string theory. The latter, which is now treated by many physi- The first goal of the present work is to compare this mass
cists as a very promising replacement for quantum fielgvith the newest theoretical and experimental limits, which
theory and a step in the right direction towards a theory ofllows us to set constraints on the sizes and number of extra
everything, requires for consistent formulation many moredimensions. First, we take into account the limits on neutrino
spatial dimensions than just three. What is more, new multimasses coming from astrophysical observations and obtain
dimensional objects, called branes, emerge from this theorgertain values of compactification radii of extra dimensions
in a natural way. Recent models suggest that our observableé the ADD model. The second goal is to establish a link
Universe could be embedded in such brane, which in turfPetween the physics of extra dimensions and theory of neu-
floats in higher dimensional bulk, possibly interacting with trinoless double beta decay. As is well known, the half-life of
fields that populate the bulk as well as with other branesthis exotic nuclear transition heavily depends on the masses
Such a setup gives completely new possibilities of solvinggnd mixing of neutrinos, so the second source of constraints
many important issues, such as the problem of hierarchgomes from the newest data from the neutrinoless double
among fundamental interactions and the smallness of theeta decay experiments.
neutrino mass. In the ADD approach the standard model is localized on a

At present, there are two main approaches to the probleffiree-dimensional brane which is embedded into a
of extra dimensions. One of them, the Randall-Sundrun{4+n)-dimensional space-time. The additional spacelike
model, is based on five-dimensional background metric sodimensions are often referred to as betransverseto our
lutions[4,5]. This geometric approach allows us to solve thebrane. This construction has its origin in the more general
generalized Einstein equations. Another formalism, thestring theoretical setting with possibly more complicated ge-
Arkani-Hamed—Dimopoulos—Dval(ADD) model ([6—8]  Ometry. For our purposes it is enough to assume that all the
and references therginhas more phenomenological bases,extra dimensions are characterized by a common Rjz&o
but explains in an easy way the observed weakness of gravibat the volumeV,, of the space of extra dimensions is pro-
tational force. It also solves the hierarchy problem by lower-portional toR". One of the basic relations is the so-called
ing the gravitational scale from the Planck energy in (3reduction formula which can be obtained using, for example,
+1) dimensions to the electroweak scatd TeV inn ad-  the generalized Gauss law. It reaflsd] M3,~R"M5"™",
ditional dimensions. It assumes further that from all knownwhere Mp, is the Planck mass and, is the true scale of
interactions only gravity feels the extra dimensional spacegravity, which we want to set somewhere around 1 TeV. The
The volume of extra dimensions, in which graviton cancoordinates are denoted By*,y™}, whereu=0-3 labels
propagate, suppresses the observed strength of gravity. Tiige ordinary space-time coordinates ane1-n labels the
whole standard modelSM) is confined to a 3-brane on extra dimensions. What is more, we identfy-y+27R,
which we live. Various modifications and improvements ofthat is, we compactify the extra dimensions on circles. From

now on we will drop the indiceg. andm for simplicity.
Assume that our brane has coordinatesO} and that
*Electronic address: mgozdz@kft.umcs.lublin.pl there is another brane located {at',y, }, separated from
TElectronic address: kaminski@neuron.umcs.lublin.pl ours by the distance=|y, | in the transverse dimensions.
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We assume furthdrl4,15 that lepton number is conserved possible, that is, set=R. Now, using the reduction formula
on our brane but maximally broken on the other one. Theone can rewrite Eq(3) in the form
breaking occurs in a reaction where a partiglevith lepton
. . - 2(1—-n)/ 2
numberL=2 escapes the other brane into the bulk. This Myaj~v 2RI DOF2MEE=VF24 (R (4)

particle, called themessengermay interact with our brane

and transmit to us the information about lepton numbeland_ deduce the _S'ZE of extra d_|men5|ons Imposing con-
breaking. straints on neutrino mass, coming from other sources, for

To be more specific, let us introduce a fieki_, located example, cosmological observations, neutrinoless double

on the other brane, whose vaccum expectation valee) bets dec?’ » or netut(;mo osmlllat!onl eéperlm?'nfé 17 tak
breaks the lepton number. What is more, it acts as a source ecently reported cosmological observatig 7 take

for the bulk messenger fiejd and “shines” it everywhere, in Into account, among others, redshifts of galaxies, the micro-
particular also on our brane. We introduce a lepton doublet mzvgibaé;%roﬂﬂgé%ilar?t?]nes?s/pzr:i zﬂperens?ﬁgiﬁng; :QL?-
and a Higgs field? localized on our brane. They can interact rino rgasseg of all flayvors ot to excggd few &¥(m.).
with the messenger, and the interaction is given by the fol- v/

=<1 eV.
lowing action[15] Imposing this condition on Eq3) leads to a set of con-

straints for the possible size of extra dimensions. Putting in
M:‘lsi“t~f d*x (P x(X'",Ys) numbers: v?=(174 GeVY~102eV?, Mp~1028eV,
1ev 1~10"m, and using the explicit forms for the
propagator, we obtain interesting boundsRin
+f d*xa(Ih*)2(x) x(x,0). () Two additional dimensiongn=2). For light messenger
particle we obtain bounds from above.Rim =0.1, we get
The first part ofS™ describes the process which takes placeR<1.8<10™*° eV *~10"2mm.  Similarly for Rm,
on the other brane and the second one represents the inter0.01, the bound is even strong&<4.7x10 *® eV’l
action with SM particles, proportional to some numerical~10‘22 mm. If the messenger is heavy, due to exponent in
constanta. The strength of the shinegdis in a natural way the denominator ofA, we obtain bounds from below For
suppressed by the distancébetween branes, and therefore m, —1 keV, they turn out to b&r>1.5x10 2 eV 1~1.5

one can write for the messenger X 10 mm. Newton’s law has been recently checked down
to around 0.1 mni18]. The distance of 10° mm is still out
(X)=()An(r), (2)  of range for the currently planned tabletop experiments, but
R may be reached in the next generation of projects. It shows
whereA(r) is then-dimensional propagator, that this case may be promising. For heayjehe limit goes
down and takes the values fam,=1 MeV, R>1.15
x10°°eV 1~10° mm and for m =1 GeV, R>8
S e N e X100 V1107 m
” Three additional dimensior(®=3). For light messenger,
The explicit form of the propagator reads performing a similar analysis gives U8<0.01 mm. For
heavy x particle we can use the fact thRm, must be at
—log(rm,)  (rm,<1) least equal to one, which impli€g<1.4 mm. None of these
(1) | Cm cases is excluded and the distance 0.01 mm may be explored
dyrm, (rm,>1 in not very far future.
o Four and more additional dimensiof{®#=4). The case
1 (rm,<1) of four extra dimensions and a light messenger is an excep-
n=2(1)~ e "™yr"2 (rm,>1), tional one:my,~v?R°Mp"R™2 because the dependence

on R is lost. Explicity we obtain myg;
and one sees that it depends on the number of extra dimer-10°2R?(10?®) "*R™? eV=10® eV. One should stress
sions, the distance between branes, and the mass of the mésat this result for the neutrino mass is in agreement with all
senger. This feature will be used later. After substituting Eqexperimental facts known nowadays. An arbitr&ymplies
(2) into Eq. (1), writing the Higgs field in terms of its vew, also an arbitrary value d¥1, which can be calculated from
and identifyingl with v, we arrive at a mass term of the the reduction formula. For example, fbf, =1 TeV the size
Majorana form mMajv[vL with the mass given approxi- of extra dimensions needs to He~10 8 mm, which is
mately by quite reasonable. The case of hegvyloes not provide any
additional constraints, namely, we gem, > —13.8. Simi-
Myaj~ va(r)/MZ‘l. 3 larly for more than four dimensions we obtailR
>10 % eV so all what we can say is only that these cases
This is the original relation given by the authors[itb]  are not excluded.
and it is useful if one wants to set thé, scale to a certain It is desirable to compare the just obtained numbers with
value, such as the electroweak scale. However, another apxisting constraints oR coming from different sources than
proach is possible. Let us place the second brane as far agutrino physics sources. One of the most restrictive bounds
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comes from supernova and neutron star da@-23 and Since the mixing among neutrino mass states is not
cosmological model$24,25. Altogether, the newest limits known exactly, we are forced to simplify our picture a little
are[21] R<1.5x10 " mm for (n=2), R<2.6x10 °mm  bit. Using results from the CHOOZ experimdi&7,28 we
for (n=3), R<3.4x 10 ®mm for (n=4). We note first that get the constrainfUZ|<0.037-0.017, depending on the
all of them present bounds from above, which means that fomixing pattern considere@dwo- or three-neutrino mixing It
heavy messenger we may encounter a contradiction with thignplies that the contribution coming fromn; may be ne-
results from previous section. glected. The remaining masses are nearly degeng?&ie
Forn=2 and a light messenger particle our constraintsand we can approximaten,~m;. Denoting the relative
are significantly stronger, with difference of at least 13 orderphase between the two flavors I, we obtain mie: [1
of magnitude. Such striking result may either be considered- sir2(26g,.,)sir?(¢1/2)]Jm3. The currently favored large
as highly improbable or shed new light on the astrophysicajixing angle solution for solar neutrino problem sets the
and cosmological models used to derive the previous conyajye of sif(26s,,) between 0.3 and 0.9@0] which may
straint. For a heavy, m,=1 keV, we have obtaine®R introduce a huge uncertainty. Fortunately, in the final formula
>10"° mm while the previous results weRe<10"" mm. It this uncertainty is heavily reduced. If we assume 6&
may seem that this case should be excluded. However, no§mmetry is not violated, we have to sét, either to 0 or

that it is enough to lower the total mass of neutrinos by onez/> The latter case is of course more interesting and we will
order of magnitude&&m,<0.1 eV to get an agreement. Due gtjck to it.

to high uncertainty of neutrino absolute masses it sounds nder these conditions we are now legitimate to replace

reasonable to treat this case on equal footing with the resg, \yith Mya; and link in this way the half-life of 82,3 with
Another way to overcome this problem is to increase thesize of extra dimensions. We obtain

mass ofy to 10 keV and treat 1 keV as the absolute lower
limit for it. For even heaviey our results are complementary
to previous bounds, placing between 10°~10 7 mm and
10 *2-10"" mm for m,=1 MeV andm,=1 GeV, respec-
tively. In the casen=4 and lighty, R<10™'°mm implies  wheremy,; is given by the relatior(4). The experimental
M, to be of the order of 10-100 TeV, which still is low values established by the IGEX Collaborati@i] are
enough to solve the hierarchy problem of particle physics.
The remaining cases do not provide any additional bounds to
the previously known cases.

The presence of extra dimensions will surely influence the
results of sensitive experiments. In this Brief Report we in- On the other hand, the Heidelberg-Moscow Collaboration
vestigate the impact of extra dimensions on half-life of neu{32] gave a best fit value for the effective neutrino mass
trinoless double beta decay. (m,yy_m=0.39 eV so in our calculations we set this param-

Neutrinoless double beta decayy@B) is a process in eter to 0.4 eV. Putting in numbers and expanding the formula
which a nucleus undergoes two simultaneous beta decay6) using Eq.(4) we arrive at the following relation:
without emission of neutrinosA(Z,N)—A(Z+2N-2)
+2e". It requires neutrino to be a Majorana particle, so thatth 3n—150/(n+2)p2n(1—n)/(n+2) -2
two neutrinos emitted in beta decays annihilate with eacr-1r1’2>K109 R ARy @
other. It is readily seen that this process violates the lepton
number by two units, thus is forbidden in the framework of Here, the uncertainty factor satisfies 0.74 x<1.17. As an
SM. As a matter of fact, 23 has not been observed, but example, we take a closer look at the two special cases:
the nonobservability sets valuable constraints on the shape 6f2 with heavy messenger amd=4 with light messenger.
nonstandard physics. We would like to stress that the following discussion is valid

Ignoring the contributions from right-handed weak cur-only under our assumptions, i.e., we live in a brane world,
rents, the half-life of @28 can be written in the forni26] generate neutrino masses in the ADD model, neglect the in-
(T1p) ~t=M(m,)2/m3, where M is a nuclear matrix ele- fluence ofms, and treat the remaining ones as nearly degen-
ment which can be calculated within some nuclear mode€rate. Keeping this in mind, for the limiting case=2, m,

T&?2~(1-17_ 1-8)T§/X2pt<mv>§xpt/m§/|aj ' (6)

TISF*>1.57x10%° y, (m,)gex=(0.33-1.35 eV.

(such as the bag model or nonrelativistic quark mpaed =10 keV, formula (7) simplifies to T),> xx 10%%exp(2
m, is the electron mass. The so-called effective neutrino<10°R) y, with R<1.5x 10" mm. The result is presented
mass(m, ) is defined by the relation in Fig. 1 together with the bound from the experiment. One

sees that with increasing size of extra dimensions, the half-
life explodes exponentially. Therefore, the possibility of es-
tablishing T4/, in experiment will set precise constraints on
physics of extra dimensions. It is visible from Fig. 1 that the
whereU is the neutrino mixing matrix anch; are neutrino  allowed region lies between 1.890 ' mm and 1.5
mass eigenstates. One sees that it is possible to idéntify X 10’ mm, which implies T;,>1.57X10"y and Ty,

with the ee entry of neutrino mass matrix in the flavor basis <(8—12)x10?°y. The sensitivity of currently planned
(m,)=mee, Which is given exactly by the superposition of 0v28 experiments will allow us to probe this region and
mass eigenstates from E@®). definitively confirm or exclude this case.

(m,)=2% [UgIm;, (5)
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In the present paper we have shown that there are two
especially interesting cases allowed by the ADD model of
extra dimensions. The number of additional transverse di-
mensiony=2 and mass of the messenger partjglaround
10 keV implies the size of the extra dimensions to be of the
order of 107 mm, which gives the true scale of gravity
M, ~1000 TeV. We found that, in order to satisfy previ-

. ously derived constraints, the minimal mass of the messenger
e should not be less than 10 keV. However, this value relies on
the estimation¥m,<1 eV, which in fact could be one or
two orders of magnitude less. In such case the messenger
may be lighter. The second interesting possibility; 4 and
light y, suggests the mass of neutrino to be of the order of
ol v b b 10 % eV and permits adjustments & and M, in wide
13 135 14 145 15 range. Specifically, takinR<<10™° mm impliesM,, to be
R [10”mm] of the order of 10—100 TeV, which is a reasonable value that

FIG. 1. Lower bounds on the half-life of neutrinoless double solves the hierarchy problem. It is legitimate to state that all
beta decay in the case of two additional spatial dimensions of sizéhe constraints obtained here either improve the old one or
R The mass of the messenger particlenis=10 keV. are complementary to them.

One of the main drawbacks of extra dimensional theories

The second special case=4 with a light messenger is the difficulty of experimental verification. The best known
particle, renders the value @, up to~10°" y which, even  bounds are the tabletop tests of Newton’s law. Some propos-
if true, remains far beyond the sensitivity of current and cur-als were given to link the presence of extra dimensions with
rently planned experiments. behavior of supenovae, however the mechanism of super-

Theories with large additional dimensions have been innova explosion is not known well enough to draw reasonable
tensively developed during past years. One of the main moeonclusions. In this paper we have outlined a method how to
tivations for them is the theory of superstrings and neutrinause the neutrinoless double beta decay for this purpose. Ob-
physics. Using the ADD model we have discussed a new linservation of this exotic nuclear process will tell us precisely
of constraints on the radius of extra dimensions coming fronwhich values of parameters are allowed. Till then, its nonob-
neutrino masses. The most meaningful results were obtaineskrvability sets strict constraints, which can be combined
for two and three transverse dimensions, but nothing exwith bounds from other sources.
cluded the possibilities that four or more additional dimen-  This work was supported by the State Committee for Sci-
sions exist. entific Researchedoland, Contract No. 2P03B 071 25.
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