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Left-right symmetry in 5D and neutrino mass in TeV-scale gravity models
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We construct a left-right symmetric model based on the gauge gsdi(2), X SU(2)gXU(1)g_, in five
dimensions where both the gauge bosons and fermions reside in all five dimensions. The orbifold boundary
conditions are used not only to break the gauge symmetry dowdU@), X U(1)yxXU(1)y, but also to
“project” the right handed neutrino out of the zero mode part of the spectrum, providing a new way to
understand the small neutrino masses without ad@imgled bulk neutrinos. This formulation of the left-right
model also has two new featurds: it avoids most existing phenomenological bounds on the scale of the right
handedwpg boson allowing for the possibility that the right handed gauge bosons could have masses under a
TeV, and(ii) it predicts a stable lepton with mass of order of the inverse radius of the fifth dimension.
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[. INTRODUCTION handed current effects in weak decays,)etompletely un-
observable. An interesting question therefore is whether it is
Left-right symmetric models of weak interactions were possible to have a low scale f&U(2)g symmetry and still
introduced to understand the origin of parity violation in have a natural understanding of small neutrino masses with a
weak interactiong1]. Several features that have made thisminimal particle content. With the recent revival of theories
class of models interesting afie the complete quark-lepton with low scale for new physics in the context of brane bulk
symmetry,(ii) a more physically meaningful formula for the picture of space time, this question becomes a very pertinent
electric charge than the standard mof)], (iii) a natural  one. It is quite reasonable to ask whether a case can be made
way to understand small neutrino masses via the seesafar the right handed scale being in the multi-TeV range close
mechanism3], (iv) a solution to the stron@ P problem[4],  to the fundamental scale of nature and yet have a solution to
(v) the suppression d®-parity violating operators present in the neutrino mass problem. Coupled with the fact that the
the minimal extension of the standard model due to I&al brane-bulk models provide an attractive alternative to super-
—L symmetry[5], and(vi) the phenomenology of the extra symmetry as a way to solve the gauge hierarchy proh&m
Z' boson[6]. Many recent string constructions have also ledone would now have an additional reason to consider the
to left-right symmetric models below the string scglg. multidimensional low scale models as the ultimate theory of
An important question for phenomenology of these mod-nature below the string scale.
els has been the scale of parity breaking. For a long time The most widely discussed scenarios of the brane-bulk
there has been interest in models where the masses of tiyge put the standard model fermions in the brane and gauge
right handedVg andZ’ are in the multi-TeV range. With the bosons either in the brane or the bulk. Either of these cases
recent discovery of nonzero neutrino masses, the case ftwave the difficulty that they cannot accommodate the attrac-
left-right models has become more compelling for two rea-ive seesaw mechanism for the neutrino masses. As a result,
sons: (i) the right handed neutrino, which is necessary toto solve the neutrino mass problem one adds two new ingre-
implement the seesaw mechanism, is an integral part of thegBents: (i) extra singlet fermion$9] in the bulk to suppress
models andii) the localB—L symmetry which protects the the Dirac mass of the neutrino arid) a global symmetry
right handed neutrino mass from being at the Planck scale isuch asB—L to prevent dangerous higher dimensional op-
also part of the gauge symmetry. However, the present oterators of the formI(H)?/M, (L,H are lepton and Higgs
servations of neutrino oscillations, coupled with bounds ordoublets of the standard model, respectiye®n the one
neutrino masses from tritium beta decay require that if thehand, the bulk neutrinos can cause drastic revisions of our
seesaw mechanism is to explain neutrino masses, then thderstanding of such issues as big bang nucleosynthesis and
scale of parity breaking must be very higlof order  supernova dynamics and on the other hand, the assumption
10'2 GeV or highe). This makes the effects associated withof global B—L symmetry contradicts the fact that string
right handed gauge symmetfguch as the extrd’ boson, theories are not supposed to have any continuous global
right handed current induced flavor changing effects, righsymmetrieq10].
A natural question to ask is whether the above problems
arise due to our insistence that the gauge group is the stan-
*Email address: rmohapat@physics.umd.edu dardSU(2) X U(1)y all the way up to the string scale. We
"Email address: aplorenz@ictp.trieste.it examine this question by introducing the left-right symmetric
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gauge structure in the low fundamental scale models and sggd— k© mixing, decay modes of thé&/g, etc. In Sec. VIl we
whether it can provide a simpler way of understanding thespeculate on further extensions of the model and inclusion of
small neutrino masses without introducing the bulk neutrinossupersymmetry. There we also discuss how parity restoration
and without assuming glob&— L symmetry. The additional occurs in the theory. In Sec. VIIl we present a summary of
advantage is that due to lo®U(2)y scale, the right handed our results and conclude.

current induced effects could possibly be accessible to ex-

periments providing new tests of low scale gravity models. Il. FERMIONS, HIGGS BOSONS, AND ORBIFOLD

In the present paper, we present such a model in the five- BREAKING OF SU(2)g

dimensional context.

Before proceeding to the presentation of our formulation We now discuss the detailed particle content of the model
of the five-dimensional left-right symmetry, we note that in a&nd the orbifold conditions to implement symmetry break-
recent papef11], Mimura and Nandi have constructed a ing. We denote the gauge symmetry in five dimensions as
brane model with the left-right symmetric structure in five- SU(2)1 X SU(2),xXU(1)g_, with the later identification
dimensional space time where the gauge bosons reside in &f subscripts as +-L and 2—R. The gauge bosons are de-
five dimensions and the fermions are confined to thel3 noted byWy;y, W53, andBy, with M=u,5 (u denotes
dimensional brane. They showed that the orbifold projectionshe 3+ 1 Minkowski indices and 5 corresponds to the com-
can break the gauge symmetry down $aJ(2), xU(1)y  pactified fifth dimension We choose four sets of quark dou-
X U(1)y:. Understanding small neutrino masses in this for-blets denoted b@,, Q;, Q,, andQ; and similarly four sets
mulation would require new ingredients since within theof lepton doublets denoted by, ¢;, ,, and 5. The
minimal Higgs sector adopted in Refl1], one expects a subscripts (1,2) next to fermions represent that they trans-
large (~ weak scalg Dirac mass for the neutrino. form as doublets under the correspondsig(2) group. No-

In this paper we present a new formulation of left-right tice that all fermions contain both left and right handed com-
symmetry in the five dimensions, where we allow both gaugeonents, and five-dimensional interactions are originally
bosons and fermions to reside in five dimensions and usegectorlike. Nevertheless, the nontrivial boundary conditions
orbifold boundary conditions in such a way that they notintroduced by orbifolding can break both the gauge symme-
only make the right handed charg¥d; boson massive but try [16,17] and the vectorlike nature of fermions. We will use
also “project out” the right handed neutrino from the stan- this feature in what follows.
dard model brane, and so, out of the zero mode part of the Let us now proceed with the orbifold compactification of
spectrum. This assumption leads to a number of interestinthe fifth dimension. We compactify the fifth coordinatie-
consequences. noted byy) on an orbifoldS, /Z,Xx Z;, where under the first

(i) The first implication of this new construction is that Z,: y——y; and under the second,: y'——y'; where
there is now no Dirac mass for the left handed neutrino;yr:y+7.,R/2_ The orbifold is then an intervdl0,7R/2].

secondly there are no lower order nonrenormalizable operasince poth gauge bosons and fermions in our model propa-
tors that could give a large mass to neutrinos; the lowesgate in all five dimensions, we have to specify their transfor-
order operator in five dimensions that contributes to neutringy, ation properties under th,x Z}. This is equivalent to

masses i) =10; this allows us to have a solution to the yefining the boundary conditions that those fields should sat-
neutrino mass problem even though the scale of right hand fy.
symmetry is only in the multi-TeV range. N@ingled bulk As far as the gauge fields go, we choose the same bound-

neutrino need be invoke{®]. ary conditions as in Ref[11]. Defining the gauge boson
(ii) Another consequence of our orbifold breaking is thatmgtrix for both theS U(Z)E a]s. g gaug

many of the conventional phenomenological constraints on

the Wg mass do not apply; as, for example, g —Wg box W. 2w

. . - X 3
graph [12] that provided a stringent constraint &l in W= B ) (N
usual left-right models is now absent. Similarly, the collider V2w —Ws

constraints[13] as well as the low energy mudrd4] and , , . )
beta decay constrainfd5] are now forbidden by the five- W€ can write theZ, X Z; transformation properties o/, , as
dimensional momentum conservation. _ 1
(i) The model predicts the existence of a heavy stable W (X2, y) = W, (x5, —y) = PW,(x*,y) P77,
particle (a lepton whose mass is equal to the inverse radius
of the fifth dimension. This can lead to interesting cosmo-
logical as well as phenomenological possibilities. ,
This paper is organized as follows: in Sec. Il we discuss ~ W,.(X“,y' ) =W, (x*,—y")=P'W,(x*,y" )P "}
the orbifold breaking of the gauge symmetry as well as the
boundary conditions satisfied by the matter fields of the Ws(x#,y")—Ws(x*,—y')=—P'Ws(x*,y)P "% (2)
theory; in Sec. Il we discuss the masses and mixings of the
gauge bosons; in Sec. IV we present the gauge boson fewhereP and P’ are two by two diagonal matrices that we
mion couplings; in Sec. V we discuss neutrino masses andhose as(i) P = P’=diag(1,1) for theSU(2), gauge
the prediction of a heavy sterile neutrino; and in Sec. VI webosons; andii) P=diag(1,1) and®’ =diag(1;- 1) for those
present some phenomenological implications such as thef SU(2),. The B boson, on the other hand, has a single

Wa(x*,y) —Ws(x*, —y) = — PWs(x*,y) P4,
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transformation property under boft, and Z; projections, Uir(—,—) Ui(—,+)
which is B, (x*,y)— B, (x*,~y) andBs(x*,y)— — Bs(x*, QLRE( b Qur=l L )
—vy), and same undez;. dir(=~) dir( =)
Under these transformations the gauge fields develop ex- Uy (= =) Uy (—,+)
plicit fifth-dimensional parities identified as th&,x Z} QZLE( a8 éLE( a0
quantum numbergthis is to be distinguished from the usual dor(—,+) = \dg (=)
space time parity With above transformation rules we find
the following parity assignments: 9 _(UzR(+,+) ) _(UéR +,7)
- ; Hldar(+, )" T g+, ) )
Wi (4, 4+); Bu(+,+); W, (+,+); (5
W, (+,=); Wi5(—,=); Bs(—,—); and for leptons:
Woe(—,=); Wid—,+). (3 _<V1L(+,+> , _(V1L<—,+)
. | y olew(+ ) T e (-
To be more explicit about the meaning of these parities, note
that a minus sign indicates that such an odd field vanishes at _ '+
. . - , vir(—, vir(+,—)
the fixed point associated to the correspondifiigor Z, Y1R= , 1R=| ,
transformation. Thus from Edq3) we see that ay=wR/2 er(—7) er(+.~)
the SU(2), gauge symmetry has been broken down to its ,
diagonalU(1),, , subgroup, while the other groups remain ’ E( vo(—,+) ”. E( vy (+,+)
unbroken. Thus at this fixed point the remaining symmetry e (=) T e+,
can be identified aSU(2),;XU(1)yxU(1)y,. That is the
standard modelSM) symmetry with an extr&) (1) factor ’ _( vor(+,—) , _( vor(—,—)
generated by the orthogonal generator to the hypercharge: 2R\ gon(+,4) ) 2R ebr(—,+)
%Y’E\/glg,,z—B/\/F)%(B—L). At the other boundary y( (6)

=0) the whole gauge symmetry remains intact. Due to the

breaking of the symmetry at one of the boundaries, the ef-

Let us note the mode expansion of a generic field,

fective four-dimensional theory will be invariant only under #(X*,y) with givenZ,xZ; quantum numbersz{,z):

SU(2);XU(1)yXU(1)y: symmetry

Turning now to the fermions, the general transformation
rules undeiZ, X Z; of any of our doublet fermion represen-

tations have the form
W(xHy) =W (xH, —y)==ysPW(x"y),

W(x#y ) —W(xH, —y" )= ysP W(x*y'),

qo“llz)(xﬂ,y):; £ (y) o (x4, @

for z,,z,==* and where the Fourier parity eigenfunctions,
£21%2) properly normalized on the interv@D,7R/2], are

given by

? &

where the sign controls which chiral component \Bf is
being projected out of the fixed points by the actionyef In

the last equatiori® and P’ act on the group space and are gs]*ﬁ

given by the very same matrices used in E. In conclu-

sion, left and right components of the same fermion will hold

opposite parities. Up and down components of any doublet

representations und&U(2), will hold the same parity as- &
signments. FoSU(2), doublets the situation is as follows.

Parity assignments und@, for the up and down fields will

be the same; however, those associatet}twill be opposite g
n

to each other, due to the nontrivial election®f acting on

this group sector.

)

by 2m (20)y

\/ﬁCOST )

) 2 (2n—1)y
= COoS

_\/’7TR\I R 7
2 (2n—-1l)y

SIn s
VTR R

2 (2n)y
)
\/W_RSIHT, (8)

Using these rules we demand that the various fermiomherez, is 1//2 forn=0 and 1 forn>0. Notice from here
doublets get the followingZ,xZ; quantum numbers, for that only fields withZ,x Z; quantum numbers«,+) have
zero modes. For all others>0. Thus we conclude that in-
deed, after orbifolding the gauge groupS$J(2);xXU(1)y
XU(1)y: and the zero mode fermion content is the same as
the standard model plus an additional neutrino per family
which is a sterile neutrino since it does not couple with\tthe

quarks:

Z(ulL(+a+)
Yl dy (+,4)

ro_ uiL(+1_)
’ ol )
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andZ bosons of the standard model. This is one of the first 2n for (+,+)and (—,—),
predictions of the model. This prediction is purely a conse- mp kkR= B _ B
quence of putting the fermions in the bulk and therefore 2n—1 for(+,—)and (—,+).
different from Ref.[11]. As we show later on in this paper,

(11

X ) . . Similarly as far as mixings go, if they exist among any two
the sterile neutrino can acquire a large mass and will thereg, |45 at the zero mode level, they will also be global, i.e.,

fore_ decc_)uple from t_he IQW energy spectrum. From now On[hey will be independent of the KK number, and there will be
we |dent|fy 'the fermion fields .havmg zero modes with theno mixings among fields with different KK numbers. For
seli-explaining standard nOtat'OQ'L’uR’dR’eR’ and vs. instance, on a given excited level of SM fields there will be
Moreover, from here on, we will refer t8U(2), as 0 he yery same mixings as the ones produced at the zero mode
SU(2)., and consequently ©§U(2), as SU(2)r, Which |gye| Our model therefore predicts an exact KK replication

are perhaps more meaningful_ to us. of the SM spectrum beyond the compactification scale. Ob-
Let us now discuss the Higgs sect(_)r of the model. Weviously, there will also be towers associated with all other
need Higgs bosons to break the remainin@l)y. and the

) nonstandard fields that are present on the model.
standard model gauge group, as well as to give mass to the

fermions. We choose the minimal set required for the pur-
pose, i.e., a bidoublet(2,2,0) and doublety, (2,1,—1)
and xg(1,2,—1). We assign the followin@,x Z; quantum Let us now discuss with some detail the masses and mix-
numbers to the various components of the Higgs bosons: ings of the gauge sectdsee also Ref[11]). As only one
neutral component of thé field develops a vacuum, there is

A. Charged gauge bosons

U+, +) bl (+,—) xX2(—,+) no left-right mixing between the charged gauge bosons. One
= 0 i ; then gets for the KK levels the masses
¢U(+1+) ¢d(+1_) XL(_1+)
» 5 [2n)?
X +) Mo =Mt R 12
XrR=| - €)
R XR(+ 1 _) g2 _ 2
2 R 2. 2
ma w = = (va+tvi)+ , (13
They are consistent with the genedgXx Z, transformation "W 2 (vRF v R

rules for scalar fields. For instancg— *Py and y— 5 » i

+P'y, respectively. We see from these assignments that thi@" M, =9ivy/2 being the mass of the standakdl . Here
only fields that have zero modes arg¢), ¢, ) andx%. The 9L r represent the gauge coupling constants of left and right
former doublet acts like the standard model doublet. We willSU(2) gauge groups, respectively. Méz does not develop
assign vacuum expectation valuggv's) to <¢8>:vwk and  zero modes, its onyer !evel mass ha; anonzero contribution
(x2)=vg. The first vev breaks the standard model symme-from the compactification scale, as it is clear from Ef)

try whereas the second vev breaks thel )y, symmetry, or  10r n=1.
equivalently, it breaks the grolpU(2)gx U(1)g_, down to

U(1)y, as in the four-dimensional theories, though in our B. Neutral gauge bosons
case there is ndVp zero mode sincesU(2)r is already In order to simplify the analysis it is useful to define the
broken by the orbifold anyway. mixing angles
IIl. MASSES AND MIXINGS tana= 22 and tap= 28605 (14)
gr T

We now turn our attention to the spontaneous symmetry
breaking induced by ¢,) and(xg). Let us first note that wheregg is the coupling constant dfi(1)g_, . Notice that
only zero mode fields have vevs and therefore they actuallyang actually corresponds to the standard weak mixing
induce 5D mass terms. One can then simplify the analysis ddngle, in terms of which the massless photon field is defined
masses and mixings just by looking directly at these 5Das
terms. In the effective 4D theory, the mass induced by the

Higgs vacuum will generate a global shifting of the well- A(X,y)=Cc0s6By(X,y)+sin HWE(x,y), (15

known Kaluza-Klein(KK) masses, such that the actual mass

of each level will be given as for By(X,y) =cosa B(x,y)+sinavv§(x,y) is the standard hy-
percharge boson. A Lorentz index must be understood in

m2=m3+m3 (10)  these equations. As it is usual, the orthogonal bos@itis

called Z' and it is given by the combinatioZ’(x,y)

wheremy stands for the 5D Higgs induced mass. Herg = COSAWR(xy)—sinaB(xy), whereas the standard model

is the usual KK mass contribution, which is given by integerneutral boson is the zero mode of the fiek(x,y)

multiples of the inverse compactification sc&e’. Theval- = cosH\NE(x,y)—sin 0By(X,y).

ues it takes only depend on the parity of the corresponding By considering the mass terms induced by the VEVs, we

field, so one gets notice that( yg) only contributes to the mass of th# bo-

035005-4



LEFT-RIGHT SYMMETRY IN 5D AND NEUTRINO MASS . .. PHYSICAL REVIEW D 66, 035005 (2002

son, whereag ¢,) generates masses for bofi and the + .ot + .ot 't
standardz, and it also introduces 2—Z' mixing. The pho- hy=hy, hy=h, he=he, he=h_, hg=h,. (22
ton, as expected, remains massless. One can now write the
Z—Z7' mass mixing matrix as This is the five-dimensional realization of the left-right sym-
metry. It is worth noticing that there are no trilinear cou-
( m% —m%sinecota) plings that involvey doublet fields. Moreover, there are no
2 . 2 (16) couplings in the theory that may give rise to a Dirac mass for
—mzsing cota Mg the neutrino. This is one of our most interesting results. From

the above terms one can read out those couplings that give

In the last equation rise to the standard model fermion masses,

2 —_— —~ —~
o Mo £=h,Qbup+heQbdr+hel deatHe. (23
Z cosé
As it is obvious, generation mixings will come through the
5 gﬁsz Uk 2 Yukawa couplings. Also important to note is the fact that
7=\ 2 c02al| 1T U_R) coSal. (17)  while h, . are Hermitian matriceshy is not; this fact has

important implications for the nature of the quark mixings

In the limit whenvg>0,, the above mass matrix gives a involving right handed quarks. To see this we first note that

mass correction to th& boson, hie=VyehyeVie whereas hi*9=VghqU}. Thus the
Uckm=V, V4, Whereas the corresponding right handed
M2=m2—smz, (18  charged current mixing matrix for quarks $R=V/U.

Thus unlike the case of standard left-right models, the left

with Sm2=~ (v, /vg)*micosa. Correspondingly, one gets and right handed quark mixings are different from each

M§,=m§,+ om3. In the symmetric limit wherey, =gg the  other.

mass correction reads as The “chiral partners” of the standard model fields, i.e.,
those that come in the same 5D representation, will have
5m§~co§20 vuk|? similar  couplings, QireyUz + Qirbuda + Y1rdyea
m2  codh | vy +H.c., and so, they will get an equal contribution to its mass
from the vacuum as that of its SM partner. The final mass
TheZ—Z' mixing is given by spectrum will have the SM fermions with usual masses at the
zero mode level. Extra degenerate pairgenfcited massive
vwk|? sina cosa® "R/ v\ %(cos 20)%? fermion states will be present above the compactification
tanﬂm(—) T sing (_) T 4, scale. Thus, at each excited level, the spectrum of particles
UR sing UR cose

(19) will duplicate the SM one. The masses of these Kaluza-Klein
(KK) modes will be of the form

KK modes of neutral gauge fields will have masses which

.. - . 2n 2
follow the prescription in Eq(10), that is mﬁzmé,\,ﬁr ﬁ) (24)
m2 A 0
m2 _| m2 2n\2 There will also be some extra particles in the KK spectrum,
nZz | = 22 * R/ 20 those that get mass contributions from the Yukawa cou-
mﬁ]z, M7, plings:u; paired tou; ; d; paired tod,, ande; paired toe; .

Such mass terms will shift the KK mass:(21)/R. The
neutral fermionsy, and »; will all get Dirac masses: (2
—1)/R. Corresponding to the fields,; and »;, we get KK
modes with Dirac masses2R. At this point, only the stan-
fard neutrinov =vqy and the sterile neutrines=vj 4
remain massless, as we have already anticipated. These
fields, however, may acquire masses from nonrenormalizable
operators as we will discuss later on.

C. Yukawa couplings and fermion masses

The most general Yukawa couplings one can write with
our matter content, and which are invariant under both gaug
and parity transformations, are

huQ16Qa+hgQ16Q)+ ey b +h\ Q1 Q5

+hgQ1 Qo +heyidip+H.c., (21
D. Scalar sector

where ¢=1,¢* 7, is the charge conjugate field @f. The As for the scalar fields, at the zero mode level there will
matricesh, 4. andh; . are the 33 Yukawa coupling ma- be two massive neutral scalars. The standard Higtfs,
trices in five dimensions. The above terms are invariant un= ¢,, with a mass of order,,, as usual, and a heavier field,
der the parity symmetry that interchanges the subscriptsy,gz, with a mass~vg. Clearly, they will come accompa-
1—2 provided the Yukawa couplings satisfy the following nied with their own tower of excited modes, with masses
constraints: shifted as indicated in Eq24). What is perhaps more inter-
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esting to notice is that there will be no KK modes associatedturrent, J55**. This has the consequence that KK modes
to ¢, nor to xr , both the fieldgso, both theirs towejshave could only be produced by pairs at colliders. Following the
been absorbed, for th&V, g gauge bosons get massesabove prescription, it would be enough to write down the
through the Higgs mechanisnay, and y, towers, on the couplings at the level of the fifth-dimensional theory to be
contrary, will be present with mass spectra following Egs.able to read out those of the effective theory.
(10) and (11), according to the parity of each field.

A. Charged currents

IV. GAUGE BOSON FERMION COUPLINGS As there is no left right mixing between charged bosons,

Gauge couplings on the theory under consideration ar@ne can write the Lagrangian of the charged currents
essentially five-dimensional. They are generically of thestraightforwardly,
form:

oL Or ,
L=09s5pGu(x,y)IM(x,y), (25) ECC:EWL'MJ%M+EWR'MJ%M+ H.c. (29

M__ Tr M . . . . .
WhereJ =V +y"W¥ is the (vectorlikg five-dimensional fer- For J%#=J%#+ 3%, with
mion current coupled to a gauge bos@n Note that the
effective four-dimensional gauge coupling constaptand ISH= 0 yid, + 7 yre Ul yHd! + 0! yrel (29)
the five-dimensional onegsp, are related through the i =u oy doryte tuy iy e yrey
simple scalingg=&§"")gsp . Notice also thaysp is a di-  that contains the standard charged current as its zero mode
mensionful quantity whose mass dimension balances thgomponent.J$i#, on the other hand, is given by a similar
higher dimensionality of the fields, wheregss dimension-  expression with all fields changed by its chiral partrighat
less. This scaling has already been taken into account in g py taking u, —u;z, and so op that gives RT3

the previous analyses such thiptg g were taken as the ac- _— — — —
tual F?our—dimensioynal couplintgt‘[,ﬁ;.’R'B = U1gY“dirt Piry"€1rt Uiy dipt vigy“ers. The latter

Now, in order to do the KK decomposition of the theory does not contain any zero mode, thus it is absent on the low

one should go to the unitary gauge where the KK modes of Nergy level. A CKM matrix acting on the family space

the gauge boson get well-defined masses by absorbing t pould be understood. Also note that a normalization factor

modes associated to its own fifth Lorentz component. In such™’ the gauge coupling has been omitted f_or simplicity.
The charged currents coupled\é; are given by

a gauge one takeS5=0, which reduces the Lorentz index
in Eq. (25 to w. This gauge fixing does not preclude the

. , . . s L — Uny Do+ Ubn Y dr+ Vory R+ Vhny €hs .
existence of the effective four-dimensional gauge invariance Jok = URY#dort Uspy*drt vorY eRT vorY 2R

associated to the zero modes. On such a gauge we get the (30
general effective couplings among KK modes: That contains the couplings to the right handed SM fields.
Note, however, thaiVy does not coupleg to dg, but rather
ﬁeffzf dyL to thed,g field, which belongs to the same representation.

This has dramatic implications on the phenomenology as we
. . R 5 shall mention below. Next]5{* is, again, just the chiral part-
:% ILGrmnu(X)Imi (¥) + G (X) Ima“(X) 1. ner of J5¥, and it reads JS{“=upy y*dy +uj y“dy

26) +72,_y”e2,_+75|_y"e§|_. There is no zero mode component
on these interactions, thus, any correction to SM processes

Here, the left and right handed fermion current are given irflue to this term will appear only through loops, and thus

rms of the exci m Ru_p Ly wher more suppressed 'Fhan in the case of four-dimensional theo-
tgL,RS (;t;nzsefocrted odeky, mLRY" ¥ nLR, WNETEAS oo Furthermore, in general the left and the right CKM ma-

mn, u trices are not relate¢similar to the “nonmanifest” case of
standard left-right models These properties of our model

GrR (X)= \/?J’ dyésRy)E-Ry)G,(x,y). (27)  are different from the model presented in RiefL].

mn, u

The right hand side of the last equation can be expanded by B. Neutral currents
introducing the KK expansion d@. This procedure indicates  After performing the rotations introduced in the previous
that only excited gauge boson modes that conserve the KKKection (used to get gauge mass eigensfat@se gets the
number at the vertex contribute to the above couplings. Infollowing neutral current interactions:

deed, the explicit expansion of E@7) involves integrals of

the typef¢,&mé, which generically give the resuls ., Co=|eA Ot 9 7 A

+ Smn+1T On1+m- This can also be seen as a consequence Nc=| eA.Q cosp) “H NE

that translational invariance along the fifth dimension has not

been explicitly broken in the theory. Particularly, at the zero +( 9L 7' Buw NG 4 (31)
mode level only theG,, couples to the purely zero mode cosg) T+ "NC '
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where the neutral current has the contribution of all fermionthe renormalizable level of the effective four-dimensional

representations in Eq&s) and(6): theory. This is a completely new feature for this class of
theories with left right symmetry and completely distinct
‘]NC’M:Ei Qi Qi+ gy i . (32 from the four-dimensional left-right models. The neutrino

mass does not arise in the present model from a see-saw
' mechanism, and thus there is not immediate constraint on the
The zero mode components of this current are read out asy scale from this sector. This allows for the possibility of a

sufficiently smallvg so as to be accessible to the next gen-

NCu_ ~, 1. — . . .
Joor“= QY Q+ Ly L+ vg v gy, eration collider experiments.
_ _ _ On the other hand, one common problem of theories with
Jook “=Ury Ug+ dry dr+ ery er, (33)  alow fundamental scale is a potentially dangerous large neu-

) N trino mass that comes from nonrenormalizable operators,
that one identifies as the SM neutral current elements. Thgch as [LH)2. The question is then whether such a problem
effective couplingsAyc and By, follow the general pre-  may pe also present in our theory. As we now show, this is
scriptions: no longer a problem. Clearly such an operator, coming from
its higher dimensional relative /4 ¢)?, is forbidden by the

Anc=(singsinftana-+cosp)Ta. conservation oB—L on our model. Moreover, though the

sinégsinB o _ coupling (¥1x.)? is perfectly possible, there is no neutrino
Cosasing 3R~ (sin@singtana+cosp sinf6)Q mass induced from this operator due to the lack of a VEV for
xL - Therefore the model is completely safe from dangerous
and operators that could give large neutrino masses.
To see how neutrino mass arises in this theory, let us note
Bne=(sindcosptana—sing)Ts. that there are three classes of nonrenormalizable operators of
. higher dimensions that remain invariant under all the sym-
MTm—(sinecosB tana—singBsintg)Q.  metries of the theory and which contribute to neutrino
COSa SIha masses.

(i) There are operators connecting the active left-handed
neutrinos to themselves, i.€Q,=;Csi1pdxrxr/M> ,
where Cs=y%y2y°, where we have omitted the family in-
dex. Notice that it has dimension 10 on 5D. It generates, at
the four-dimensional theory, the effective couplifds]

It is illustrative to notice that in the further limit whemg
—oo, that means that sjg—0, one recovers the standard
coupling of theZ boson fromAyc. In the case when one
takesg, =gg, the above expressions reduce to

sinB sirf e sinB cog 6 2
Anc=| cosB+ b 1/2) at i - Tar h  (Léuxr) 36
(cos 26) (cos 29) (M,R?* M3
_ B with h the dimensionless coupling. This operator induces a
—sin’o COSB+(COS 2) 12 Q (34) sufficiently small Majorana neutrino mass,
and hv

~h-1 eV, (37)

14

(M, R)2M3

NC™

(cosﬁsinza _ ) cosB cos
sinB | Ty +

(cos 29)1/2 2 3R where the right-hand side has been estimated usipg

~1/R~1 TeV andM, ~100 TeV. A soft hierarchy in the

(cos 20) Y

_ cosp . couplings(say h~0.01) should provide the right spectrum
—sm20( (cos 20)1/2_5'”3) Q. (35 on neutrino masses.
(i) The second class of operators connecto v and
have the form in lowest order O,

V. NEUTRINO MASSES WITHOUT THE BULK SINGLET

BTN =i T, xrXRT2Cs1s/ M2 This operator after compactifi-

cation has a magnitude

Let us now get back to the problem of neutrino masses. )
As we mentioned already, standard and sterile neutrinos do _ UwklR
not get Dirac masses from Yukawa coupliigee Eq(23)]. o M2 (M, R)32
The physical reason is twofold. First, the zero mode right R
handed neutrino is missed in the theory. Second, the potential (jii) The last class connects the left-handed neutrinos that
Yukawa terms,idpif, Or 1pipy, that may give rise to a transform under th&U(2)g group to themselves and have
large Dirac neutrino mass, and that one could expect fronthe form O3E(¢é)(R)2/Mi . They contribute to thevs-vg
the matter content in Eq6), are not invariant under the entry and have magnitude after compactification estimated to
parity symmetriesZ,x Z,. Thus the neutrino is massless at be =v4/M2R=1-10 GeV. The full 66 v— 4 mass ma-

=10 keV.
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trix has a seesaw-like form and on diagonalization, leads tatill take place, but only as it is usually expected from the
an effective mass for the light neutrino in the range offact that neutrinos arise as Majorana particles in the model
0.1 eV or so. (see the previous sectipn

One should note that, in the present model, there is no More generally, due to the conservation of the KK num-
need to invoke extra bulk neutrinos living in a larger numberper, the excited modes can only contribute to SM processes
of extra dimensiori9] to get small neutrino masses. This is a through loops. Thus most of their contributions would be

major advantage of this model over the original modelsery suppressed, since all internal lines in the loop will get a
where a bulk neutrino was needed to get neutrino masses.eavy particle propagator on it.

There should be, nevertheless, at least two more flat extra ~gnservation of fifth momentum implies that the lightest
large dimensions to compensate for the gap between the ful;, e with a nonzero KK number will be stable. This may, in

damental and PIanpk scales. The size of such dlmens"orbsrinciple, be either hadronic or leptonic depending on rela-
would be of order micrometers. Current boundshbp com- . v oo couplings

ing from bulk graviton effects{19] will apply. A single In four-dimensional versions of the mod@lee also Ref.

warped extra dimensiofR0], instead, could also provide a .
good explanation for the smallness Mf, . Of course, one [11]), the stringent bound oW mass usually comes from

could even bypass any large extra dimensions having a largée contributions ofVg to theK —K mixing [12]. However,
number of smal[r~(GeV)~!] dimensions. in the present case the situation changes considerably. The

usualW, —Wpg box graph that gives the largest contribution
to this process in the standard left-right models with equal

) ) ] ] left and right quark mixings does not exist since g
As noted in the previous subsection, there is a heavy Mas$upling involves KK modes as can be seen from &)

(:ei;:ge (jfe t\rll)e zteerLlaetdr;leTuCtn;? n thlfh::?: ;IJ ciieatl(\)/l at_he and does not couple to the familiar charged cur@wﬁ“dR
P P 2 “5V2XRXR: where u,d are both light quarkgor zero modes in this

jorana neutrino mass, ; o
J mode). There would of course be a diagram similar to the

Sterile neutrino mass and cosmology

) UZR standard model one, witiW running on both internal boson
m;, = hs_MZ R (38 lines instead oMW, . In this case the internal fermion lines
*

will also be the KK modes of the fermions of the model. This

We do not enter into the detailed cosmological implication ofVill give & new nonzero contribution to thi€ —K mixing

such heavy sterile neutrinos except to note that they can affom right handed currents. Now, since all KK modes can
nihilate via the exchange &' boson into lighter quarks and "Un in the loop, their contribution should be summed up in
leptons. For a 1-10 GeV sterile neutrino annihilating via thethe total amplltude. Notice that all m_ternal lines on these last
exchange of 1 Te\Z’, the typical temperature at which the diagrams will corre_spond to KK exited modes of. the same
vs goes out of equilibrium is around, ~M, /15. From this level. Thus they W'_” come with a large suppression QUe to
we estimate that the contribution of, to :ﬁe total ener the heavy masses in the propagators. These contributions are
density of the universe at the big bang nucleosyn?ges'SUppreSSEd compared to the left-handed ones by a factor of

i 4 o
: . . My, /M . The limits on theWr mass from these con-
(BBN) epoch, i.e.T=1 MeV is equivalent to about a tenth t w /M) mi R

of a neutrino. Therefore this does not effect the usual heliunfiderations are'therefore very vyeak.
synthesis scenarios of the standard big bang model In the four-dimensional left-right models, there are flavor
' changing neutral currents mediated by the second standard

model Higgs doublet in the bidoublet. This in effect pushes
VI. PHENOMENOLOGY the limit on the right-handed scale to 6—8 TEX1]. In our

There is a series of dramatic implications on the phenommoqelv however, since the second SM doublet hag Z,
enology of the present model that makes it completely dif-<Z2 Symmetry, it couples only to KK modes to the SM
ferent from all previous left-right constructions. fermions and therefore does not lead to such effects. Also

There are no tree level contributions to muon decay fronfonstraints coming from processes suctbass+ y [22] are
the new particles of the theory. This is due to the conserva@lso absent in this model. _ _
tion of the KK number on the vertex, which forbids the me- ~ Limits on R may come from collider physics from the
diation of the decay by any KK gauge bosons. That include®roduction of the KK modes of thé/, boson[23] and are in
the W boson which itself is a KK modéhe lightest one in  the range of 400-800 GeV. The important point to note is
its toweo and all KK modes OWL . AlSO, there are no new that theWR boson as well as all KK modes are produced in
extra channels for the process since all lighter particles arBairs both ine"e™ as well as hadron colliders. The decay
only the ones in the standard model. Thus no good bounds anodes of theWNi areeN, dU, etc. whereN,U are the KK
the masses of the new particles in the model can be obtainedodes.
from here. A limit on vk comes from th& —Z" mixing. The analysis

For similar reasonsWg has no relevant contributions to of this is as in the standard four-dimensional theories due to
neutrinoless double beta decay. At tree level, all external legthe universality of the mixing[11]. One gets vg
on the diagram are zero mo@®M) particles. This constrains =800 GeV. This limit is likely to go up once LHC is turned
the internal particles to be zero modes too. The process wibhn to the TeV rangg24].
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VIl. COMMENTS AND OUTLOOK and vg. Furthermore in six dimension§), has dimension
eleven so that after compactification, it leads to the neutrino
_ _ R _ mass  expression m,~v,wa/M2(M,R)3. For M,

In this model as in other flve-dlmen5|onal_brane-bulk~100 TeV andR 1~1 TeV, this gives am,~1 eV fora
models, one can write a baryon nonconserving operatogoupling strength multiplying these operators of order 0.1.
Q1Q1Q141 /M3 , which for low M, leads to short lifetimes Again, in this case, we do not need a bulk neutrino. The
for the proton. There is also another baryon nonconservingeutrino in this case is however a Dirac neutrino and will
operator of the formQ,Q;Q;#Q,Q5Q5xrxr/M2¥2. This  therefore not allow the neutrinoless double beta decay pro-
leads to neutron—anti-neutron oscillation after compactificacess.
tion to four dimensions. We will pursue the details of the six-dimensional exten-

To avoid the problem of proton decay, one may proceed ision of the left-right model in a separate publication.
one of the two following ways(i) consider a fat brane with
guarks located at a separate point from the lepfabkor (ii)
embed the model into a six-dimensional space fig6-28.
The second alternative is attractive from our point of view Another interesting alternative to extend the present
since it automatically brings in the right-handed neutrino intomodel is to include supersymmetry at the 5D level. Notice
the picture and suggests a left-right symmetric model. that the above-described six-dimensional theory, however,

To see briefly the consequences of a six-dimensional enfannot be trivially supersymmetrized, since the addition of
bedding, note that the six-dimensional embedding comes atRew representations, as susy scalar and gauge partners, may
minimal cost with the same fermion sector as in E§sand  destroy the properties that led to proton stability and the
(6). Our five-dimensional fermion representations can bgootential explanation to a number of generations.
straightforwardly written in terms of six-dimensional ones.  The cost of introducing susy on our 5D model is minimal
Six-dimensional fermions are eight-component fields, bufor the scalar content which now should be duplicated. The
they may have a well-defined chirality through the operatoeffective zero mode theory will be just the MSSM plus heavy
1+T7, with I'” being the product of eight by eight Dirac Sterile neutrinos. However, since one cannot write trilinear
matrices:I'’=T°T'%...T'5, After chiral projection, they re- couplings in aN=1 5D theory, supersymmetry has to be
duce to four component spinors as required in the fivebroken by the boundary conditions down to the effective
dimensional theory. The irreducible gauge and gravitationai-1 4D susy. This can be easily done at the fixed pgint
anomalies naturally cancel for the six-dimensional chirality==0 without affecting the other properties of the model. As a

A. Baryon nonconservation and six-dimensional extensions

B. Supersymmetry

assignments: consequence, all Yukawa couplings, E®1), as well as the
Higgs vevs, should now be localized on the border where
Quvy Qv Y1yy U1y, susy is broken. The localization of these terms will change
, , the profile of the wave function along the fifth dimension
Q- Qv Y2 2. (39 that will now try to match the presence of a pointlike source

One of the first implications of such an embedding is that aIIthat comes as a localized mass term. This can also be under-
P 9 stood in terms of the former Fourier expansion in E.by

dangerous proton decay inducing operators are naturally for= . . . i .
bidden[28]. This happens due to the extended Lorentz sym-rn_OtICIng that  a Iﬁocahzfed. mterac.tlon q term, Ias
metry of the theory which is not broken in the Lagrangian, Q1(x,¥) #(x,y)Q2(x,y) 6(y), for instance, introduces a glo-

and which contains some discrete subgroups that only allojg@ Mixing among all KK modes, and thus the basis has to be
proton decay through operators of dimension 15 or highefotated to get the proper mass eigenstates. In such a case,
Notice that, up to a duplication of the spectrum, the particlgMoSt of the mentioned phenomenological properties associ-
content is the same considered in the analysis of . ated to the umversgllty of mixings a}nd _the conservation of
Thus the details of the argument will follow the same lines.th® KK number fail, so their implications are likely to
Next, six-dimensional models have the potential of ex-change.
plaining the number of generatiofi26,27]. The argument is
based on the fact that the cancellation of glodl(2) C. Restoration of parity at high energies
anomalies imposes thg29] In conventional left-right models, it is \\,/\v’ég known that as
one goes to extreme high energies, i.e., rnn a process
N(2+)=N(2-)=0 mod 6, (40) is much higher than the mass square of ihlg and Z’
bosons, weak interaction processes involving left- and right-
This applies to botlsU(2) groups. The relatio¥0) is (non- handed2 he"‘;“‘e.s .bec"”."e equal up t.o small corrections of
trivially) satisfied only for at least three generations. ordermWR/Q - Similarly, in the early universe when the tem-
In the six-dimensional, version of our model, neutrino PeratureT>my,_, phase transition takes place leading to a
mass arises in an interesting manner. The simple neutrinsymmetric phase of the theory and parity is fully restored. By
mass operator involving the active neutrinos, i@y, alone  the same token, as the Universe cools below the parity res-
discussed in Sec. V is now forbidden due to tHél),s toration scale g scale, symmetry is broken and there are
symmetry as is the operat@r, involving only thevs. How-  domains of even and odd parity separated by domain walls.
ever theU 5 symmetry allows the operat@, connectingy  The a priori possibility that such domain walls can cause

whereN(2..) is the number of doublets with chirality-.
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extreme anisotropy in the universe always is a matter of conin this model can be as low as 100 TeV and the radius of the
cern for the cosmology of such models. A common way tofifth dimension of order of a (TeV)!. The gauge symmetry
deal with such issues is to “inflate” the domain walls away is partially broken by the orbifold boundary conditions. We
and keep thery scale above the reheating temperature sshow that one can consistently remove the right-handed neu-
that the walls are not regenerated ag&a). trinos from the zero mode spectrum, which contains the stan-
For conceptual clarity let us explain how approximatedard model. The scale of parity breaking could therefore be
parity restoration occurs in theories with orbifold compacti-under a TeV. The orbifold breaking enables this low scale to
fication. For simplicity, consider the weak interaction contri- be compatible with all known low energy data. This model
bution to the cross section for two scattering processesy has a number of other features which are different from the
andoe-y. For energie€<R™!, g,-n=0 whereasr,_ is  Standard four-dimensional left-right models. For instance, in
nonzerRo ASE=R-L o.nt0 ang S0 receive; an  our model, theNg bosons are produced only in pairs. There-

1 YegN N fore hadron colliders have no special advantage over the
additional contribution both Comlng from the first KK exci- ete™ collider for tes“ng this model. It predmts a stable |ep_
tation of fermions and gauge bosons. The additional contriton with massR 1. Furthermore, the structure of our model
bution tooe -y and the value obre_ are nearly equal apart ajlows a new way to understand the small neutrino masses in
from some propagator corrections. &>R~ 1, more and low scale string models without introducing bulk neutrinos.
more states contribute to both processes and the zero mo&kie to the completely new structure of this class of models
contribution tooe which was nonzero in the beginning compared to the standard four-dimensional left-right model,
here will be many new phenomenological implications. We

ave briefly mentioned some of them. More details of these
implications are under consideration.

starts becoming a small part of the whole contribution an
one ha&reﬁzae;{N. This is the sign of parity restoration in

the class of models we are discussing. Bs&M, , then
stringy contributions dominate and presumably both cross
sections become equal obliterating the effect of the orbifold
boundary conditions.
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