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Neutrino masses and lepton flavor violation in thick brane scenarios
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We address the issue of lepton flavor violation and neutrino masses in the “fat-brane” paradigm, where
flavor changing processes are suppressed by localizing different fermion field wave functions at different
positions(in the extra dimensionsn a thick brane. We study the consequences of suppressing lepton number
violating charged lepton decays within this scenario for lepton masses and mixing angles. In particular, we find
that charged lepton mass matrices are constrained to be quasidiagonal. We further consider whether the same
paradigm can be used to naturally explain small Dirac neutrino masses by considering the existence of three
right-handed neutrinas the brane and discuss the requirements to obtain phenomenologically viable neutrino
masses and mixing angles. Finally, we examine models where neutrinos obtain a small Majorana mass by
breaking lepton number in a far away brane and show that, if the fat-brane paradigm is the solution to the
absence of lepton number violating charged lepton decays, such models predict, in the absence of flavor
symmetries, that charged lepton flavor violation will be observed in the next round of rare muon or tau decay
experiments.
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[. INTRODUCTION wanted higher dimensional operators by localizing different
fermion fields to different coordinates in the extra dimen-
A few years ago, a new paradigm for addressing thesions. As was also pointed out[ifl], and further explored in
gauge hierarchy problem was propogédl In the so-called [3,4], this solution also provides an interesting explanation
“large extra dimensions scenario”[Arkani-Hamed— for the hierarchy of the quark masses and the values of the
Dimopoulos—Dvali(ADD) scenarid the explanation for the Cabibbo-Kobayashi-Maskaw&CKM) mixing angles and
large discrepancy between the weak scale and the Plan€kP-violating phase. It should be noted that the AS scenario
scale is that the fundamental scale of gravity is actually closéeads to startling consequendéd, which may be observed
to the weak scale, and that gravity seems weak to us becauae next-generation collider experiments.
it propagates in more, compact, dimensions, while standard In this paper, we address the issue of lepton flavor violat-
model fields are bound to four-dimensional subspaces emng phenomena in charged lepton decays and neutrino
bedded into the higher dimensional world. masses in the AS scenario. The AS scenario is natural for
One of the challenges for the ADD scenario is solving thesolving flavor changing problems, and indeed we find that it
well known problems of proton stability, the absence of fla-can very efficiently suppress charged lepton flavor violating
vor changing neutral current processes, etc. The situation idecays such ag,7—1v,lll. One of the issues we explore
particularly problematic because one has to consider norhere is whether suppressing such processes imposes any in-
renormalizable operators which are only suppressed by powteresting constraint on lepton masses and mixing angles. We
ers of the “quantum gravity scale” and whose coefficientsfind, for example, that the charged lepton mass matrix is
are completely unknown since they parametrize our ignoforced to be quasi-diagonal, and that almost all the mixing in
rance concerning the physics above the ultraviolet cutoff. Ithe lepton sectomustcome from the neutral sector. Such a
is important to ask whether there are “low energy” mecha-situation is certainly not observed in the quark se¢tor an
nisms guaranteeing that most of these dangerous terms aggample, sedq4]), and seems to already constrain some
appropriately suppressed, independently of the unknowextra-dimensional neutrino mass scenarios.
beyond-quantum-field-theory physics. The AS scenario also provides a natural mechanism for
A novel solution to the higher-dimensional flavor prob- obtaining small Dirac neutrino masses, which has not yet
lems was proposed by Arkani-Hamed and Schni&ltZAS). been explored in the literature. It is important, therefore, to
They argue that if we live in a “fat” four-dimensional space- study whether similar success is obtained in explaining, for
time (fat brane, it is possible to effectively suppress un- example, the large leptonic mixing angle which is required
by neutrino oscillation solutions to the atmospheric neutrino
puzzle[6]. We will show that in order to obtain large mixing
*Email address: gabriela.barenboim@cern.ch angles, separations between different leptonic fields have to
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[ll, we address the issue of lepton masses and mixing anglesre confined to specific “points.” Finally, if one assumes that
in a straightforward extension of the AS scenario, namelydifferent fermion fields are located differentpoints in the
adding right-handed neutrinos to the fat brane. We first disextra dimensions, it is easy to see that some operators are
cuss how “naturally” the AS scenario can explain the large“forbidden” by locality, e.g., an operator such as
hierarchies observed in the quark and fermion sectors, and/A2)QQQL can be very efficiently suppressed simply be-
what is required in order to obtain large mixing angles. WecauseQ's andL’s live in different worlds, and do not “see”
then analyze two-family models in great detail, concentratingpne anothef2]. One can also use this approach to address
on the constraints that must be met in order to obtain largether issues, such as lepton flavor violation.

mixing angles. Finally, we discuss solutions to the neutrino In this section we discuss, within the scenario described
puzzles in the case of three generations. In Sec. IV, we disabove(AS scenarip, what requirements are imposed on the
cuss a mechanism for obtaining small neutrino masses wittdistances between different leptonic fields in order to account
out right-handed neutrinos. Here, constraints from thefor the (negative experimental searches for charged lepton
charged lepton sector severely restrict solutions to the newdecays which violate lepton flavor number. Here we will
trino puzzles. Our conclusions are presented in Sec. V. concentrate on the lepton flavor violating muon decays

II. LEPTON FLAVOR VIOLATION AND LARGE EXTRA m—€y, u—eeg (2.1
DIMENSIONS

It is a general principle of effective field theories that all and tau decays

operators consistent with the exact symmetries of nature are
present, including nonrenormalizable, “irrelevant” operators. Topy, Toey, Toupp, T—oeee (2.2
These operators are understood as being suppressed by the
large energy scale above which the effective field theory is The proces$“—I'y (k,I=7,u,e) is mediated by the ef-
no longer applicable. These include, for examplefective Lagrangian
(1/A%QQQL' which mediates proton decay and
(L/A)LHLH, which breaks lepton number and gives the

. . arv X | auv X |
neutrinos a Majorana mass after electroweak symmetry— 2« 1. =——(I{o, IgF*")+—(Iko | F*")+H.c.

. . . . —y 2 LY uv'R 2 RY uv'L ’
breaking. It is also well known that is constrained to be at A A
least of the order of the grand unification scal {,t 2.3
=10 GeV) by the fact that the proton lifetime is larger than
~3x%10% yr [7]. On the other hand, values df~10°~1*  after electroweak symmetry breaking. Here the substrigt
GeV are required in order to correctly account for the atmo+efers to the chirality,F#” is the electromagnetic field

spheric neutrino puzzle via neutrino oscillations. strengthy is the Higgs vacuum expectation value, angd,
In theories where the “gquantum gravity” scale is sm@l are dimensionless couplings.
few TeV), one is faced with the challenge of explaining why, =~ The procesd“—I'l'l' is mediated by the effective La-

even thoughA ~1 TeV, phenomena which violate the con- grangian(after Fiertz rearrangements

servation of “accidental” global symmetries have not been

copiously observed. The two irrelevant operators mentioned 1

above can be eliminated by assuming, for example, that — £ iii=— L 1+ —[ by (1R (TR +by(1X1L)
. - —lly 2 RILUIRIL 2ULIR

(gauged B-L is a true symmetry of naturg@robably weakly A

broken, if one wants to explain the matter-antimatter asym-

T TR T ] TRl
metry of the universe but other dangerous operators still X(1L1R) +b3(1ryulR) (TRY#IR) + D4 Lyl L)
remain. These include operators that violate individual flavor X X AT

o ,U«
number conservation and mediate phenomena such as XLy ) +bs(lry, R (1Ly*1L)
meson-antimeson mixing and flavor changing neutral cur-
ey J ane +be(1F 1D (Thy*1R) +H.c, (2.4

One intriguing solution to these problems was proposed
by Arkani-Hamed and Schmalf2]. They postulate that the Whereb’s are dimensionless couplings. Equati@?) medi-
standard model fields are constrained to a “fat brane,” whichates!|¥—1'l'l' by attaching an'l' pair to the photon leg.
is infinite in three space directions and occupies a finite vol- In the AS scenario, one can relate the constaritsto the
ume inn extra, orthogonal, compact dimensions. It is alsodistance between different leptonic fields and to higher di-
postulated that gauge fields and the Higgs scalar can freelpensional couplings by integrating out the extra dimensions.
propagate in the entire volume of the fat brane, but fermion®©ne obtains, for example,

We use the standard notation wheéeand L refer, respectively, 2We do not include the decays— uee euu in our discussion.
to quark and leptorSU(2) doublets, whileU, D, and E denote, = The reason for this is that the constraints imposed by these channels
respectively, up-type antiquark, down-type antiquark, and antilepare far weaker than those imposedby-ey, eee as will become
ton SU(2) singlets.H is the SU(2) Higgs boson doublet. clear shortly.
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(2.5 —li| for the tau decay, in units of L.
Figure 1 also depicts the branching ratio far—eee
and (right) and7—1ll, | = e, u (left) normalized by the branching
ratio for u—evv and r— |l vy, respectively, as a function of
b4°"84J dye #0107 (e~ -1%)3cc g, o= (3= 1)?)

AL. Here, only nonzertv; andb, coefficients were consid-
ered. The reason for this is simple: given the requirements
(2.6

imposed by the non-observation pf—~ey and 7—1 vy, the
. . . . _ contribution ofag | ,b; ;56 are strongly suppressed, while
assuming one extra d!menS|on and .def|n|ng the h'g.herb34are,a priori, unconstrained. Therefore, in this caad,
dimensional wave function of the fermions to be Gau35|an§s‘

either |l ,—1¢ or |e,—e for the muon decay and
. -1 . k,l o e “ e T
okf|W|dth m ./\E centred at positioh, | andey, for It and =} "1 “ 6 for the tau decay, in units i

Iz, respectively. The couplings, 8 are dimensionless num-

¢ : ) Some comments are in order. First of all, it must be said
bers, which are assumed to be of order one, since theae is,that the AS scenario, as expected, is very efficient when it

priori no reason for them to be either very small or verycomes to suppressing rare lepton decays. EvenAferl
large. All « and g will be, henceforth, set to unity unless Tey, the most stringent requiremefitom w—ey) is that
otherwise noted.

) |l —ed.lle—e,|=6.5u"" (proton decay constraints require
From Eqs.(2.3),(2.4) and assuming the AS scenario, it is gistances between quarks and lepton of ordex T0[2]).

easy to compute the branching ratios for the various lepto’econd, one may wonder how strict the constraints are since,

decayg(see, for examplgg]) as a function ofA (the “quan-  after all, there are order one coefficients floating about. It is

t_um gravity” scalg and the distance between different lepton easy to see that things do not change significantly if these

fields. _ _ _ _ coefficients are allowed to vary. For example, varying
Figure 1 depicts the branching ratio fer— ey (right) and

from 0.3 to 3, the lower bound dh,—e,| from 7— uy and

7—ly, 1=e,u (left) normalized by the branching ratio for A — 10 Tev changes by 17%. A remaining question is what
u—evv andr—Il vy respectively, as a function dfL. Two

do these bounds imply for lepton masses and mixing angles.
different values of the cutoffA=10 TeV and 1 TeV, are This will be addressed in the next sections.
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Before proceeding, however, it is worthwhile mentioning

18]

02

at this point that other lepton flavor violating decays, such as %
K — we, hadronic tau decays and— e conversion in nucléi So1rsf 3
have not been considered, since they can be safely sup- &
pressed by assuming that quarks and leptons are well sepa- 0.15F .
rated(which is generically required in order to suppress pro-
ton decay, and that the distance constraints obtained in these 01251 ]
cases do not play a significant role when it comes to address- oib ]
ing lepton masses and mixing angles. )
0075 -
. RIGHT-HANDED NEUTRINOS IN THE BRANE 005k '-'- ]
Another intriguing possibility is using the AS scenario to L

explain the current hierarchy of fermion masses and mixing 0025 '_,_,_,,,._.......---'--"-""" ]
angleq 2]. Indeed, it has been shown that localizing different 0 proe-s-erm w i . . .
quark fields to different points in the extra dimensions is an -30 -25 -20 -15 -10 -5 0

efficient and “natural” way of explaining not only all quark log(suppression)

masses and mixing angl¢8], but also the observe@P FIG. 2. The probability for obtaining a suppression of the higher

violation in the quark sectde]. , dimensional Yukawa coupling of a given order of magnitude. See
In this section, we study whether the same idea can bguy; for details.

used to explain lepton masses. Charged lepton masses were

already discussed in the context of massless neutfiBhs most attractive, and certainly the novel idea behind the AS
but no similar study has been performed for neutrino massesgcenario is the possibility of solving the flavor problem with-
The idea is quite simple. We assume the existence of thregut postulating new, horizontal symmetries. Instead, it is
standard model singlet fermions, which we refer to as rightsimply assumed that the fermions are separated by distances
handed neutrinosN), and assume that these are also localof a few (in units of the width of the fermionic higher di-
ized at different points in the extra dimensions. Furthermoremensional wave functiop. ™), which could be chosen at
we also impose lepton number as a conserved symmetry, ¥andom. All the work is done by the Gaussian suppression of
order to forbid Majorana masses for both the right-handeqhe effective four dimensional Yukawa Coup"r(gs dis-

neutrinos and the active neutrinbsa a dimension-five op-  cussed in the previous section; see dB@3])
erator, as discussed in the previous segtidle will deal

with Majorana masses in the next section. If this is the case, )\oce*(1/2)u2(fi*f,-)2, (3.0

neutrinos acquire ordinary Dirac masses after electroweak

symmetry breaking, exactly like the quarks and charged lepwheref; are the positionsf(=q,u,d,l,e,n andi is a family

tons. In the AS scenario, the explanation for the smallness dhdex of the different fermion fields@,U,D,L,E,N).

the neutrino masses is straightforward: neutrino masses are In order to further quantify the “naturalness” concept, let

tiny becauseN’s andL’s are separated by distances which us assume that, say,@and aU fields are localized in one

are only slightly largeXas will become clear latgthan, for  extra dimension, of size=20u"! (see[3] for a discussion

example, theQ's andD’s.* It will turn out, as we will discuss on the expected size dfu). If the positions are chosen

in detail later, that the most serious challenge for the AScompletely at randomit is easy to show that the probability

scenario with right-handed neutrinos in the brane will be toof finding |g—u|ux between some valué and 6+d¢ is

naturally account for the large mixing angles in the leptongiven by P(8)ds, where

sector which are required in order to solve the neutrino

puzzles[6]. P(6)=0.1-.0056. (3.2
Before proceeding, it is worthwhile to digress a little on ) N

the philosophy behind the AS scenario when it comes tdt is straightforward to compute the probability that the sup-

explaining fermion masses and mixing angles. Perhaps the/€ssion due to the small overlap between the two extra di-
mensional wave functions is of a given order of magnitude.

Figure 2 depicts the probability that the suppression factor is
3 _ _ o _ in some order of magnitude bin. It should be noted that while
The Lagrangian Eq(2.4) mediatesu-e conversion in nuclei at the figure only depicts suppression factors larger thart40

higher order in QEDn the case of the magnetic moment opera-yhe nropability that the suppression factor is smaller than
tors) and at higher loop level and higher order in QED in the case of10_4o is almost 10%

the four-fermion operators. The constraints imposed on the opera-
tors are not as strict as the ones from lepton flavor violating charged
lepton decays.

4Another possibility for obtaining naturally small Dirac neutrino It has recently been discussed[it2] that the relative distance
masses is to assume that the neutrinos couple to right-handed newetween different fermion fields may be significantly altered by
trinos which live in the bul10]. Lately, this possibility has re- gauge interactions. We will disregard this effect for the sake of
ceived lots of attentiop11], and will not be discussed in this paper. simplicity.
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As expected, very tiny suppression factors can be ob- l,=1+3 € L=
tained, even if all fields are constrained to lie relatively close (A)
to one another. An important fact is that, while random ° iy v
choices for the position§in one extra dimensignseem to H ot K

favor effective Yukawa couplings which are suppressed by
an order of magnitude with respect to their higher dimen-

sional counterparts, the probability of obtaining a large Iy loo o

spread of suppression factors is quite large. It is this property (B)
which renders the AS solution to the fermion mass hierarchy |° r: r n.
attractive — random choices for the distances seem to pro- # & ¥ "

vide a large spread for values of the Yukawa couplings, and
therefore the observed hierarchies are naturally explained.

One can further pursue this logic and see what are the / € 1+
consequences for the mixing angles. We use a toy model of " S & . (C)
only two families of up-type quarks as an example, but it n [ n
will become clear in due time that it is easily generalized to ¢ e £
include three families and down-type quarks.

The mass matrix can be written as

o / B
a b
w7 a3 o s @
ROt TR
wherep is roughly the top quark mass aigb,c,d<1 are FIG. 3. Different two family configurations which potentially

the suppression factors. The message from Fig. 2 is thakad to maximal mixing.
“normally” one expectsa>hb>c>d (for example. If this is

the case, one can trivially show that the matrix that diagofurther address the issue of how “finely tuned” certain pa-
nalizesM M, is parametrized by one mixing anglé, such  rameters have to be in order to obtain large mixing. Later, we
that cos #=+170(c?a?cbda®), i.e., 6 is either close to discuss solutions for the more involved case of three fami-
0 or 7/2, such that the mixing is quite suppressed. lies.
While this situation fits very nicely the quark masses and
mixing angles, it poses serious problems for leptons, given
that, according to the neutrino oscillation solution to the neu-
trino puzzles, at least one of the leptonic mixing angles is In this subsection we address in detail the case of only the
“large.” This is in sharp contrast to standard four dimen-two “heavy” lepton families, concentrating on the observed
sional approaches to the fermion mass puzzles. There, qual&ge mixing which seems to be required in ther sector
masses require a significant amount of underlying structuraccording to neutrino oscillation solutions to the atmospheric
in order for one to understand the hierarchy of masses andeutrino puzzle. It proves convenient to consider separately
the small mixing angles, while it has been argued that neuthe different configurations which potentially yield maximal
trino masses can be obtained from operators with randommixing in order to understand what constraints over the
order one couplingkl3]. The same is true in the case of the space of locations have to be met in order to obtain the
“simplest” neutrino mass modg(L4], where neutrino masses appropriate mass-squared difference and mixing angle. These
are obtained via the introduction of one single right-handedonfigurations are depicted in Fig. 3. It can be checked that
neutrino and the use of Wp,nc Operators. these are the only non-equivalent configurations. For that one
In order to obtain large mixing angles, it is imperative thatshould take into consideration that the interchange oénd
some elements of the mass matrices are of the same order, is a weak basis transformation acting on right-handed
Using Eq.(3.3) as an example, it is again simple to show fields and therefore without any physical implications.
that, if one want¥==/4, a=c (for example is required. Two important comments concerning our discussion are
The challenge is, therefore, to obtain a mechanism satish order. First, we assume that the order one coefficients
fying this condition. Flavor symmetries, for example, would which accompany the exponential suppressi@he higher
certainly do the job, but they would spoil the most attractivedimensional Yukawa couplingplay no significant role, and
feature of the AS scenario. A different option, which still set all of them to unity. We comment on the relevancy of this
maintains the extra-dimensional nature of the AS scenario, iapproximation later. Second, we impose that there is no sig-
to assume that, as a consequence of the underlying localizingficant mixing coming from the charged lepton sector. It
mechanism, some fields are positioned on top of each othetyrns out that, specially when considering only jhe 7 sec-
and that some distances are, therefore, “naturally” very simitor, the non-observation of—uy combined with the re-
lar. quirement that the obtained mass agrees with the experi-
With this in mind, we proceed to discuss how realistic mental value automatically forces the mixing in the charged
lepton masses and mixing angles can be obtained in the Aepton sector to be small. Note that the constraint of small
scenario. We first discuss the simpler two family case, andnixing in the charged lepton sector will be considered

A. Two neutrino families
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posteriori and its consequences analyzed for each of th&(a) leads automatically to very small mixing in the charged

different configurations. lepton sector, once the appropriate sizes for the neutrino
By imposing ther— uy constraint as discussed in the masses are imposed.
previous section, one obtains,—e,|,|l,—e,|>3.73."* Diagonalizingm,m' starting from Eq.(3.6) one obtains

(4.09u~1) for A=10 TeV(5 TeV), which in turn means that the mixing angled, which, to a very good approximation
the off-diagonal elements of théwo generations Dirac  (assumings,e<l), is given by
mass matrix for the charged leptons are less tfaquproxi-

2N;(1+Ny)

mately pe %54¥=88 MeV for p=1.5xm,, where m tan 2~ -T2 3.7)
=166 GeV is the top quark magfor details concerning the (D1=1)(D2+1)°
choice ofp, see[3]). This, in turn, implies that one of the

diagonal elements isecessarilyof the order of the tau mass, Where

while the other elements are at most of the order of the muon 2
mass. In summary, N1=exy{ - ?(ZI 5+2le+ 8%+ €%) |, (3.9
n(1l+bcy) b#n N,=exid 25 | 3.9

=exg — u?d€], .
m|2m,. 772 2 2 ) (34) 2 a
cy 1- —(b“+c9) 2 2

2 D,=ex — x%(21 5+ 6%)], (3.10
D,=exd — u?(2le+ €?)]. (3.11)

where b,c are numbers which are at most order ong,
=m,/m_, andm, , are the muon and tau masses, respecs

tively. Note that Eq.(3.4) is written in such a way that its he mass squared difference is

eigenvalues aren, andm, up to O(7?). In this case, it is 1
easy to estimate the mixing angle, namely, Am2=2p2e*”2'2N1(1+ N,) \/ 1+ . (312
tarf 26
. mi Imposing large mixind,one can safely write
Sin? 9=b?—<10"3, (3.5 ’
m

T Am?=2p2e " ’Ny(1+N,). (3.13

which is quite small. Note that in this approximatioAm? is equal to the numera-

A fact that will prove very important in the future is that, . ¢ 2129 times pzef,ﬁlZ_ This important observation is
even though there is no direct significant limit dn—1.|  \4jig in all cases we will discuss henceforth, as long as
from 7— ppp decays(see Fig. 1, it is geometrically con- 525 95 1 (which is the condition we would like to meet
strained becausg,—e|<|l,—e/]. Itis easy to show that  \yg start by obtaining bounds fér Since the largest ele-
==, ~e,|—|l,~e]=(4.0-3.14)u"" " independent o ofm, is the(22) element, imposing an upper bound on
of the number of extra dimensions. Therefore, as a guarantgfe heaviest neutrino mass @h?<10 eV? leads to |
that there are no large flavor changing effects in the chargeg7.o&—1_ On the other hand, from Eq3.13 and noting
lepton sector, a good rule of thumb is to kefp—1.|  thatN,,N,<1, one obtains a rough upper bound foby
=1u~ ", in which case the mixing in the charged lepton requiring Am?>10"2 eV2: | =7.84" L. This can also be de-
sector Is negessarlly small. . . rived directly from Eq.(3.6) by noting that the largest neu-

Case AFigure 3a) leads to the neutrino Dirac mass Ma- yjn, mass matrix element should bieughly) larger than the

trix lower bound onyAm? imposed by the atmospheric neutrino
data. It is important to comment that for valuesudfclose to
e~ (Wo2)(1+8)? o= (kP2)(1+5+€)? the upper bound mentioned above, the neutrino masses are
m,=p e,(#z,z)(lﬁ)z e,(ﬂz,z),z ) (3.9 hierarchical, while for,ul much sm_aller than 7.7, the eigen-
values of the neutrino mass matrix are degenerate and much
larger thanyAm?.
wherel=I, and 6=I,—1,. We restrict ourselves t¢>0, Next, we determine what values efand s, for fixed|, are
without loss of generality. As mentioned before, we will fix required in order to obtain large mixing and the appropriate
p=1.5X166 GeV. Am? range. For fixed, Am? fixes the order of magnitude of

It should be noted that the interchanga*gfwith n. (see - 2N3(1+Ny) [see Eq.(3.13], which is the numerator of
Fig. 3) corresponds to a weak basis transformation whichian 29 [see Eq(3.7)]. Large mixing requirements then deter-
interchanges the two columns af, but Ieavesm,,mI un-  mine the order of magnitude oB(; — 1) [note thatD,+1 is

changed. Note also that the configuration depicted in Fig.

For concreteness we consider large mixing to|tae 26|=2.3,
Note thatm,=1777 MeV corresponds to a distance of 3.14, which agrees with the 99% C.L. contours obtained by the neutrino
andm,=105.7 MeV to a distance of 3.941 oscillation analysis of the SuperKamiokande atmospheric[d&fa
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TABLE |I. Case A.The allowed range ofte and the maximum TABLE Il. Case BThe allowed range of.§ and the maximum
allowed value foré/l, for different values oful, which satisfy  allowed value fofa—1|/I, for different values oful, which satisfy
1x10 3 eV?<Am?<8x 10 % eV? and|tan 20|>2.3[15]. 1x10 % eV’<Am?<8x10 % eV? and|tan 20|>2.3[15].

wul ME (1) max wpl 722 (Ja=1/1) max
7.1 1.1-1.3 108 7.1 1.0 -1.3 108
7.2 09-12 10° 7.2 08-1.1 10°
7.3 0.7 -1.0 104 7.3 0.6 - 0.9 10°
7.4 0.5-0.8 104 7.4 0.4 -0.7 104
7.5 03-06 108 7.5 02-05 108
7.6 0.1-04 108 7.6 0.05 - 0.3 10?
7.7 0.0-02 108 7.7 05-0.1 10?
0 - 0.05 unconstrained

O(1)], which allows one to compute an upper bound &or
Once this is done, one revisits the previous expressions antbted that, similarly to case A, the charged lepton mass ma-
computese. Table | contains values gfe and (8/1),axas a trix is safely diagonal, given that, it turns oulp,lss
function of ul. =7u L

In order to examine how “finely-tuned” this scenario is,  For fixed|, the Am? constraint fixes the range & and
we look at the maximum value for the rati®l, which is  the numerator of tan2[Eq. (3.195]. The smallness of this
how much the distancg ,—n,| is allowed to deviate from term will determine how much the terms in the denominator
[l,—n,|, normalized by the smallest distance. One can seef tan 26 are required to cancel in order to obtain large mix-
that (/1) max="10"2 over all possible values dfe, for small  ing. The only free parameter which remainsdis Table ||
e. It is curious that the fine-tuning gets more severeeas illustrates the severe fine-tuning between the valueaoid «
increases. This can be understood easily by the followingvhich is required in order to obtain large mixing. Only for
line of reasoningAm? essentially constrains due to the close to its upper bound &small enough to allow for a near
fact that, it turns oute>&; for small values ofl, a large  perfect cancellation between the tereng*”!” ande™ #(+9°
suppression is required in order to obtain the correct valugy Eq. (3.15), in which casex plays no significant role, pro-

for Am?, which must come from roughlg~#"'. Hence big-  vided thate #*¢* is small enough(which is satisfied for
ger values ofe are required. However, larger values ©f 4 =7.8). In this case, therefore, there is no need to tune the
suppress the numerator of E@.7), requiring a larger sup- values of @ and I,, (this happens forul=7.7 and ué
pression in the denominator, which is mostly a functiort of <0 .05). This does not mean, however, that there is no fine-
and 6, and the largest allowed value férdecreases. tuning, since one is required to tune the values,pfndl,,
Case B.Figure 3b) leads to the Dirac mass matrix [for wl=7.7, (8/1)max=10"3].
Next, we examine the cadg;>l,,, i.e. 6<0. In this
e WR@+st)? g (w12 case, the dominant term in the denominator of 815 is
Pl o wPm)e? o W22 1+52 | (314 o-#%1-19)? \which cannot be canceled by appropriately
choosinga. The only way to obtain large mixing is, there-
fore, to choosd | <! and « large. Numerically, we obtain
that u|8| cannot be larger than 0.05. The bounds on both
Am? and tan® can only be simultaneously satisfied for
wl=7.6, 0.04su|8|=<0.05 and ul,,=7.7 and Os ul|d|
=0.05, while xua=7.8. In this case, the fine-tuning occurs
betweerl ,; andl ,,, which have to be equal to one another to

m,=

v

where |,;=1 and l,,=1+ 6. We first assumes>0. This
leads, to a very good approximati¢for 5<l1), to

/_Lz
2 ex;{ - 7(2I2+ 215+ 8%)

tan Zazex;{—,uzlz]—ex;{—uzaz]—exr.[—,uz(l 16?7 more than one part in £0
Case C.Figure 3c) leads to the Dirac mass matrix
(3.15
e—(MZ/Z)(Hme)Z e—(,t2/2)|2
and, remembering that we will require f2® to be large, m,=p o WHD(1+0? g (u22)1+ 62 (3.19
2
Am?=2p? exp{ — %(2|2+ 216+ 8%)|. (3.16 which yields the approximate relations, p<<I1)
. . . 2N1[1+N;

It is clear that the same approximate boundd,omhich tan 20= M (3.189

applied in case A, also apply here, and again we analyze (1-D)(1-Dy)

what constraints are imposed on the other parameters for
fixed values ofl within the allowed range. It should also be and
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TABLE Ill. Case CThe allowed range ofie and the maximum  which leads to the relations
allowed value foré/l, for different values oful, which satisfy

1x10 3 eV?<Am?<8x 10 % eV? and|tan 20|>2.3[15]. 2NJ[1+Nj
tan 20= 5 ,
n__ n _ _ Ao 2ucap D//DH
ul we (sl (D1—-1)(D3+1)—(1-e )D1D3
e (3.29
7.1 11-13 10°
7.2 09-1.2 105 and (for tarf26 large
7.3 0.7-1.0 10* 5 22 ,
7.5 0.3-06 10° where
7.6 0.1-0.4 10%
7.7 0.05 - 0.2 10t u?
0 - 0.05 unconstrained N’l'—exl{ - 7(2I a+a®)|, (3.27)
Ny=exd — u?(21 8+ B2+ apB)], 3.2
Amzzzpze_MZ 2N1[1+Né], (3.19 2 F[ M ( B+B IB)] (3.28
Di=exd — u*(2la+a?)], 3.2
where 1=exd —p(2lata’)] (3.29
2 D5=exd — u?(21 8+ B%)]. (3.30
N128X4——(2|6+ €|, (3.20 _ _ S _
2 As in the previous caseg,l is naively bound to lie between
~[7.1,7.8 simply by requiring the largest neutrino mass
Nj=exf — u?(2l 6+ 6°+ Se)], (3.2)  squared to be less than 10 2d¥nd Am?>10"3 eV?. It is
again useful to constrain the other parameters for fixed value
Di=exd —u?(21 6+ 6%)], (3.22 of ul. In order to obtain a correct value fAm?, each value
of | requires a specific range af[which determined, see
Di=exd — u?(2le+€?)]. (3.23  Eq.(3.26]. Oncea is fixed, we try to choos@ such that the

mixing is large. In this case, however, it is easy to see that
Note that the terms in the square bracket in E§<18),(3.19 changing g for fixed o and| does very little to increase
are, by definition, between 1 and 2 and play no significantan 2¢, as it mainly affects the value @/, which plays a
role in order of magnitude discussions. As in the two previ-diminished role when it comes to determining the order of
ous cases, is bound between roughly 7" and 7.8.""  magnitude of tan 2 [see Eq(3.25)].
(assuming the “atmosphericAm? and thatm?<10 e\?) The only possibility for obtaining large mixing is to
and again we discuss the required cancellation among p&hoosea such that D/—1) is very small, i.e., to choose
rameters for fixed values dfAs before, the requirement that very small. Note that this choice automatically renders the
Am? satisfies the atmospheric neutrino data determines th&rm in the denominator of Eq3.25 proportional to 1
order of magnitude of the numerator of taf 2nd, in this  _ j2x?a8 gma118 Small values ofa require| to be large

case, also determines the value af The requirement onough so that an appropriate valuedsh? is obtained. As a
|tan 26|>2.3 is met by choosing (Dj) very small, which g, only valuesul =7.6, wa=<0.05 potentially yield phe-
implies thaté has to be very small. Table Ill contains the nomenologically allowed values faxm? and tan .

value oful, we, and (8/1) may Which are obtained when tzry— As in case C, the charged lepton sector impdbese very
ing to fit large mixing in the 2-3 sector WtAm”  severg constraints over the allowed values for thg—1|
~10"" eV~ distancea. As discussed in the beginning of this subsection,

It is noteworthy that in the limitt—0 there is no con- 4 =1 is required byr— uy constraints, which implies that
straint ond. In this limit, the two lepton doublets are on top there are no  solutions with  10°3 eV2< Am?
of each other, and large mixing is guaranteed, regardless Qf g 103 eV2, (M2 ma< 10 €\, and|tan 20|=2.3.
the location of the singlet fields. This situation, however, is |, summary, Wevhave analyzed in detail the issue of ob-
in sharp contradiction with the bound from the flavor Chang'taining large mixing and 10° eV2<Am2<8x 103 eV in
ing 7— wy decay, as discussed earlier in this section. Indeedye |, ~ - sector. For all configurations we discussed, this is
when we fit for the charged lepton masses imposing that oy achieved by carefully choosing the value of specific
—py is small, we find thajue=1, and large mixing with  gistances. Quantitatively, we find that it is necessary that the
the appropriate mass squared is only obtainedube7.3  yaiue of twoa priori independent distances be equal to, at

[and (5/|)ma>§1075!]' , . least, 1 part in 10in order to obtain large mixing in the
Case D.Figure 3d) leads to the Dirac mass matrix

e~ W2 (I+at+p)? o= (u?2)(1+a)?

8 B H n

= One may worry what happens f is very large. In this casB

m,=p 221+ B2 222 , (3.29 o y y ppens ff /ery larg 2
e e is tiny, which efficiently suppresses this term.
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PLMA - - 4 - - TABLE IV. Points which yield neutrino masses and mixing
e 8u ® 8u ® 7.9 @ 7.70 ) 7.7u ® angles such that all neutrino data can be accommodated. The dif-
| | | ferent points fallPLMA, PSMA, PLOW, PVAQ in different solu-
Me e n, T My n tions to the solar neutrino puzzle, and are labeled accordingly. For
the definition of the parametels,l,,l3,x,y, see Fig. 5.

PSMA 4 -1 -1 -1
oL @771 o 80U o 851 4 Configuration ~ ul, wly wls uxX wy
Iy n,n L N lg PLMA 80 7.7 79  -160  -156
PSMA 8.5 7.7 7.7 15.7 0.0
PLOW g 7 3 p PLOW -8.4 7.7 7.7 -16.0 0.0
o 8l o 831 77U o771 4 PVAC 88 7.7 87 00  -16.4
I n, Iu n,n I,
atmospheric and solar neutrino puzzles, while satisfying the
PVAC 4 e r 1 constraints from the CHOOZ and Palo Verde experiments
e 8.8u Py 8.7 o 770" g 7.70 [16]°
I nn | n | Unlike the two-family case, in the case of three families it
e e 1 T n n

is not simple to perform a search for all configurations which
FIG. 4. Four examples that yield neutrino masses and mixing?0tentially yield the appropriate values for the oscillation
angles which satisfy all neutrino data. parameters. Furthermore, after some configurations are iden-
tified, a general analytic discussion of “fine-tuning” among
ifferent parameters is not illuminating. For these reasons,
e decided to approach the situation in a different way.
Initially, we numerically scanned the “location space” of
the left-handed lepton doublets and the right-handed neutrino

served values for the corresponding charged lepton masse§!ng|ets’ res.tricting oursel\_/es to branes which are fat in only

We conclude with a comment on the order one highe ne extra dimension. During the scan, we looked for solu-
dimensional Yukawa couplings which we set to unitytions which yielgl neutrin(_) masses and mixing angles such
throughout. First, note that these coefficients can be readil at all the neutrino experimental data could be accounted for

“ " ; e . y neutrino oscillation§6]. Details of the numerical scan are
I:p?t?)%r?iee(ljdsbyEilgl)glJiEittII}; modifying the distance between the described in the Appendix, and some results are the follow-

ing: (i) As expected, obtaining reasonable values for the mix-
ing angles is quite hard, more so than the correct order of

atmospheric neutrino sector. Cases where maximum mixin
is “naturally” obtained by placing fields “on top” of one
another(cases C and D were ruled out by flavor changing
neutral current constraints combined with obtaining the ob

ae™ WRIP = o= (u?2)1")? (3.3)  magnitude for the mass-squared differencgsIn all of the
acceptable configurations, the— 7 system falls into one of
2Ina—(ul)?=—(ul"2, (3.32 the configurationgsee Fig. 3 discussed in detail in the pre-

vious subsection, with the same fine-tuning characteristics.
(i) Only configurations which yield hierarchical neutrino

[ 21na masses were foundiv) For a significant fraction of the
—=\/1+—, points (~50%) flavor changing effects in the charged lepton
! (ul”) sector are absent, and the charged lepton mass matrix is vir-

(3.33 tually diagonal. In summary, it was possible to find several
configurations which yield appropriate neutrino masses and
wherel/l’ is how much the distance has to be changed immixing angles for explaining all neutrino data.
order to “absorb” the coefficiente. For neutrino masses, Four different configurations are depicted in Figl%4.
(ul")?=50, such that, even i& were as small as 0.11/1" These are labeled PLMA, PSMA, PLOW and PVAC, allud-
—1|=0.05. Secondly, and most importantly, the presence ofng to the fact that they will fall into the large mixing angle
the order one coefficients will not affect our fine-tuning dis- (LMA), small mixing angle(SMA), low probability, low
cussions — parameters just have to be slightly “redefined. mass(LOW) and vacuum(VAC) solutions[6] to the solar
For example, in case A, instead of having to “turle™to I ,,
one would tund; to I, plus a small, constant, coefficient
dependent on the ratio of the higher dimensional Yukawa 9|, this paper, we will not try to accommodate the Liquid Scintil-
couplings. The “amount” of fine-tuning remains the same. jation Neutrino DetectoXLSND) data[17], which are still to be
confirmed by another experiment, and will only consider three ac-
tive neutrino species.
1% or all four examples, the brane seems to be too fat. This is a
In this subsection, we discuss the case of three leptogeneric feature of almost all solutions we find, as discussed in the
families, concentrating on obtaining appropriate neutrinoAppendix, and should be interpreted as a motivation for introducing
mass-squared differences and mixing angles for solving theore than one “fat” extra dimension.

B. Three neutrino families
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) P4 ls ’1 >

X e o “Eig L

I n,n, . ng I = f

IS r

X 2 i

_3-

FIG. 5. General three family configuration in one extra dimen- 10 F
sion. There are five independent distances, which are chosen to b

I1,15,153,X,y. Note that in order to span the entire location space,
four out of the five parameters should take positive and negative
values, while the sign of the fifth one remains fixed. <

>

()
neutrino puzzle, respectively. Table IV contains the exact ¢ .
distances, as defined in Fig. 5, for the four configurations.~<10
Note that PLMA and PVAC have the second and third gen- §
eration configuration depicted in Fig(l8, while PSMA and -
PLOW present that depicted in Fig(aB.

In order to try to quantify if or how these solutions are -
finely-tuned, we study the stability of the four configurations B gt
depicted in Fig. 4 by probing “around” them. Explicitly, we tan’e,,
fix the “smallest” parameter I in the case of PSMA and
PLOW andl; in the case of PSMA and PLOWaNd vary the FIG. 6. Values ofAmZ, X tarff,m, (top lef), AmZ,x|Ugl?
other ones|(,x,y, andl, orl3) from p;—0.1 top;+0.1 in (top right, and Am2 X tarf 6, (bottom) which are obtained when
steps of 0.02, where; is the original value of each of the perturbing around PLMAsee text for details The results obtained
four parametergfor a total of 1F points. See Fig. 5 for a at PLMA are indicated by a solid, dark dot.
definition of the distance parameters. The size of the interval ) )
is guided by the results of our two-generation studies in thdhis is the case, we look at PLMA and PSMA in more detail.
previous subsection, i.e., we choose an interval which id "€ PLMA-like configurationgsee Fig. 4 lead to the fol-
small enough so that the large atmospheric angle is not didoWing neutrino Dirac mass matrix:
turbed too much.

Figure 6(Fig. 7) depicts the result of this stability study a 0 a
around PLMA(PSMA). In the figures, we plot the values m=(0 b 0], (3.39
obtained for all the oscillation parametersmz, X tarf ., 0 b ¢

(top lef), Am2,X|Ug|? (top right, and Am2 Xtarfée
(bottom). The thin boxes mark the regions allowed by thewherea,a’,b,b’,c are related, respectively, to the distances
current neutrino datasee the Appendix for more detgils |le—ng|, [le—n,|, [I,—n,[, [l,—n,[|, [I,—n.. Equation
while the solid, dark dot indicates the results obtained for(3.34) leads to
PLMA (PSMA). When perturbing about PLOW and PVAC,
similar results are obtaine@ndeed, we have repeated this < <
procedure for a large number of points o . 12
£

The results contained in the figure are quite interesting. ,;%10 2
First, it should be noted that, as expected, the atmospheri : ]
parameters do not vary substantially. More specifically, 56% 2 i ; it 18
(54% of the points scanned fall inside the “atmospheric : I
box,” 1073 eV2<Am2,,<10 2 eV?, 1/3<tarff,,<3 in RS 4 R
the case of PLMAPSMA). On the other hand, some of the =~ 10 hulgr—sul——und 40 :;g‘:%‘:;g‘:;a‘ '_'?"" '_'é"‘ i
solar parameters anjdJ ;| vary drastically. For example, L i tan20 e SELE L |lj) 2
while perturbing around PLMAPSMA), tarf 6, varies by 7 atm e

(9) orders of magnitude, and similar results applytQg|2. L afay B -
Moreover,Am3 , while somewhat stable around PLM# 3:10 i E
varies by 2 orders of magnitugespans 5 orders of magni- ij' s
tude around PSMA. g i 5, ,
Does this observed numerical instability indicate a fine- —
tuning among different parameters? After all, what we would 19 '6;— .
like to learn from these “stability studies” is whether, in o a2k T T
order to guarantee that the solar parameters|ahg|? are 10 10%° 10° 107 10° 10° 10% 102 102 19”7

inside a certain range, the distances between some lepto tan0,,,
fields have to be chosen very carefully, and whether slight
modifications severely spoil the result. In order to verify that FIG. 7. Same as Fig. 6, when perturbing around PSMA.

073005-10



NEUTRINO MASSES AND LEPTON FLAVOR VIOLATION . .. PHYSICAL REVIEW D64 073005

a’+a’? 0 a'c € 0 ae
m,,mI= 0 b2 bb’ ) (333 meI: 0 b2+ b12 bb”"+b'b"”
a'c bb’ b72+02 ae bb'+b'b” b”2+ br//2+a2

(3.39
From the discussion in the previous subsection, we know

that large mixing in the atmospheric sector is obtained fmf‘S befpre, thft z_atmohsphenc angle and mass _d|ff§rence result
b=b'>c (case B. It is also easy to see that, in order to rom diagonalizing theu— 7 sector. As we did in the PLMA

obtain Amé<Am§tm, aa’,c<b,b’. In light of this, we case above, we can “undo” the atmospheric rotation and

multiply Eq. (3.35 by a @ rotation about the &-axis” such Pt
that siné=b’/\/b>+b’? and obtain 2 aesing ae cosh
1 0 0 2+a?2 0 ac U,mmiul=| aesing ms+a’sir’d  a’sind cosd
0 cosf sing 0 b2  bb’ aecosfd aZsinfdcosd mi+aZcogd
0 -—sinf cosd a’c  bb b'?+c? (3.40
1 0 0 wherem?,m3 are the lightest and heaviest eigenstates ob-

tained after diagonalizing the — 7 sector. They are given by
x| O cos® —sind
b2+ b12_,’_ brrZ+ b///2

0 sind coséd
my »=

a’+a’? a'csing a’ccosé 2
- I ~ai 24 b2+ o2 2ci 1
a’‘csind b“+b c?sifd c?sinfcosd | . i—\/(b2+b’2—b”z—b”’2)2+4(bb”+b’b”’)z.
a’ccosé c?sin 6 cos# c’cogo
(3.3 (3.4

Large mixing in the atmospheric sector requitesb’~b”"
~b" (see case A in the previous subsec}j@nd, in the case
of hierarchical neutrinogthe case of interest hereAm2,,
~m3>m2. In this case, it is trivial to compute the solar
angle and mass squared difference, keeping in mindahat
> €2 and that co¥,,~=1/2:

If b%,b’?>c?,a’c, it is easy to see thal= 6, (corrections
to this lead to a nonzertd.;, for example, as expected.
Furthermore, the two other eigenstates are “ligfas long as
a,a’,c are “small”) and the solar angle is easily calculable:

c’cogh—(a’+a'?)

COS 2=

. 2 .2 2
\/(a2+a’2—0200520)2+4a’20200320 Amg=a“/2+mi, (3.42

3.3
(3.3 ae/\/z

a%2+m?’

(3.43

In order to obtain, for example, large mixing in the solar tanfo=sin 6o =

sector, it is necessary to satisfy+a’?=c?cos6=c?/2. This

is what happens at PLMAa=a'=e %% and ¢ Exactly at PSMAm?=0, andAm2, and tad are gov-
=e 0579 sych thata/c=0.45. Therefore, a large solar erned bya and e. As long as this is the casemf<a?),
angle is a consequence of finely tuning the distaritgs varying I;,l3 and x (which changes the distancéig—n,|
—ne .| and|l,—n,|. It should be noted that the results of the and|l,—n,|) only perturbs around PLMA. However, when
scan involve further complications, such as-b’, which mi grows (this happens foy#0) the situation changes dra-
leads to large values (ﬁmé and significant corrections to matically, andAm(zD grows, while taRd., decreases sharply.

the atmospheric angle. This explains the “cloud” of points in Fig. Tbottom at
The PSMA-like configurationgsee Fig. 4 lead to the 107 ° eV’=Am3=3x10 % eV? 10 °<tarf,=<103. In
following neutrino Dirac mass matrix: summary, the solar parameters depend very strongly the
distance between, andn,. More so than the atmospheric
e 0 O parameters. Note that a very similar behavior is observed
m=l0 b b (3.38 when perturbing around PLOW, where ther fields also
v ' ' fall into the configuration discussed in case A in the previous
a b" b"” subsection.

We conclude this subsection with a summary of the re-
where €,a,b,b’,b",b"” are related, respectively, to the dis- sults and a word of caution. We have numerically scanned
tances|le—ng|, |I,—ngl, [I,—n,l, [I,—n/], [I,—=n,[, |I,  the one-dimensional parameter space of three neutrino gen-
—n,|. From Fig. 4, it is easy to see thatca<b,b’,b”,b”.  erations and encountered, out of many “good” candidates
Equation(3.38 leads to (which yield small neutrino massg®nly a handful of points
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which could potentially accommodate the neutrino data. Aot clear to us whether such a study is practical and/or illu-

expected from our qualitative discussion at the beginning ofminating. Therefore, the conclusions we reached, although
this section, the great majority of the points 9.9%) fails  quite plausible and reasonable, should be read with some
to yield large enough mixing in the solar and/or atmosphericaution.

sectors. The situation is particularly constrained aftéy;|?

is required to be small. All the points identified had configu-

rations and fine-tuning characteristics similar to the ones dis- |, NEUTRINO MASSES WITHOUT RIGHT-HANDED

cussed in the previous subsecti@ee Fig. 3, with different NEUTRINOS

choices for the position of the first generation fields.

We selected four examples consistent with the different As mentioned in Sec. Il, the traditional see-saw mecha-
solutions to the solar neutrino puzzle, and studied the stabilkism is not an option for generating very small neutrino
ity of these solutions in order to address how “special” the masses in the case of models with a small quantum gravity
distances between lepton fields have to be in order to obtaiscale. Nonetheless, one may still obtain srivedjorananeu-

a particular result. We find that small modificatioia$ order ~ trino masses in the ADD scenario. The idea, proposed in
a few percent of the typical distance sgaeem to maintain [18], is to take advantage of the “infrared deseff9] to

the large mixing in the atmospheric sector, in agreement witlobtain very small symmetry breaking effects. More explic-
the discussion in the previous subsection, while changing thily, the idea is to impose lepton number as a conserved
solar parameters arld) .3|2 by many orders of magnitude. global symmetry, which is broken at some far away brane.
For two specific cases we identified the origin of this effect.Lepton number violating effective operators would be gener-
Therefore, it seems that obtaining appropriate solar paramated in our brane, suppressed &y™" where m is some

eters requires tuning more parametéss the same param- typical mass scale andis the distance between the branes
eters more tightlythan what is already required in order to (we assume that the mediator of lepton number violation is
obtain large mixing in the atmospheric sector. massless; s€é 8,19 for details, and als20] for a specific

It should be emphasized that we have not attempted acenarif.
detailed study of the three by three neutrino mass matrix in For our purposes, it is enough to assume that the follow-
order to study correlations between the various distances, bitg Majorana neutrino mass matrix is generated after elec-
decided to base our conclusions on a few “case studies.” It isroweak symmetry breaking:

e g e WA g o= (W21 )
M =My e (/201" Wy e WD, | 4.
g, W1 o e D, -1 o

wheremy,; is the overall Majorana mass scale;,, are the  obtained[13 12 With the flavor changing constraints, how-

higher dimensional order one couplingsThe distance$l; ever, the situation is more involved, since the lepton doublet
=1 | are the same distances between the different left-handdields cannotsit on top of one another, as we argued in Sec.
Iepton fields discussed in the previous sections. Ill. Note that if all distances werd ,— B|~2,u all off-

The issue we would like to deal with in this section is diagonal terms would be one order of magnitude smaller
whether phenomenologically acceptable Majorana mass makan the diagonal termis,and obtaining large mixing in the
trices can be obtained, if one assumes that the absence afmospheric sector, for example, would require some fine-
flavor violating decays of the muon and the tau and the hituning among the diagonal elements, which we do not con-
erarchy of the charged lepton masses are explained by the Assder acceptable. Note that the situation deteriorates very
scenario. quickly as|l,,—14| grows, due to the Gaussian dependency

In the absence of the flavor changing constraints, it isof the off-diagonal coefficients. Therefore, the first issue we
clear that solutions can be found: if one places all leptorwill address is how small can we malg— | 4| without run-
doublets on top of one another, large mixing in the solar anching into contradictions with flavor violating charged lepton
atmospheric sector arises quite naturally, and even a smalecays.
|U3/? and moderate hierarchy in the masses-squared can be

2Indeed, in this case large mixing would also come from the
e are assuming, according to the general philosophy of the restharged lepton sector.
of the paper, that no flavor structure comes from the lepton number **According to the authors ¢f.2], gauge interactions may signifi-
violating sector. Such a structu¢eonserved flavor symmetries, for cantly alter this picture. For simplicity, however, we will ignore
example would manifest itself by imposing relations between the these effects, which seem to be very dependent on the fermion
agy. localizing mechanism.
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From the previous sections, we learn that—I | ST i i e B R I

o 3

= E -1 1

=3u "1, while [I, =1 /=1t Note that the lower limits £ . 1f 3 3
cannot be simultaneously saturated due to (thech more of 3 :
stringen} u—ey bounds and the requirement that the 10 F -5 1
charged lepton mass hierarchy is explained within the AS &l j -1|
scenario. For example, if we requife—1,|~1x"*, in one af 8 k-
extra dimension|l,—1|=7x "%, while [l¢—1,/=8x" . In 10 o+ 1 8 :
two or more extra dimensions, it is possible to obtHin 10 ool ol vond vond i ol 40 BLLUL L
— . . _ . . 3 2 - 2, 3 -8 -4 4 8
—le|~2.5u"" while keeping|le—!,/=3u~" (in which 10710 107 1 10 10710 107107 1 107 10
case//l,—1,| is very close to its lower boundit should be tan“0,, tan“6,
kept in mind that this situation is very “special,” and the IR i B i B . k
branching ratios fou—eeeandr—(e,u)y are very close & 2 1
to the current experimental boun. 10 | 3 L
Therefore, the “best” possible scenario seems to be: the 19 '25; jg :
eu-element is suppressed by at least®®3°=0.01 with 3 5 :
respect to the diagonal elements, while one of the other off- af 22 -
diagonal elementéwe choose it to be thg 7-element can 0 F : 9 !
be suppressed by onk;/*°-5X12~0.6 with respect to the di- 10 '5"_'3“"‘ T G 2 10 i - S ';
agonal terms. The remaining off-diagonal elemem¢ will 10 10 10 1 10 10 10 10 10 1 10 10

2
choose it to be ther-element is suppressed by 0.05. At this tan“0,, tan’e,,

point, one may ask whether it is possible to find, without

careful!y ChOQSIng the o_rder oneg, Coeﬁ'c'?r?ts’ phenom- generated Majorana mass matrices, imposing constraints from the
enologically viable neut.rlno mgsses and mixing angles. . absence of flavor violating charged lepton decésese text dis-

In order to answer th.|s question, we perfqrm the foIIowmgp|ayed in the following manner: rat®Am2/Am2, X tarOum
search.” We parametrize the neutrino Majorana mass mMayjeft) and|U|2x tarf 6, (right). In the top figures, the branching

FIG. 8. Neutrino mixing parameters obtained fof* t&ndomly

trix by ratios for flavor changing lepton decays are close to the current
experimental boundg9], while the bottom figures explore the be-
Tee 0 € havior of the oscillation parameters as the prediction for the branch-
M, = Myy; 0 Wy @,,X05]|, (4.2) ing ratios for flavor changing charged lepton decays decreases

< 0.5 text for details.

€ a,x0 a.,

have expected, the atmospheric angle is generically large
[13,14) even though thew7-element of Eq(4.2) is typically

between 0 and 0.1. Theu-entries have been set to zero for suppressed by a factor of two with respect to the diagonal
“ Flements, andatio is indeed usually of order one. Further-

simplicity. We have verified that the results we obtain are nomore |U_..|2 and taR8,, are usually small, even though large
changed in any significant way &u-elements of order 0.01 11> e3 © usua’y » &V ug 9
yalues of taRf, can be obtainedf

are also included. Note that we still have one free parameter, More significant than the figures, perhaps, are the follow
I . Th i i is directl i . ? R ' i
NamelyMwaj € quantitymyg;: c, i directly constrained g numerics: 51% of the points yield H3arff,,<3,

by searches for neutrinoless double beta decay, which cul?9 0 0 . . . T, Am e
rently requiresiM¢9=<0.35 eV[9,21]. In our analysis, we while 22%(1.5% of the points yieldratio <10~ (10 ),

will circumvent the dependency amy, by computing the and 38% Of. the pomt_s yield I('§<tané<1 (note that the
ratio of the mass-squared differences values ofratio we obtain are not small enough to accommo-
date the LOW of VAC solutions to the solar neutrino puzzle

Am2 Combining all constraints, 1.5% satisfy ¥®arffy,<3,

© 4.3 10 '<ratio<1073, 0.1<tarf, <1, |U/?<0.1 (LMA-like
AmZ,, solution and 0.1% satisfy 1/&tarff,,<3, 10 2<ratio

<1074, 10 °<tarf,<2x 1073, |U3/?°<0.1 (SMA-like so-

whereAm?’s and mixing matrix elements are defined as injution).
Egs.(Al) (see also the remarks which follow the equations what do these numbers imply? While most points do not
for a comment on inverted hierarchjes yield phenomenologically acceptable parameters, there is a

Figure 8 (top) depicts the results obtained for “l@an-  s|ightly more than 1% chance for obtaining the LMA solu-
domly selected points. Figure @op,leff) depicts the ob-

tained values ofratioxtarf6,,,, while Fig. 8 (top,right
depicts the obtained values |af .3|* X tarf 6, . As one could

where we randomly choose values ¢ (.u),(r7),(u7) 0€-
tween 0.3 and 3.8¢ while randomly choosing values far

ratio=

Note that there are some points for whithes|?=1. These are
expected, and correspond to cases whgnis larger than the other
coefficients. In this case, the largest eigenvalue is proportional to

e are neglecting, for simplicity, possibly large phases associa, and has a very large electron-type component. All these points
ated with the order one higher dimensional Yukawa couplldds  are incompatible with the current neutrino data, of course.

073005-13



BARENBOIM, BRANCO, de GOU\;%, AND REBELO PHYSICAL REVIEW D64 073005

tion with completely random order one Yukawa couplings. V. SUMMARY AND CONCLUSIONS
We do not consider this too “unlikely,” but leave definitive . .
conclusions to the reader. One concrete statement, however We have analyzed the issue of charged lepton flavor vio

is that obtaining the SMA solution under these conditions i a’tlond abndAnEutr_|r|1_c|> majsesdmstrlle leat-b[ﬁ?e:gramgm pro-
certainly less likely(15 times. The reason for this is that the POS€d DY Arkani-named and Sc maltz. The scenario 1S

SMA solution requires a larger hierarchy for the maSS_p'artic_ularly suited for explaining the absence of lepton flavor
squared differences, which is very hard to obtain with ordeviclating muon and tau decays, and can also naturally ex-
one random Yukawa couplings. plam why neutrinos are more _than ten orders qf magnltqde
What happens as the separation between left-handed lefighter than the top quark, if right-handed neutrinos are in-
ton fields increases? Figure(Bottom, lef) depicts the ob- troduced in the brane, as opposed to scenarios with bulk
tained values ofratio Xtarfé,, if the same procedure is neutrinos.
repeated, except that the suppression factor for the We found that, indeed, the branching ratios for flavor vio-
nr-element is increased by a factor of @om 0.5 to 0.05.  lating muon and tau decays can be very easily suppressed to
The results are rather striking. Unlike the previous case, ddevels below the current experimental bounds, and that very
picted in Fig. 8(top, left), large atmospheric mixing becomes small neutrino masses can be obtained for separations of or-
more “rare” (11% of the points yield 1/&tarf6,,,<3), es-  der 1w~ 1. The AS scenario, however, seems to have a
pecially whenratio is required to be small0.04% percent harder time accounting for the large neutrino mixing which
(nong of the cases satisfy 1#3tarff,,<3 and ratio  has been observed in the atmospheric neutrino data. This is a
<0.1(0.01!]. Therefore, in light of the observed hierarchy peculiar feature of the AS scenario for fermion masses: it
of neutrino mass-squared differences, large mixing in the athaturally accommodates large mass hierarchies and small
mospheric sector becomes exceedingly unlikely as the sepgixing angles, while it seems to require additional “struc-
ration between , andl ; increases. ture” (e.g., different pairs of fields have to be separated by
On the other hand, Fig. tbottom, righ} depicts the ob-  very similar distancesin order to explain large mixing
tained values ofU|*X tar’ 6 when the original procedure angles.
is again performed, but restrainirg<0.01. When compared e studied the case of two lepton families in detail. The
to Fig. 8(top, right, it is easy to see that large mixing in the sjtuation seems “finely tuned” when the the bounds imposed
solar sector happens for a smaller fraction of all randomlyby charged lepton flavor violation are also taken into ac-
generated matrices. The number of potentially good candicount. We showed that the charged lepton mass matrix is
dates is still reasonable: 28% of all matrices yield 10 constrained to be quasi-diagonal, and that, in order to obtain
<tarf,<1. Here, however, the probability of obtaining large atmospheric mixing and the appropria@?, distances
LMA-like solutions [see discussion related to Fig.(®p)]  which area priori unrelated are required to agree with one
decreases0.3% compared to 1.5§6while the number of another better than one part in 100. We proceeded to analyze
SMA-like solutions remains the same. Of course, this behavthe case of three lepton flavors, and while we found that all
ior is expected, and the situation deteriorates very rapidly athe different solutions to the solar neutrino puzzle can be
the upper bound ol decreases. accommodated while keeping the absolute value ofube
In summary, if neutrinos have a naturally small Majoranaelement of the leptonic mixing matrix small, we argued that
mass matrix, the AS solution to flavor changing charged lepthe amount of fine-tuning required to simultaneously satisfy
ton decays and the hierarchy of charged lepton masses natai neutrino data is “larger” than in the two-family case.
rally predicts that the neutrino masses are not strongly hier- We then proceeded to discuss the effect of explaining the
archical and that mixing angles are rather small. In order tabsence of flavor changing tau and muon decays and charged
obtain large enough atmospheric mixing angles, we weréepton masses in the AS scenario on theories where small
forced to live very close to the current experimental boundsMajorana neutrino masses are generated by breaking lepton
imposed by the searches for charged lepton flavor violatiomaumber in a far away brane. In this case, in order to obtain
We dare not make any precise predictions given the qualitddarge mixing in the atmospheric sector, we were forced to
tive nature of our estimates, but if flavor violating and  “approximate” different lepton doublet fields to the point
(especially = decays are not observed by the next generatioithat the current experimental upper bounds on the branching
of experimentg22], the scenario discussed in this sectionratios of some rare tau and muon decays were almost satu-
will be severely constrained, if not entirely ruled out. rated. Therefore, we expect these rare decays to be observed
This is to be contrasted to the study in the previous secin the next round of experiments, if such a scenario were
tion, where neutrino mixing angles were also generically preindeed realized in nature. Furthermore, very hierarchical
dicted to be small, while the masses were hierarchical. Imeutrino mass-squared differences were not attainable, mean-
order to obtain large mixing angles, we were forced to im-ing that the solar neutrino puzzle would have to be solved
pose specific positions for the different leptonic fields. All either by the SMA or the LMA solutions.
solutions we found were either immediately ruled out by In conclusion, we would like to emphasize that, in spite of
searches for lepton flavor violating processes, or predictethe fine-tuning problems we highlighted in Sec. IlI, the AS
that their branching ratios were severely suppressed, out afcenario should be regarded as a novel mechanism for un-
reach of any foreseeable experiment. The price paid for thesgerstanding small mixing angles, which does not necessarily
solutions was having to finely tune priori unrelated dis- require the existence of fat branes or even large extra dimen-
tances to more than 1 part in40 sions. Similar results are obtained in models with many dif-
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ferent “thin” branes which are separated in the extra dimen-are mass eigenstates, with massgs The eigenstates are
sions. Furthermore, if the extra dimensions are not l&&g€e  organized in ascending order of mass-squared. \Minén
the hierarchy problem is solved by some other mgamsr —m2>m2-m? (normal hierarchy the window defined

results for neutrino masses and mixing angles would still,pove contains the region of the parameter space which sat-

apply, except for the flavor changing constraints from. . ; ; 2_ 2
charged lepton decays, which would be absent. Finally, th(leSflezs all of the experimental constraing]. If m3—m;

fine-tuning which we pointed out coul@nd should, in our <m;—my (inverted hierarchy the same window can be

opinion) be interpreted as a challenge to be faced by candidSed after relabeling the mass eigenstates3t-2—1, and

dates for the localizing mechanism and/or the structure of th@efining (m5—m3)=AmZ,. It should be noted that during

compact dimensions. the numerical scan we did not find any matrix which yields
an inverted mass hierarchy and is consistent with the con-
ACKNOWLEDGMENTS straints imposed above.

_ ) The results of the scan are best described in words. Out of
A.d.G. would like to thank Martin Schmaltz for some royghly 2x10° initially selected matrices, only 440 fall
useful conversations and the Aspen Center for Theoreticjihin the window defined above. The events are rejected at

Physics, where some of the ideas presented here were firgs foliowing rate: 99% fail the mass constraints. From the
considered. G.C.B. and M.N.R. thank the CERN Theory D"surviving points, 96% fail to satisfy the 3@, constraint.

vision for its hospitality and Fundao para Ciacia e Tecno- From the remaining points, 97% fail the fa,., constraint,

logia (Portugal for partial support through Project POCTI/anh”e 98% of the remainder fall out of thit)es|? bound.

1999/FIS/36288, and the European Comission for parti te that onl t of hiv 5 mill i .
support under the RTN contract HPRN-CT-2000-00149.  \0t€ that only one out of roughly > miflion events survives
all the constraints we define above.

Many comments are in order. First, it should be readily
noted that the two “angle constraints” combine to remove
99.9% of the candidate matrices, ten times more than the

In this appendix, we describe a numerical scan over thémass constraints.” Second, it should be pointed out that the
three generation, one extra dimension location space of th@ass constraints and the angle constraints “commute,” in the
lepton doublets and right-handed neutrino singlets. In thisense that, independent of the order in which they are ap-
case, specifying five distances suffices to determine the relgyied, the percentage of the points which is removed is the
tive distance between the six different fermion fields. Theseame. This implies that there is no correlation between the
distances are pictorially defined in Fig. 5, and dge:lz, I3, values of the masses and the values of the mixing angles.

the distances betwedp andn,,, a=e,u,7; X, the distance  The same is not true for the 4, and tar ., constraints.
betweem . andn,; y, the distance betweamn, andn,,. Not€  Thirq the |U 4|2 constraint is highly correlated with the

that the sign of four out of the five distances is also mea”angle constraints. If applied first, the |2 constraint only

ingful (for example, whety<0, n,, is “to the_rllght" of n_,%. cuts a small fraction of all the matrices, while if applied last,
(_I;Otr]iislc?cr:, ;/\(l)emvéfllgi‘d?n(gzt)efl:n;f—;g/; antc? 2?':8 m it removes a very significant fraction of the events which
—20/1,._1 o 20,u‘i in steps of 84 andi. %rom 03]/7“_1 o Pass the angle c.onstraints. Therefore, eygnts _WhiCh have a
20.1u~ ! in steps of 0.2. Out of r;lllythe pgoints Wé only con- small |Uggl genencally_ have very s_,mall mixing in the solar
sider these which yield neutrino mass ma’érices such th nd/or the gtmogphenc_: se_ctor. Th's. can be upde_rstood from
e qualitative discussion included in the beginning of Sec.

(m,m,);; <10 eV* for all L) =€, 7. This is done in order lll: the AS scenario prefers small mixing angles, and a ge-
to guarantee that all neutrino masses squared are roughly leﬁéric set of points will yield a mixing matrix which has only

than 10 eV. One consequence of this constraint is that for“oS,, and “1s” (one 1 for each column and rowTherefore,

alll;, |I;|=7.0, while certain bands forandy are excluded. ¢\, o impose|U |2 small, the generic matrices which are
Of the remaining matrices, we identify the ones whosqeft have some othet) 5 and U, which is close to one,

eigenvalues and eigenvectors fall in the following window: which necessarily means that @, ,mare either very large

APPENDIX: NUMERICAL SCAN OF THE 3 GENERATION
PARAMETER SPACE

|U/2<0.1, or very small. _ _ _
The selected points yield a varied spectrum of solar
13<(|U 3]/ U sa]) *=tarf <3, angles and masses-squared, and no valueAwf, and
tarf 6, is strongly preferred. All points, without exception,
107 5<(|Ug|/|Ue|)?=tarf6,<10, choose the second and third generation fields to fall into
either the configuration depicted in Fig(aB or Fig. 3b)
1073 eV2<(m3—m3)=AmZ,<1072 eV?, (note that the configurations whemg andn, are exchanged
are, of course, also present in equal numhesxile 1, and
10720 eVP<(ms—m2)=Am3<10* eV?, n; are placed in various locations. Furthermore, the choices

(A1) forlandd in the case of the configuration Fig(a3 andl;
andl,, in the case of configuration Fig(l® are exactly the
where we define the neutrino mixing matrix as=U v, , ones obtained in the last line of Tables | and Il, respectively.
wherev,, a=e,u, are weak eigenstates amgd, i=1,2,3  This implies, as one would naively expect, that in order to
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= 3 1830 F R lepton fields, keeping the “smaller” distances fixed, while
1, _ _ making sure that the “larger” distances remain large. Be-
3 gm 3 3 cause of the Gaussians dependency of the Yukawa couplings
:“5 : ] on the distances, these configurations will be, in practice,
3 _q.‘;ls 3 E indistinguishable from the one-dimensional ones we discuss

== ?‘ 510 3 = here.
g IESE e One may worry whether configurations FigcBand Fig.
- PPN PPV I W) S PRSP AL P 3(d) can yield proper solar parameters, since these configu-
0 10 20 20 30 40 50 . :
. B rations never show up in our general scan. In order to check
uly brane thickness (L)

this, we numerically searched for solutions by starting from

FIG. 9. Scatter plot of,x I, of all the 440 points which satisfy Cconfigurations Fig. &) and Fig. 3d), choosing distances
all constraints imposed by the neutrino déédt, see text The light ~ such that the atmospheric neutrino puzzled is solved and
points also satisfy the “flavor changing constraintgl,—I, ,| varying the parametells andx (see Fig. 5. Indeed, we are
>1p~* and|l,—1¢>3u"". Histogram of the brane thickness for able to find a large number of solutions as long ass not
the same 440 pointgight). The painted histogram corresponds to on top ofl ,, but extremely close. This is easy to understand:
events which satisfy the flavor changing constraints. whenl , is exactly on top of ., the neutrino mass matrix has
a zero eigenvalue, whose eigenvector is very close to

obtain large mixing in the “atmospheric sector” the samey\/iqvﬁ_'v»)_ This implies that thev.) state is con-

tuning of parameters as the ones discussed in Sec. lll A i . . . . .
required. tained in the two heaviest mass eigenstates, which makes it

Figure 9(left) is a scatter plot of the values bf andl , of ver_y hgrd to solve the solar negtrino puzzle. The only alter-
the points which pass all of the constraints mentioned abovétive is to choose the other distances such that an inverted
The light points are the ones which also pass the constrainf§ass hierarchy is obtained, but such a situation is extremely
that two lepton doublets are not too close to one anothefinely-tuned:® It should be noted that all solutions found
(flavor changing constraints|l,— I ,|=1x"* and|l ,— 1| starting from the configurations(@ and 3d) are ruled out
=3u "1 (see Fig. 1 This constraint is sufficient for satisfy- PY flavor changing constraints. Indeed, as was pointed out in
ing all flavor changing constraints described in Sec. Il andSec. IIA, the configuration Fig. (#) is already ruled out in
also guarantee that the mixing in the charged lepton sector i€ case of two generations, while satisfactory solutions with
negligible. 218 out of the 440 points satisfy this extra re-the configuration Fig. @) are extremely finely tuned.
quirement. Another worry is whether much thinner branes cannot be

Figure 9(right) is a histogram of the largest distance be-Obtained. One possibility, for example, is to have all right-
tween two lepton fields, and can be interpreted as a lowepanded neutrinos very close to each other. Since we are re-
bound on the brane “thickness.” The solid painted histogramstraining ourselves to only one dimension, these configura-
is for points which satisfy the flavor changing constraints.tions are very hard to obtain, and the flavor changing
Note that only “very thick” branes are obtained, especially constraints make th'em even harder to find. Nqnetheless, we
for matrices which do not have twis on top of each other. have been able to finthumerically examples which fit this
This could be the subject of serious concern, since branedescription and do not yield too large charged lepton mixing
should not be too “fat” if one wants to solve the gauge OF flavor changing effects.
hierarchy problem and still have the gauge bosons propagate
freely in the entire fat-branésee[3] for detaily. We prefer,
instead, to view this as an indication that one extra dimen- 16one may wonder whether an SMA-like solution to the solar
sion seems to be problematic, and that if one considergeutrino puzzle cannot be obtained by varying the parameters
branes which are fat in more dimensions similar configuraslightly. This is not the case sinag is going to be predominately
tions can be obtained for much “thinner” branes. This is heavyand even though st6,<1 this point belongs to the “dark
very easy to see. All one has to do is rotate a number ofide” [23] of the parameter space, tah,>1.
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