PHYSICAL REVIEW D, VOLUME 60, 105023

Leptogenesis in theories with large extra dimensions

Apostolos Pilaftsis
Theory Division, CERN, CH-1211 Geneva 23, Switzerland
and Department of Theoretical Physics, University of Thessaloniki, GR 54006 Thessaloniki, Greece
(Received 7 June 1999; published 25 October 1999

We study the scenario of baryogenesis through leptogenesis in higher-dimensional theories, in which the
scale of quantum gravity is many orders of magnitude smaller than the usual Planck mass. The minimal
realization of these theories includes an isosinglet neutrino which feels the presence of large compact dimen-
sions, whereas all the SM patrticles are localized on & §)-dimensional subspace. In the formulation of
minimal leptogenesis models, we pay particular attention to the existence of Majorana spinors in higher
dimensions. After compactification of the extra dimensions, we obtain a tower of Majorana Kaluza-Klein
excitations which act as an infinite series@®-violating resonators and derive the necessary conditions for
their constructive interference. Based on t@iB-violating mechanism, we find that the decays of the heavy
Majorana excitations can produce a leptonic asymmetry which is reprocessed into the observed baryonic
asymmetry of the universe by means of out-of-equilibrium sphaleron interactions, provided the reheat tem-
perature is above 5 GeYS0556-282(99)04020-5

PACS numbsd(s): 11.30.Fs, 11.10.Kk

I. INTRODUCTION (1+3)-dimensional Minkowski subspace, which is called
the wall. In such a theoretical framework, the ordinary
Superstring theories have been advocated to provide Blanck massvlp must be viewed as an effective parameter,
consistent theoretical framework that could lead to the quarwhich is related to the genuinely fundamental sddlevia a
tization of gravity, including its possible unification with all kind of generalized Gauss's law:
other fundamental forces in nature. The quantum nature of
gravity is expected to play a central role at energy scales Mp~Mg(RMg)??, (1.9
close to the Planck mash)p=1.2x10°GeV. The formu-
lation of superstring theories requires the embedding of ouwhere we have assumed, for simplicity, that the additional
well-established (% 3)-dimensional world into a higher- &dimgnsionql vqlume has the Configuration_ of a torus, with
dimensional space, in which the new spatial dimensions mugt! of its radii being equal. Many astrophysid&l-16 and
be highly curved for both phenomenological and theoreticaPhenomenological17] analyses have already appeared in
reasons. In typical string theories, the fundamental strindg€ recent literature for such low-string-scale theories.
scale is generically of ordevl,. However, Witten[1] and As has _beer_1 mentlonec_i alreac_iy, .'t IS cp_ncelvable t_o as-
Horava and Witteri2] presented an interesting alternative, in sume that isosinglet neutrinos exist in addition to gravitons

which the string scale may be considerably lowered toand that also feel the presence of large extra space dimen-

T . e ) i sions. In particular, we wish to study novel scenarios, in
. 10 Qe\_/, therel?y_ enabling the unlflc_at|on of all interac which the existence of higher-dimensional singlet fields may
tions within the minimal supersymmetric model. An analo-

) . X account for the observed baryonic asymmetry of the universe
gous scenario was subsequently discussed by LyKBEN  (gay) by means of the Fukugita-Yanagida mechanism of
which the string scale was further lowered to.the TeV réqge'leptogenesi@lS]. According to this mechanism, an excess of
but the fundamental Planck scale was kept intad?{o.

) ) the lepton numbe(L) is first generated by out-of-equilibrium
Recently, Arkani-Hamed, Dimopoulos, and Dvdb] | yiolating decays of heavy Majorana neutrinos, which is

have considered a more radical scenario, in which the funda[hen converted into an asymmetry of the baryon nun(Ber
mental scale of quantum gravitylg, may be as low as few g B+ L)-violating sphaleron interactiorfid9]. Such
TeV, thereby proposing an appealing solution to the knowry,| 4 g conversion of asymmetries stays unsuppressed, as
gauge hlerarﬁhy bproble_kr)fﬁ].dThehobserved weakness bOf long as the heavy Majorana-neutrino masses lie above the
gravity may then be attributed to the presence of a nUMbEr ¢ e temperaturel . of the electroweak phase transition

of large extra spatial dimensions, within which only gravity \;nere sphalerons are supposed to be in thermal equilibrium.

can propagate and, most probably, fields that are singlet§,.p, 4 scenario of explaining the BAU is often called baryo-
under the standard mod€BM) gauge group, such as iso- genesis through leptogenesis.

singlet neutrino$7,8]. This highef 1+ (3+ 5)]-dimensional The presence of large extra dimensions introduces a num-

Space IS usually termed the bqlk. On the other hand, .aII Ber of alternatives for leptogenesis which may even have no
ordinary SM  particles reside in the conventional jnajogue in the conventional four-dimensional theories. We
shall focus our attention on minimal realizations of higher-

dimensional leptogenesis models which, after compactifica-

!n a different context, Antoniadigl] had made an earlier sugges- tion of the extra dimensions, lead to scenarios that admit
tion of a low compactification scale of order TeV in string theories. renormalization assuming a finite number of Kaluza-Klein
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(KK) excitations. Such models of leptogenesis are therefore Furthermore, it was showf24] that e-type CP violation
endowed with enhanced predictive power. For definitenesshduced by the mixing of two nearly degenerate heavy Ma-
we will consider minimal four-dimensional extensions of the jorana states can be resonantly enhanced up to order of unity.
SM, augmented by one singlet Dirac neutrino, which propaAs we shall discuss in more detail in Sec. 1V, an analogous
gates in the bulk. Parenthetically, we should notice that masdynamics exhibits the system of the Majorana KK excita-
sive Majorana neutrinos are not defined for spaces with angions. In fact, each KK pair of the two nearly degenerate
space-time dimensions, but only for those with 2, 3, and 4Vajorana states behaves as an individOB}violating reso-
mod 8 dimension$20,21]. For instance, unlike in four di- nator. In this way, we shall characterize a two-level system
mensions, true Majorana spinors cannot be defined in fivéhat satisfies the resonant conditions of order-u@i vio-
dimensions. This topic will be discussed in detail in Sec. Il.lation. We find that the spacing in mass for two adjacent KK
After compactification of the extra dimensions, the kineticpairs of Majorana states governs the dynamics for construc-
term of the bulk neutrino gives rise to an infinite series oftive or destructive interference of the complete tower of the
massive KK excitations, with equally spaced Dirac massesCP-violating resonators. Owing to cancellations among the
i.e., the mass difference between two neighboring KK statedifferent CP-violating vertex contributions, we can explicitly
is of order 1R. In order to make the mechanism of leptoge- demonstrate that’-type CP violation is vanishingly small.
nesis work, it is necessary that the model under consideration A crucial requirement for successful baryogenesis through
violate both the lepton numbérand the product of symme- leptogenesis is that the temperature of reheafinf26] due
tries of charge conjugatio(C) and (parity) space reflection to the late decays of gravitons into photons be not much
(P), also known a$CP symmetry. The violation of can be  smaller than the critical temperatuile, namely, the tem-
introduced into the theory by simultaneously coupling theperature above which thé¢-L)-violating sphalerons are in
different spinorial states of the higher-dimensional Diracthermal equilibrium. IfT,<T., sphalerons are out of equi-
neutrino to the lepton doublets of the SM and to theirlibrium, and the conversion of the generated leptonic asym-
C-conjugate counterparts. As we will see in Sec. Ill, how-metry into the baryon asymmetry becomes exponentially
ever, this is not sufficient for the theory to & violating.  suppressed. In particular, it has been arguet] that it may
CP nonconservation can be minimally realized in two differ- be difficult to obtain a reheat temperature abdyen theo-
ent ways: one has to either include additional higher- ries with a low scale of quantum gravityl-, such that
dimensional fermionic bilinears dii) extend the Higgs sec- sphalerons can effectively reprocess an exceds iimto B.
tor of the SM. Obviously, one may also consider moreFor two extra large dimensions, the auth@<2] derive the
involved models based on combinations of these two minimass limitM =100 TeV, assuming that the reheat tempera-
mal scenarios. The first scenario may be regarded as tare is larger than a few MeV, so as to ensure that primordial
higher-dimensional extension of the ordinary leptogenesigiucleosynthesis proceeds as usual. This bound is also in
model[18]. Of most interest is, however, the second alterna-qualitative agreement with recent constraints derived from
tive, which has no analogue in four dimensions, as it doesonsiderations of rapid supernovas cooling due to graviton
not require the inclusion of any explicit heavy Majorana oremission[13] and of the cosmic diffuse gamma radiation
isosinglet mass scale in the Lagrangian. The characterist{d4].
feature of these extensions is that each of the Dirac KK neu- Nevertheless, several possibilities have already been re-
trino states splits into two nearly degenerate Majorana neuported in the literature that one might think of to avoid pos-
trinos either at the tree level in the first scenario or at onesible difficulties associated with a oW, . For example, one
loop in the second one. could imagine that the bulk singlet neutrino only resides in a
There are generically two distinct mechanisms that givesubspace of a multidimensional space spanned by a number
rise toCP nonconservation in the decays of heavy Majoranad=6 of extra dimensions and higher, in which gravity
KK states. In the first mechanisi@P violation is induced by  propagate$7]. This could lead to rather suppressed produc-
the interference of the tree-level decay graph with the abtion rates of gravitons, thus allowing much larger reheat tem-
sorptive part of a one-loop vertex diagrdii8,22; we call  perature§9,12]. Another way of resolving the problem of a
the lattere’-type CP violation in connection with the estab- low T, is to assume that the compactification rddb,16 of
lished terminology of the kaon system. In the second mechagravity are not all equal, but possess a large hierarchy. Such
nism, which we call ite-type CP violation, the tree-level a possibility would completely change the usual cosmologi-
diagram interferes with the absorptive part of the one-loogcal picture of the previous analyses. In this context, it has
self-energy transition between two heavy Majorana neutrinodeen further advocated that gravitons might decay faster on a
[23-25, i.e., between heavy Majorana KK states. If the hidden wall than the observable wall we live (81 or even
mass difference of two heavy Majorana states is of the ordem novel type of rapid asymmetric inflation could take place
of their respective widths, the descriptionstype CP vio-  [11]. Because of the variety of the solutions suggested in the
lation becomes more subtle field theoreticdlBA]. In this literature, in our analysis we shall not put forward a specific
case, finite-order perturbation theory no longer applies, anthechanism of increasing the reheat temperature closg.to
one is therefore compelled to resort to a resummation apnstead, we will simply assume that is a free parameter
proach which consistently takes the instability of the mixedand place a lower limit on it, based on the requirement that
heavy Majorana states into account. This issue has extemhe observed amount d asymmetry be produced. Espe-
sively been discussed [24]. cially, we shall see that the resonantly enhanG&dasym-
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metries in the decays of the KK states are very important to( § 0 ygd—l) @ [ O
overcome part of the low, problem. Yd-1= — YD o I” ™7 lo -1.
The paper is organized as follows: Section Il reviews 0 " 2.4

the topic related to the ability of defining true Majorana

spinors in higher-dimensional theories. In Sec. Ill, we for-wherel,, is the unity matrix inm dimensions. Note that the
mulate minimal renormalizable higher-dimensional modelsdimensionality of the representation of the gamma matrices
that can lead to successful scenarios of leptogenesis. In S€or d=2m+1 coincides with that ofd=2m. The matrix

IV, we derive the necessary conditions for order-ur@y v is the generalization of the usugk matrix in four di-
asymmetries dug to _the constructive interference of the towahensions, i.e.,yg’):cﬂi;%yif’), where the constant is

of the KK CP-violating resonators and show that-type  gefined such thay@2=1. The matrix y¥ anticommutes
CP-violating contributions are negligible. In Sec. V, we give with all 721) for d=2m, whereas it commutes with au;d)

an estimate of the baryonl_c asymmetry that arses from for d=2m+1; i.e., it is proportional to the unity matrix. If
sphaleron-converted leptonic asymmetry and derive a lower

. . we know the representation of gamma matricesdier2m,
bound onT, and Mg for successful baryogenesis. Finally, ; .
. we can easily construct the respective one der2m+1,
Sec. VI presents our conclusions.

just by including
(d+1) _j (D) 2
Il. MAJORANA SPINORS IN HIGHER DIMENSIONS Yd lyp”- (2.5

The violation of the lepton number in leptogenesis modeldn fact, Egs.(2.3—(2.5) are sufficient to construct aﬂﬁ?) in
or supersymmetric theories is naturally mediated by Majoany numberd of dimensions, starting from the known ex-
rana fields, e.g., heavy Majorana neutrinos, neutralinos, etgyressiong2.2) for d=2,3. In addition, we should notice that

gous extension of the notion of the Majorana spinor to highehaving the properties

dimensions[20,21]. The ability of defining true Majorana

neutrinos in any dimensions plays a key role in the construc- YW=y DT Y= DT k=1 d—1. (2.6

tion of higher-dimensional leptogenesis models. Here we

shall review this topic from a more practical, for our pur- Finally, a useful property of the above construction is the

poses, point of view. fact thatyELd) are self-adjoint under the known bar operation,
We shall consided-dimensional theories with one time j.e.,

component andl—1 spatial ones. We assume that the La-

grangian describing these theories is invariant under the gen- 7(/;1)5 )/B@)/if”ygd): yf) , (2.7

eralized Lorentz transformations of the S@{%,1) group. _

In such an extended-dimensional Minkowski space, the andiy{)=iy{).

corresponding Clifford algebra reads Let us now define bys(x) a massive fermionic free field
in a multidimensional Minkowski space, which satisfies the
{y(d) y<d>}:29(d)1 (2.1) free Dirac equation of motion, i.e.j{*d,—m)=0. Here
morly y72 2%} .

and henceforth, we shall drop the superscfigt on the
gamma matrices to simplify notation. The Lorentz adjoint of

¢ is then given byZ= " vo, while the invariance of the

1, andy, are the generallz_ed Dirac’s gamma matr_'ces'Dirac equation under generalized Lorentz transformations re-
The construction of these matrices to any number of dmenduires

sions may be found recursively. Our starting point is the

where gg’z:diag(Jrl,— 1,...-1), for u,»=01,...d

representation of gamma matrices tb+2 andd=3, i.e., S= oS yo=5"1 2.9
0 1 0 -1 i 0 where
(23 _ (23 _ (3)—
Yo Tl1 o M _{1 0} 2 _{o —i}' _
2.2 ! v
(2.2 S:exp(—Z; wno B, (2.9

The procedure for constructing gamma matrices to higher ) ) ) ) o
dimensions is then as follows. f=2m (m=1,2,...), we With 0,,=(i/2)[y,,7,], is thed-dimensional spinorial rep-
may then define resentation of an arbitrary Lorentz rotation with angigs,

and|4” are the generators of SO(L 1). It is easy to see
that Eq. (2.8) is equivalent t0y,0},,70=0,,. The last

@_| 0 lity i by vi f Eq2
Y 1 ol equality is true by virtue of Eq(2.7).
m To define charge-conjugate fermionic fields in theories
41 (41 with many dimensions, we proceed as follows. We start with
(d)_ 0 7’8 )Yﬁ ) k=1 d—2 the classical Dirac equation by including a background elec-
L Y S P 0 ' 779 yromagnetic fieldA, coupled toy; ie., [iy#(d,+eA,)
(2.3 —m]=0, and then seek for a solution of the respective
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Dirac equation for the antiparticle field, denoted ¢¢§, TABLE I. Existence of massive Majorana spinorsdrdimen-
which is of the form[iy*(d,—eA,)—m] Yy©=0. In caseyy ~ sions.

is a neutral field, e.g., a neutrino, one should initially assumé
thate#0 and then take the limg—O0 at the very end of the S

Existence of massive

[oRye]

consideration. In this way, we find that® may be deter- d even e(s)=—1 odd e(p)=1  Majorana spinor
mined in terms ofy as follows: 2 1 1 1 1 Yes
— 3 2 -1 1 1 Yes
YC=Cy'=Cyoy*, (2.10 4 2 -1 2 -1 Yes
whereC is the charge-conjugation operator that satisfies the ® 3 -1 2 -1 No
property 6 3 -1 3 -1 No
7 4 1 3 -1 No
C'y,.C=-7, (2.11 8 4 1 4 1 No
_ o ) 9 5 1 4 1 No
for massive fermionic fields. For massless fermions, we may;, g 1 5 1 Yes
also allow the equality 11 6 -1 5 1 Yes
Cly c=+T. 21 12 6 -1 6 -1 Yes
Y= Yu 212 13 7 -1 6 -1 No

Furthermore, consistency of charge conjugation with Lorentz

invariance implies that
P Specifically,C, (Cg) is formed by the product of ap (s) in

cisc=(sHT (2.13  number gamma matrices that are pure antisymmeéssion-

_ . . . metric). Employing the identityyﬂy};: 1, we can easily find

or, equivalently, thaC~ "o ,,C=—o0,,, Which holds true the following relations for the twe-conjugation matrices:
because of Eq(2.11) or (2.12. At this point, we should

remark that the transformations Ca'=Ch=(—1)Pe(p)Ca,
y,=Uy,U"%, c'=ucu’ (2.14) CA=(CRH*=(—1)Pe(p)Ck, Ca=Ck,
preserve all the relations of the gamma matrices given above, (220

including Eqgs.(2.8) and(2.13.

“1_~t_/_1)s1
The necessary and sufficient condition for the existence of Cs'=Cs= (=17 7e(s)Cs,

a Majorana spinor in any number of dimensions reads Cg=(Cg)* =(—1)%"tg(s)C¥%,
b=y, (2.15 Ci=(-1)""1Cg, (2.21)
which amounts to with £(2) =(—1)%?" V2 As advertised, it can be shown that

the two C-conjugation matrices satisfy the relations
Cy5(Cyp)* =1. (2.16

Ca'7.Ca=(—1)Py,, Cs'y,Cs=(—1)1y,.

This last equality may be rewritten as K (2.22

C 1%C=(C*C)yg. (2.17 On the other hand, the Majorana condition given by Eq.

] ) ) o (2.17 may now be translated into

Consequently, massijenasslessMajorana spinors i di-
mensions are admitted, if both the construction @f matrix C/leoCA= (— 1)p8(p)7g, Cglyocszg(s) yg_
satisfying Eqg.(2.11) [Eq. (2.12] andC*C=—-1 [C*C= (2.23
+ 1] is possible. As we will see below, this is not always the
case. As a consequence, the existence of a massive Majorana

For this purpose, it is important to be able to construct gspinor in any number of dimensions is ensured if
matrix that obeys the identit§2.11) or (2.12. There are only

two candidates that could be of interest: e(p)=1 andp is odd (224
p or if
Ca= o with yi=—yl=—y, 2.1 .
A H Y LA Y (218 e(s)=—1 and s is even. (2.25
s Based on Eq92.24) and(2.25, we can generate Table I. As
Cs= H ye  Wwith y,= er, Yo= yg, can be seen from this table, trum_ssivd\/_lajorana neutrinos
r exist only in 2, 3, and 4 mod 8 dimensiof0].
. If we also allow the possibility of massless Majorana-
¥e=—v (r#0). (219 weyl spinors, we only need to impose the restriction
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TABLE Il. Existence of massless Majorana-Weyl spinorgdin
dimensions. L(x)=

&(x,y)
7(X,y)

vL(X)

IL(x) » @1

1R, N(X,Y)=(

Existence of massless . . .
where v, |, andlg are four-dimensional Weyl spinors,

— — s+1 H H
d eP=1 e(s) = (1) Majorana spinor and ¢ and 7 are two-component spinors in five dimensions.
5 -1 -1 1 No Depending on the model, we shall also assume ¢Ha is
6 -1 -1 1 No symmetric (antisymmetri¢ under ay reflection® &(x,Y)
7 -1 1 -1 No =&x,—y) and n(x,y)=—n(x,—y). Following the proce-
8 1 1 -1 Yes dure outlined in Sec. Il, the gamma matrices in five dimen-
9 1 1 1 Yes sions may be represented by
V= 7% —it ] (3.2
e(p)=+1 or &(s)=(—1)5" (2.26 #oloy 0 0 11,

whereo*=(1,,5) ando*=(1,,— ), with 7, , 3 being the

The so-generated Table Il shows that in addition to the resuffSu! Pauli matrices. _ ,

found in the massive case, the definition of massless Majo- AAS We have mentioned in the Introduction, there are two
rana fields can be extended to 8 and 9 mod 8 dimensiorf§Presentative minimal scenarios of leptogenesis.

[21]. For example, our analysis explicitly demonstrates that, (1) The first scenario may be viewed as a higher-

as opposed to four dimensions, true Majorana neutrinos cafimensional generalization of the usual leptogenesis model

not be defined in theories with five, six, and seven dimen®f Ref.[18], in which the Lorentz- and gauge-invariant fer-

sions. In fact, in the latter theorie€ loses its very same Mionic bilinearsNN and NTC®)~!N are included. As we
meaning of being a genuine charge-conjugation matrix. Wavill see, however, if &, discrete symmetry is imposed on
shall pay special attention to this issue in the next sectionN(x,y), the former bilinear mass tertdN does not contrib-
while formulating different minimal models of leptogenesis. ute to the effective action. According to Eg.18 and
(2.19, the matrixC® satisfies Eqs(2.12) and (2.13, but
not Eqg.(2.11), which defines the tru€-conjugation matrix
lll. HIGHER-DIMENSIONAL MODELS for a massive Dirac field. Despite its close analogy to four
OF LEPTOGENESIS dimensions, the operatdd"C(®)~N does not represent a

If the SM contains a singlet neutrino that feels large extrjgenume bare Majorana mass in five dimensions. Neverthe-

dimensions, this additional volume factor of the new spatial S .
dimensions introduces a new possibility to naturally suppresTﬁhls scenario qlsplays a dynaml_cs rather analogou; to the
the Higgs Yukawa coupling to neutring,g]. After sponta- KnNoWn scenario of leptogenesis due to Fukugita and
neous symmetry breakin@SB of the SM Higgs potential, Yanagida[18].

the resulting neutrino masses may naturally be of the order (i) The second.scenallrio of Igptogenesis requires,.in addi-
of 10-2eV, which turns out to be in the right ballpark for 10" to the bulk Dirac singlet fielN(x,y), that the Higgs

explaining the solar and atmospheric neutrino da&l. Here sector of the SM be extended by two more Higgs doublets.

we shall formulate minimal models of leptogenesis Which,The first Higgs doublet, denoted 5, couples to the lepton

after compactification of the extra dimensions, give rise tgSedoublet, and the second Higgs doublgt, couples to its

theories containing four-dimensional operators only and aréharge-conjugate counterp&t.”, while the last oneb; has

therefore renormalizable for finitely many KK states. Evenno coupling to matter. The so-extended Higgs potential ad-

though the number of KK excitations is formally infinite, on Mits CP nonconservation which originates from the bilinear

theoretical grounds, however, one expects the presence of &tixing of the three Higgs doublets. In fact, in this model,

ultraviolet(UV) cutoff close to the string scale where gravity Poth the Majorana masses of the KK excitations b

is supposed to set in. The issue of renormalization will beViolation are generated via loop effects. Most interestingly,

come more clear while describing the leptogenesis modelsas we will detail below, this scenario of leptogenesis has no
For simplicity, we shall consider a five-dimensional analogue in four dimensions.

model. The generalization of the results to higher dimensions Of course, one may consider more involved models of

is then straightforward. Followinfj7,8], we assume that all leptogenesis that are based on combinations of the basic sce-

particles with nonzero SM charges reside in a subspace dfarios (i) and (i), including their possible supersymmetric

(1+3) dimensions. Also, we introduce one Dirac isosingletextensions. Therefore, it is very instructive to analyze in

neutrinoN(x,, ,y) that propagates in the bulk of all five di- More detail these two representative models of leptogenesis,

mensions. We denote by, =(Xq,X1,X2,X3) the one time

and the three spatial coordinates of our observable world and

by y=x, the new spatial dimension. Thecoordinate is to  2jith the imposition of such a symmetry which might be justified

be compactified on a circle of radil&by applying the pe-  within the context of aZ, orbifold compactificatior8], one may

riodic identificationy=y+27R. Specifically, the minimal avoid a twofold mass degeneracy in the spectrum of the KK states
field content of a one-generation model of leptogenesis is for the leptogenesis models under study.

ess, after KK compactification, the effective Lagrangian of
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as well as a hybrid scenario that includes both the extensiormonstrained by the aforemention&gl discrete symmetr{g],
mentioned above, i.e., fermionic bilinears and two additionalve may expand the two-component spingrand » in a
Higgs doublets. Fourier series as follows:

A. Leptogenesis model with fermionic bilinears

In this scenario, the SM is augmented by a higher- E(X,Y)= —=§&)(X)+ L 2 §n(x)cos< ﬂ/)
dimensional Dirac singlet neutrindl(x,y), while the SM V27R JmRi=1 R
particles are considered to be confined to a four-dimensional (3.6)
hypersurface which describes our world and is often termed
as a 3-brand.In this picture, the bulk Dirac neutrino field
N(x,y) intersects the 3-brane at a positip# a, which natu- - _(ny
rally gives rise to small Yukawa couplings suppressed by the n(X,y)= \/ﬁzl 7n(X)Sin RrI (3.7

volume of the extra dimensions. This suppression mecha-
nism is very analogous to the one that gravity owes its weak-

ness at long distances in theories with a low scale of quanz . ; : oo
X . . ere the chiral spinorg,(x) and »,(x) form an infinite
tum gravity [5]. The most general effective Lagrangian of tower of KK modes. Afte?(in)tegrati7r71ng( (3ut the coordinate,

the scenario under discussion is given by the effective Lagrangian takes on the form

27R . _
;Ceff:f dy(N(iy'“&lu-i-iny)N—mNN

0 . 1
Wf”l_cpgo—zm EoéorH.c.

L L= Lo+ Eo(i0%,) Eg+
— E(M NTC®~IN+H.c)

oo

- +2 [Ena?a#)fnﬁn(iwu) 7

+8(y—a)[h,LPE+h,LDp+H.c] =1
n — 1 S
+6(y—a)Lswf, (3.3 +ﬁ(gnnn"_gnﬂn)_EM(§n§n+77n77n+H-C-)
where Lgy denotes the SM Lagrangian and +V2(NLD &+ hLD .+ Hoc) |, (3.9
_i0'2 0
C¥=—ny=r7n= o _i,| G4

where we have chosen the weak basis in wihitis positive,
~ and

In Eq. (3.3, ®=io,d* is the hypercharge conjugate of the

SM Higgs doublet, and and » are higher-dimeniional two-

component spinors defined in E®.1). Note thath; andh, n_ hy na
are dimensionful kinematic parameters, which may be re- hy"= (277M|:R)57200 R

MFh na 0
= — _— =
Mp 1008 | (n=0),

lated to the dimensional-less Yukawa couplifgsand h, (3.9
through
— hio h na\ M na
h = : 1 3. 7”): 2 i —_— = —F 1 —_— =
127 (1) (3.5 h$ —’_(ZWMFR)”SIH R Mphzsm R (n=1).

(3.10
with 6=1. Here one must remark that the fundamental scale
of quantum gravityM g, occurs naturally in Eg(3.5), as it o N ) .
is the only available energy scale of the effective Lagrangiad deriving the last equalities on the right-hand sidRBIS's)
to normalize these higher-dimensional Yukawa couplings. ©f Eds.(3.9 and(3.10, we have employed the basic relation
Given thatN(x,y) is a periodic function of, with a pe- ~ 9iven in Eq.(1.1). In agreement wit{7,8], we find that
riod 2R and with its two-component spinorial modes beingindependently of the numbef of the extra dimensions, the
four-dimensional Yukawa couplings!” andh’” are natu-
rally suppressed by an extra volume facttM/Mp

3In a field-theoretic context, Rubakov and Shaposhnjiai pre- =10 '°. We also observe that the mass temhiN drops out

sented the possibility of dynamically localizing four-dimensional from the effective Lagrangian, as a result of thediscrete
fermions on a solitonic brane embedded in a higher-dimensionadymmetry.

space by employing the index theorem in a solitonic background In the symmetriqunbroken phase of the theory, the part
[28] of the Lagrangian describing the KK masses is given by
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1 1.2 the theory is then invariant und&P transformations. Con-
—ErKnﬁsszzMgogoJrE Z (&nymn) se_ql_JentIy,CP violation requires thaju#0 and a nonzero
n=1 shifting of the brane,a#0, apart from a relativeCP-
M —n/R\[ &, violating phase between the original Yukawa couplitgs
x( _n/R M )( )+H.c. and h,. Finally, we should remark that if th&, discrete
n

symmetry were not imposed dN(x,y), the resulting La-
1 1> grangian would predict a dangerous twofold mass degen-
= EMX(lo)X(lo)+ > > O™ xsmy eracy in the spectrum of the would-be Majorana KK states
n=1 that would effectively correspond to the=0 case and,

_ (n) hence, would lead to the absenceGR violation as well.
X 0 n/R+,LL X(Zn) +H.c., ( . 1) . . -
B. Leptogenesis model with extended Higgs sector
where X(lr?z):(ll‘/f)eXPer(z [&+(—) 7] As in Ref. [8], _ The second scgnario that we will pe qiscussing does not
we have defined that =min(M—k/R]) be the smallest mass involve the inclusion of any heavy isosinglet mass scale.

eigenvalue for some given value lbofind have relabelled the Instead, in addition to the hig_her-dimensional Dirac field
remaining KK mass eigenstatg4” andy{" with respect to ~ N(X,y) supplemented by the, discrete symmetry, we shall

k. Thus, after compactification, we see how the heavy iso€Xt€nd the Higgs sector by two more Higgs doublets that
singlet mas gets replaced by the small Majorana mass €&y the same hypercharge as the SM Higgs doublgt. As we
with x<1/R. Further technical details and discussion mayWill demonstrate below, such an extension of the Higgs po-
be found in[8]. After expressing the effective Lagrangian in (€ntial by three Higgs doublets, denoted hereafterbas

Eq. (3.9 in the newly introduced Majorana-mass basis, we®2, and®, is dictated by the necessity of introducing suf-
obtain ficient L and CP violation into the theory. Specifically, this

scenario is governed by the effective Lagrangian

Eeﬁ=£SM+,C,';’;SSJr}(lO)(iE“a#)X(lO)Jr(h(1°>f'<f>x(l°)+H.c.) 2nR
- Lon= fo dy{N(i 73, +i 740N
+ 2 Do a,) X+ 8 (0%, x5 SN
n=1 +8(y—a)[hiLPE+h,LD,n+H.c]

+(h{"LDx "V +h{LD x5+ H.c)], (3.12 +8(y—a)[ Lon(P1)+ Ly(P1, D5, D)1},
where (3.16

where ®;=io,®F (i=1,2,3), and Ly(P,,P,,P;) and
L5u(®4) describe the Higgs potential and the residual stan-
dard part of the model, respectively. Furthermore, the model
and the Yukawa couplingE(lf‘% are given in Eqs(3.9) and s invariant under the transformations

(3.10.

iy =€ #hi"+(~1)'*zhy" (3.13

It is now easy to recognize that the Lagrangian in Eq.  N—IN, ®1——id;, @y—id,;, @3—d3,
(3.12 is the known four-dimensional model of leptogenesis . _ .
with an infinite number of pairs of Majorana neutring§” lr——ilgr, Ur—iug, dr——idg, (3.17

and " [18]. With the help of a method based on general-
ized CP transformationd29], we can derive the sufficient
and necessary condition for the theory to ®E invariant.
Adapting the result found ifi24] to the model under discus-
sion, we find the condition

wherelg, ug, anddg denote the right-handed charged lep-
tons, and the up- and down-type quarks, respectively. Obvi-
ously, only ®; couples to the observed SM particles,
whereas®; does not couple to matter at all. The discrete
symmetry in Eq.(3.17) is very crucial, as it ensures the
renormalizability of the model; the discrete symmetry is only

Pt r K1t RTRE 1 ) —
ImTr(h"hM, M, M, h"h*M,)=0, (3149 proken softly by operators of dimension 2:
where  h=(h{®,h{H h,  hM AP, ) and M, C o
_ t
=diagw,1R— w, 1R+ w,....n/R— u,n/R+ u,...) are for- Ly= E mj @@+ H.c.CL/(Py, P2, P3).

= A ) . . ) i<j=1
mally infinite-dimensional matrices that contain the Higgs -

Yukawa couplings and the KK mass eigenvalues, respec- (3.18
tively. It is a formidable task to analytically calculate the Notice that the Higgs potential of this scenario is very simi-
LHS of Eqg.(3.14. Instead, we notice that if one of the fol- |ar to that of Weinberg's three-Higgs-doublet mofg0].
lowing equalities holds true, One might now naively argue that the third Higgs doublet
@, is not compelling for introducing@P violation into the

n=0, a=(0 or #R), Im(h;h3)?’=0, (3.19  theory, eg., Imig, b m2,) # 0. However, this is not true. Not-

105023-7
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N o3 where simple dimensional analysis of the Feynman graphs
IS 2 o, X Xa, displayed in Fig. 1 suggeéts
! Y 1 A
—_— B ——————
€m L T €m L n MR m2, M2 2
Knm™ .
(@) (0) " 8" | miy+ms, miy(mi+m3,)

(3.22
FIG. 1. Feynman graphs giving rise to UV-finite KK kinetic . . . .
terms. y grapns giving Sincex,m<1/(RMg), we find that to a good approximation,

only the diagonal kinetic transitiong,— #, contribute pre-
dominantly to the splitting of a KK Dirac state into a pair of
Majorana states. After canonically normalizing the KK ki-
netic terms, the KK mass spectrum is determined by

withstanding thah; andh, might initially be complex in the
basis in which mfz is real, one can always rephase
—e'?L and N—e'’N to make both real. Ifd)hl and bn,

denote the phases of the two Higgs Yukawa couplings, these 1 0
phases can be eliminated by choosizb]g:(¢>h1+ ¢>h2)/2 and » “ . 1+] €| X(ln)
é=(n,~ #n)/2. In this scenarioCP violation gets com-  ~Lmass™ nZzl SR x2) 1 (X<2n>>
municated radiatively to the neutrino sector via bilinear 0 1_—|6|
Higgs-mixing effects. To be precis€P nonconservation in "
the symmetric phase of the Higgs potentigl is manifested +H.c., (3.23
by the nonvanishing of the following rephasing-invariant
quantity[31]: wheree,~ k,, and
Im(m2,m3,m?.2) # 0. (3.19 1
&, 1 [e 12 _emied2\ [ \1+]e,|
In addition, CP violation can only occur on a shifted brane, ): AR el ol2 1
i.e., a#0. The latter amounts to nonzero values for both 0 -
compactified Higgs Yukawa couplingg™ andhi? . V1-|e
Proceeding as in Sec. Il A, we integrate out the compact (n)
coordinatey in Eq. (3.16 to eventually arrive at X );(1”)), (3.24
2

Le=Lou(P1) + Ly(D1, D5, P3) + Eg(i070,) &

+(hOLdD, &+ H.c)+ >
n=1

with ¢"=arg(e,). From Eq.(3.24, we readily see that the
radiatively induced KK Majorana stateg” and x5 mix
a(igﬂaﬂ)gn strongly with one another, and so form a two-leveP-
violating system, namely, &P-violating resonator. The
n striking feature of the present scenario is that both the lifting
+Tn(1070,) 17— ﬁ(gn It Entn) +\/§(ih71”)|_¢)1§n of the dapger_ous mass degeneracy of the KK Majorana states
and CP violation occurs through loop effects. This model of
leptogenesis has no analogue in four dimensions, since the
, (3.20 inclusion of an explicit heavy Majorana mass is theoretically
not necessary.

+ihWLd,7,+H.c)

whereh{” andh{" are given by Eqs(3.9) and (3.10, re- C. Hybrid leptogenesis model

speciey. Observe e efecive Lagardan I EA: v st now consiera modl based o the t sce
' "narios discussed in Secs. Il A and Il B, in which we include

(3.17), where the KK components dfi(x,y) transform as N — T~(5)-1

¢&.—i&, and 7,— —i7,. At the tree level, the model pre- the fermlom.c bilinearsnNN andMN'C N, as well as

dicts an infinite number of KK Dirac states that have massed€ three Higgs doublet®,, @, and®;. As opposed to

which are equally spaced by an intervaR1Once radiative (€ Previous two cases, we shall not impose Zpaliscrete

corrections are included, however, as shown in Fig. 1, each

KK Dirac state splits into a pair of nearly degenerate Majo-

rana neutrinos. In fact, radiative effects induce new UV-finite “we should remark that our renormalization procedure consists of

kinetic terms involving the KK states. The new KK kinetic two steps. In the first step, all UV infinities are absorbed by off-

terms are given by diagonal wave function and mixing renormalizations of the KK
states in the on-shell scherf&2]. To leading order, such a rescal-
% ing does not generally affect the original form of the tree-level
Lrad= 2 Knm?n(igﬂau)fm‘*‘ H.c., (3.2 effective action. The second step, which is of our interest here,
nm=1 consists of a finite renormalization of the kinetic terms.
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symmetry on the bulk Dirac neutrinb(x,y). As we will In Eq. (3.28, L,,q indicates the UV-finite radiative contribu-
see, the absence of tdg symmetry yields a distinct predic- tions to the KK kinetic terms, i.e.,

tion for the mass spectrum of the KK states. In particular, we
find that the heavy mass scalesand M neither decouple

oo

= (i g™
completely from the KK mass spectrum nor get replaced by Lrad n,mg_x Knm7n(i0%d,)émtHC,  (3.30
other small quantities of orderR/
The effective Lagrangian of the hybrid model reads where «, , iS given by a formula very analogous to Eq.
- (3.22. To avoid excessive complication in the calculation,
e Zf d i 40, +iya0,)N— mNN we consider on'ly those radiative terms,, that are expected
¢ Jo y[ NIy Vady) to have a dominant effect on the KK mass spectrum. More

explicitly, we have
—E(MNTC(S)‘lNJrH c) =
5 .C.

N Loa= ko070(10%9,) o+ 2 [Kna 71079, &

+ Kfn,fngfn(i?i’?,u.)gfn"' Kn,fn?n(ig'u(?,u)f—n

+o(y—a)[Low(Pr) + Ly(P1, P2, P3)];. + K 7 n(i0%3,) €]+ H.C. (3.3)

(3.25  Notice that all|x, | have the same absolute value and do
not depend on the indicesandm.

The above Lagrangian possesses a global symmetry given by To evaluate the masses of the KK neutrino states, it is
Eq. (3.17) which is only broken softly by the Higgs mass .qnyenient to write the kinetic part of the KK sector as a sum
terms in Eq.(3.18 and byMNTC®~IN. This is a crucial  of two terms:
fact that ensures the renormalizability of the model.

Since periodicity is the only constraint that applies to LK =K+ KK, (3.32
N(x,y), the five-dimensional two-component spingrand
7 may then be expressed in terms of a Fourier series expathere
sion as follows:

— 1 K 3 1
oy £§50=<§o,n0><mm#>(Koo f"’)(;)——@o 70)
E(x,y)= 2 s(x>exp( ) (3.26 ’
’ J mRn==s " M m)(&
X m M/ 7 +H.c., (3.33
(Xy)=—=——= 2 (X)eXp( ny) 3.2
7] ’y \/_RI17_OC 77“ : ( . 7) -
£n>1 Zl (§n,;n,§_n,7_n)(ig’u(9’u)
Substituting Eqs.(3.26) and (3.27) into the effective La-
grangian(3.25, we find, aftery integration,
1 Knn 0 Kn —n
Lei=La(P 1)+ LD, Do, P3) + Ligg Kn,n 1 Kn,—n 0
>< * *
o 0 Kn,fn l K*n,*n
+ 2 {En(i?ww 7(i079,) 7, Kn-n 0 Kepono 1
n:—OO
&n
7 1
[ m+ &nm_ntH.C. X §,nn —z(fn,nn,f,n,n,n)
oy +7_ a7t H.c)+ (hLD o
2 (é-néntn-nmn .C)) (1 1€n 0 0 M, ¢
0 0 m M Mn H
+W2">Lq>277n+H.c.)], (3.28 “I'Mm m o0 o0 e, | THe]
m, M 0 0 N-n
where (3.34
—m_ Me ina) . Mg ina with Mm,=m+(in/R) (i.e., My=m). From the Lagrangian
hy BT I AR A VIR A - £KX in Eq. (3.33, one obtains two Majorana neutring§”

(3.29  andx{? with masses
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[M—n| M-+m :
mg(o):—~|M—m|, m;°)=—~M+m. —— Y
L [1-kog 2 [1+kog (n41) = o m o = LAY,
(3.395 X ]
Xgn+l)
We now turn to the evaluation of the KK neutrino masses, (n)
for the more involved case with=1. To this end, we first AM
go to a weak basis in which the mass matrix is real by X
rephasing the KK fields: R N Am{™__
gn_’e7i¢n/2§n ) nn_’ei¢n/27]n ) g—n_’ei ¢>n/2€_n ) - . Xgn)

—igpl2
N-n—€ TN n, (3-36 FIG. 2. Schematic representation of the mass spectrum of the
with ¢,=argm,. Even though one could always work out KK states.

the most general case, it is, however, very illuminating to o S .
make a further assumption that leads to much simpler anal-/R' This is a distinctive feature of the present model, since,

lytic results. We assume that all radiative kinetic terms areunIIke the previous two scenarios, the heavy mass soale

predominantly real in the new weak basis in E836), i.e., M neither decouples from Fhe complete KK mass specrum
Im x, m<Rex,~e€. Then, consideringn=M for definite- nor gets replaced by quantities of ordeR1/

ness, we can diagonalize the Lagrangian in [E8.34

through the canonical transformation IV. RESONANT CP VIOLATION

£ i 1 —i 1 In addition to lepton-number violatiorgP nonconserva-
h . ) X X .
i1 —i 1 tlo_n constitutes another |mport§1nt |ngre_d|ent for Ieptoge_n-
. _ esis. These two necessary conditions satisfy, by construction,
_" 1 ' 1 the three models of leptogenesis, discussed in the previous
1 section. However, these conditions may not be sufficient to
guarantee an appreciable leptonic asymmetry that results
from decays of KK Majorana states according to the standard
i (n) scenario of leptogenedi&8]. In particular, in theories with a
1_oec ) low scale of quantum gravity, we have to ensure that the
X2 total net effect of the individuaCP-violating contributions
0 0 1 0 x| coming from the tower of the nearly degenerate KK Majo-
1 x5 " rana states does not vanish because of some kind of a
Glashow, lliopoulos, and MaianiGIM) [33] cancellation
mechanism. In fact, by making use of such a GIM-type
(3.37) mechanism, we can show that all tigP-violating vertex
' (e'-type) terms almost cancel pairwise. On the other hand,
which leads to the KK Majorana masses we find that the interference of tl@P-violating self-energy
(e-type) contributions is constructive or destructive, depend-

o
o
o

o

o
>
i

[y
_|_
N
m

- , N ing on the mass spacing of the KK Majorana states.
m, =\ m+ @—M, The mass spectrum of the higher-dimensional models of
leptogenesis under discussion consists of an infinite series of
1 n2 pairs of nearly degenerate Majorana neutrinos, which we de-
m( = m?+ =—M |, note by x{" and x{" . The generic pattern of the KK mass
X2 1-2€ R ! 2 : :
spectrum may be represented by Fig. 2. As we have dis-
- cussed in Sec. lll, the mass difference betwgéh and y{"
mg(* =M=+ \/m2+ =2 may be induced either at the tree level,
1
(N) — MM _ MmN —
) — Amy =m—m’ =2u, 4.1
(=n)— 2
Mo = Ti2e |\ MT VM2 or through radiative kinetic terms,
(3.38
; : ; (n (n h3h, Mg (n)
Evidently, Eq.(3.38 shows that the immediate effect of ra- Am T~ kpmm, U~ Tzm 4.2

o : . X 8w’ M3 X’
diative corrections is to lift the dangerous twofold mass de- P
generacy among the KK statg§ ™ andy5™™, thus render- itn
ing the theoryCP violating. If one considers thah>M, the
mass of the lowest-lying KK state i”’~m—M, which S

) 1 . mV= = (m™+mmy, 4.3
can naturally be much bigger than the compactification scale X 2 X2
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Furthermore, the mass difference between two adjacent Kkvheref’(x) is the derivative of the functiofi(x), i.e
pairs is determined by

f'(x)= 1- §+x In 4.9

1
1+=
X

3
2\x
It is obvious that each individual KK term in E@4.9) is
suppressed by a factarm{/m{9. This is a generic conse-

:mp(l;cnlysassu”rréd (t:r;am|< n/thhfor the hy?”d scenazgo ((3)ut- quence of a GIM-type cancellation mechanism, as a result of
ined in sec early, if the origin of a nonzetbm, interference between two pseudo-Dirac neutrinos.

is due to loop effects, one naturally has/ (V> Am(" for To explicitly demonstrate that’-type contributions to
any numbeis of extra dimensions. However, r, m(® occurs CP violation are indeed small, it is instructive to offer an
in the Born approximation, theam(™ andAM{" could be  estimate for the sum over the KK states in E4.8), after
of equal order. As we will see below, the last two quantitiesmaking a few plausible assumptions. For simplicity, we con-
determine the magnitude @P violation that originates from sider a theory with one additional spatial dimensiof (
the interference of the tower of the KK states. =1), and further assume that the mass dlfferernkJe§k) (or

Let us first considet’-type CP violation in the decays of Am(k)/m(k)) andAM ¥ are independent df In addition, we
KK states. For our illustrations, it is sufficient to assume thatcon)\(/ert the sum ovér the KK staté&sto an energy integral
the KK states decay predominantly to the SM Higgs doubletyhich has an UV cutoff at the fundamental scale of quantum
@ or to the Higgs doublet with the smallggtierma) massin  gravity M. With these considerations, we obtain
the model with the extended Higgs sector. Sinkm("
<AM{P<m(V, the CP-violating parameter of our interest . Im(h{V*hg™)2  Am(”

s ST 1en(Ih P[RS aM (Y
’ ! - ! —_— ’ 2 2 ( )
o [T BT T - ~~ SERIF T i ST
8)( = ’ ’ ’ ’ 1677( 1 + 2 ) Mp AM '
|T§(ﬂl)s |2+|7—(an)8 |2+|?;is |2+|?)2£ |2 X

1 M
(N y(n+1) _ (= _[F
AMV=m; my NR_(MP> Me. (4.4

In deriving the approximate equality in E¢4.4), we have

(4.10

(4.5  where we have used that(x)~ —1/(2x*?), for x>1. The
above exercise shows tha;(”) is extremely suppressed by
where we used the shorthand notation for the transition amy, o aytra-dimensional volume fact2/M2 and, in certain
plitudes: 7(n)€ =T (" —-LDT), T(n)s =7°'(x{"  scenarios, by the ratldmg(“)/AMg(“)<1. Consequently, we
—LC®), and likewise fory” . In all these amplltudes, only can safely neglect’-type CP violation in the decays of the
vertex diagrams are included. For simplicity, we assume thakK Majorana states.
h{? andh{ are independent df, although the most general  In the following, we shall focus our attention on the self-

case does not depend on this particular assumption. The panergy(e-type) contribution toCP violation. In analogy to
rameters’' ™ is then found to be Eqg. (4.9, the relevant measure eftype CP violation may
X

be defined by
1

r(n) _ Im h(n)* h(k) 2 ne|2 | (Me[2_ | (n)el2
o = BN R 2 M ) o T PP I T

& — — .
m(02 m(92 * |7'§(nl)8|2+|7§(nz)£|2+|T§(T£|2+|T§(?8|2
% Xz)—% Xl), 4.6
m{? m{)? Correspondingly, ’Z*”)S (T(”)S) indicate the decays()
, Lot (XS”%—>LC<I>) ‘where only the self-energy graph has
with been taken into account. Since eaglype term is propor-
tional to the mass difference of the KK states involved, one
£(x) = X 4.7  has to avoid the self-energy transitiogp§' ™ Y— x&'* Y can-
celling against the transitiong"* ) — x{" . From Fig. 2, we
may schematically deduce the condition for destructive inter-
ference among adjacent KK states, which translates into the
relation

(4.11

X

1
1-(1+x)In| 1+ X

Note that the range of summation over the KK states explic
ity depends on the model. Equatiq4.6) may further be
approximated as

1

1 AmM~ZAM (4.12
r(n) Im(h{M* hk)y2 X 2 X
" G v M)

(n) (k) (k)2 (k)2
Am AmX my's [ my 48

m(m2 mmz | .
X X

Instead, if

) Q)
mX mX

AM{V>Am(Y, (413
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the interference of two neighboring KK states is construc-s driven by the nondiagonalizab{8ordan-lik¢ form of the
tive. Employing the resummation approach to the mixing ofeffective Hamiltonian(or equivalently the resummed propa-

unstable particles which was developed 24,34, we find
that

2 Im(h{Vhg"* )2 AmiY (TS0 T

© (P IRER? (Ami)2+ A2

€

gatop of the two-level system, which satisfies conditions
very analogous to those of E¢.16). Finally, we should
stress that the constructive interference of all the individual
KK CP-violating resonators is assured on the basis of the
requirement given by Eq4.13. This last requirement is
more naturally implemented in the models of leptogenesis

with extended Higgs sect@see also discussion in Secs. 111 B
(Am)2+ 3T and 111C).

X| 1+

(Am{")2+ 5102 ’ (4.19
where V. BARYONIC ASYMMETRY OF THE UNIVERSE
Astronomical observations give strong evidence that the
present universe mainly consists of matter rather antimatter,
viz., the universe possesses an excess irBthember. The
observedB asymmetry may be quantified by the nonzero
baryon-number—to—entropy ratio of densitj@$],

1 1
(N — = |Rh(nNj2m(n) (N — = |pM]2(n)
l“)(1—877|hl | my, FX2_87T|h2 | my, (4.19
are the decay widths of{" and x{", respectively. In Eq.
(4.14, we have neglected contributions td” of order
Am/AM Y [cf. Eq. (4.13] and Am{"/m(?.

In agreement with Ref[24], we observe that th€P-

violating parametee " given by Eq.(4.14 can be of order
1, if the two conditions

NaB
_:(

Yag=—g 0.6—1)x10 (5.1

(M) (M) 2 wheren,g=ng—nNg~ng andsis the entropy density. As we
[Im(hi{Vh3"V*)?|

(i) 6= - mentioned in the Introduction, an attractive solution that
P h(V|2Ih()2 ’ could account for the nonzero valuesfg by making use of
all the necessary conditions imposed by Sakh§85] may
l“g(”l) F;”; be given by means of the scenario of baryogenesis through
(i) Amg(“)~7 or —- (4.16  leptogenesi$18]. Based on an analysis of chemical poten-

tials [36], one may derive that

are satisfied. The first condition is rather model dependent.
priori there is no reason to believe that the phases of the
original Yukawa couplings; and h, should somehow be
aligned and, as a result of this, the parameig} must be
suppressed. Thus, we consid#f}~ 1.

In a general model, it is more difficult, however, to theo- Aimost independently of the numbelg and Ny, of flavors
retically justify the second condition, as the mass splitting ofand Higgs doublets, one finds that approximately one-third
the mixed particles involved must be of the order of theirof the initial B— L and/orL asymmetry will be reprocessed
widths. For the scenarios discussed in Secs. Ill B and Il Cinto an asymmetry irB, provided sphalerons are in thermal
the mass splitting\mg(”) is radiatively induced by integrating equilibrium. If the reheat temperatufie is smaller than the
out the Higgs interactions and then canonically normalizingcritical temperaturel, sphalerons are out of equilibrium,
the resulting kinetic terms. Thus the width of the KK Majo- and the abové.-to-B conversion will be exponentially sup-
rana states and their respective mass difference formally ogressed by a factor exp{T./T,) [26].
cur at the same electroweak loop order. Therefore, the sec- Let us first consider the constraints on the parameter
ond condition is naturally implemented for these two modelsspace of the leptogenesis models coming from Sakharov’s
For the leptogenesis model described in Sec. Il A, one has teequirement that - or (B—L)-violating processes, such as
assume that.~T'{” or ' As a consequence of compac- decays of KK Majorana modes, must be out of thermal equi-

tification of the extra large dimensions, the mass parameter librium in an expanding universe. As was discussed by Abel
always comes out to be smaller thaM (", so some degree and Sarkaf37], the presence of Iow—Iy|_ng KK states drasti-
of tuning « to even smaller values is required in this case. C@lly influences the evolution of the universe, as the number
The models of leptogenesis we have been studying shafy the relativistic degree_s of_ frgedom increases with tempera-
the generic feature that each KK Dirac state decomposes infgré T. To be more precise, rh‘xl)f Mpmin represents the mass
a pair of nearly degenerate Majorana neutrinos. Such a padf the lowest KK state in a given model of leptogenesis, the
of KK Majorana neutrinos forms a strongly mixed two-level number of relativistic KK states below is then roughly
system that exhibit€P violation of order unity; such a sys- given by [(T—m;)R]’, where é is the number of large
tem was called aCP-violating resonator. In fact, it was compact dimensions. Thus the number of active degrees of
shown in[24] that the resonant enhancemenG# violation  freedom at a given temperatufeis determined by

8Ng+ 4N,

YAB(T>TC) = 22NF+ 13NH

A(B-L) - (5.2
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9(T)~0g, +Ss0(T— M) [(T— M) R]? sRxg(T)T3R3=const, (5.9

and differentiating with respect to tintewe find that

1dR 6+31dT
H p—

whereg, ~100 is the number of active degrees of freedom R dt 3 Tdt’

in usual four-dimensional extensions of the SM, afgl

=227 (5/2) is the surface area of a¢ 1)-dimensional  for gy (T)>g, . If we differentiate the Hubble variable in

sphere of unit radius. From E¢.3), we see that the part of Eq. (5.5 with respect ta and employ Eq(5.9), we arrive at

g(T) modified by the presence of KK stategiy(T), can the differential equation

generally be much larger thagy, , unlessmy,,~T., or M dH 3 544

and ¢ are sufficiently high for some specific model. For in- =T "H2 (5.10

stance, in the hybrid leptogenesis model, one may have dt 26+3

Mpin=M—M>T,, andggk(T) is of orderg, for T=T.. S o N )
Sakharov's requirement that @ and, because of pos- Considering as initial conditiofd (t—0)— o, the solution

sible equilibrated sphaleron interactionis,violating pro- ~ ©f Ed. (5.10 reads

Mp\ 2/ T— Mgy °
~g*+sga<T—mmm>(M—Z) (M—Fm) . 53

(5.9

cesses should be out of thermal equilibrium translates into 25+3 1 1 5+3/TeV
the approximate inequality for the totdtdependent decay t(T)=- —— ——~(7.6X10 %8 seQ —p —— _)
rate of the KK states: 3 5+4 H(T) S;° 6+4\ Mg
int(TR) T\ —2-612
r(Mm= > TV=<2H(), (5.9 X M_F) : (5.19

n=int(mpy,inR)

If gkx(T)~0, , which happens for temperaturdss m,,,
+(Me/Mp)?°gYM e, the time-temperature relatiof5.11)

*
goes over into the canonical four-dimensional form

wheren=(ny,n,,....Ny), Fg(”)z%(l“g(”l)ﬂ“g(“z)) is the aver-
age decay width of thath CP-violating resonator, and

T? ( T—Mpin

512 T2
H(T)=1.739Y4T) —~1.735%2
( @ ( MP 5 MF

Mg’ t(T)=

2

T (5.12

——~(2.3 segxg, Mev
onm ~ % %

The last approximate equality holds true, providgg(T)  Comparing theT dependences in Eq&.11) and(5.12, one
>g, . Converting the multidimensional sum over the KK readily sees that the presence of large compact dimensions

modes in Eq(5.4) into an integral, we find that drastically changes the evolution of the universe.
) ) We shall now attempt to give an estimate of the baryonic
_[haf*+hy] 35<T—mmin

asymmetry that results from a sphaleron-converted leptonic
F)((T) 16 2 s i _ i i )
T ) Mg asymmetry in KK-neutrino decays, with masse§” >T,
~Myg, including possible suppression factors due to a low
An immediate result of the out-of-equilibrium condition in reheat temperaturg, . As a starting point, we assume that

o+1
) Me. (5.6

Eg. (5.4 is the constraint n(T)=n(T), for mV<T=Mg, where
1 T2 [T—myy,| 12 nX“)(T) is the number density of theth KK pair of Majo-
§(|h1|2+|h2|2)532772851’2M—§< M- ) : rana states and,(T)~2.4T% «? is the respective number

5.7 density for photons. The dominant contribution to the
' asymmetry is expected to be encoded inritleCP-violating

which no longer depends dvl». From Eq.(5.7), it is inter- ~ resonator af~m{" for m(V>T;~Mg, My, when the
esting to see that no serious arrangement of the parametersgguilibrium number density of theth KK pair is of the order
necessary for alb=1 andm,,;,<T<Mg, even if the original ~ of ng(”)(T) [26]. Thus, thenth CP-violating resonator gives
Yukawa couplingsh; andh, in Eq. (3.5) are taken to be of rise to a leptonic excess

order 1. This should be contrasted with the extremely tight

limits on the Yukawa couplings in conventional four- Y~ si(n)nﬁ(n)(mﬁ(n))% sg(n) (5.13
dimensional model§24], namely,h; ,<10 ®. These limits AL s(m{) g(mM)’ :

are obtained if one setm,,=6=0, T=0.2—-1TeV, and

Meg=Mp, and replace$; by 1/g, in Eq. (5.7). In deriving the last step of Eq5.13, we have used that

It is interesting to derive the time evolution of the uni- s(T)~g(T)n,. Since low-scale quantum gravity theories
verse as a function of its temperature in higher-dimensionaére plagued by the low reheat temperature problem,T.e.,
theories. We assume that the Friedmann-Robertson-WalketT., the conversion of ah-to-B asymmetry can only pro-
metric governs the expansion of the universe after inflatiorceed via sphaleron interactions, which are out of thermal
[26], and that all active relativistic degrees of freedom are inequilibrium. Such ar.-to-B conversion mediated by out-of-
chemical equilibrium and therefore have the same temperaquilibrium sphalerons may be taken into account by multi-
ture. Imposing entropy conservation, i.e., plying the RHS of Eqg.(5.13 with an exponentially sup-
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pressed factor exp(T./T,) [26]. In this qualitative picture, tations that satisfy the Majorana properties in any number of
the totalB asymmetry may be estimated by dimensions. In Sec. lll, we have formulated minimal models

of leptogenesis which are renormalizable if a finite number

int(MgR . .
Vo 1 T, 'm(EF : v 51 of KK states are considered. Such a truncation of the number
4B~ T3¢ =it gy AL (514 of the KK states may not be very unrealistic, as the funda-

mental scale of quantum gravitylg, is expected to play the

In the leptogenesis models under discussion, all the indirole of an UV cutoff. _ .
vidual CP-violating asymmetries" are of the same order, _ The leptogenesis models that we have been discussing
ie.eM=_¢ forall n, and their net effect is constructive, initially furnish the field content of the theory with an infinite
as Ior){g as th)é condition in E¢.13 is satisfied. For gener- series of KK Dirac states. Subsequently, each KK Dirac state
ality, let us assume that the interference of @Rviolating splits into pairs of nearly degenerate Majorana neutrinos.

resonators is constructive up to an energy sdAfe<M; . Such a mass splitting occurs either at the tree level after

Ao o S et e K 4 by Sempicston of e o amnsors o e i
an integral, we obtain aly, p y integrating 99

teractions of an extended Higgs sector. As a consequence,
1 4 Mg each pair of the Majorana neutrinos behaves a€Ra
Ymﬁge ¢ rSsexIn T (5.19  violating resonator; i.e., it becomes a strongly mixed two-
min level system producing a leptonicP asymmetry of order
with Tin=max(T, ,My). From Eq.(5.15, we find that the ~unity. Depending on the mass difference between two adja-
generated BAUY .5, does crucially depend of, . Consid-  ¢ent pairs of KK Majorana neutrinos, the tower of 168-
ering resonant conditions fdEP violation, i.e.,e,~1, one violating resonators may have a constructive or destructive

needsT,/T,=20 in order to generate a baryonic asymmetryinterference. In Sec. IV, we have found that such an interfer-
at the ocbserrved level, namely,g~101. Thus, if the criti-  €NCe is constructive, if the level spacing between any two

cal temperature i§,~100GeV, then a reheat temperature nearby pairs of KK Majorana neutrinos is much bigger than

as low as 5-10 GeV would be sufficient to account for theth€ mass difference of the Majorana neutrinos within each

BAU, through the mechanism of baryogenesis through lepPair [¢f. Eq. (4.13]. _ ,
togenesis. According to estimates[®12], to get a reheat In Sec. V, we have seen that the KK Majorana neutrinos

temperature as high as 10 GeV in a theory with6 large mostly decay out of thermal equilibrium in theories with
extra dimensions, one must have at lebddt~100TeV large compact dimensions. Based on the aforementi@fed

while for =4 and 2 extra dimensions, the scale of quantumViOIating mechanism, the resulting leptonic asymmetry is of

gravity M must be larger than 0and 16 TeV, respec- order unity. However, in theories with a low scale of quan-
tively F ' tum gravity[9,11], gravitational interactions play an essen-

Another difficulty of the leptogenesis models we havetial role, as they generically lead to low reheat temperatures,

been discussing is that the late decays of the low KK neutriuch belowT¢. Then, the conversion of dninto B asym-
etry is exponentially suppressed, as sphalerons are out of

nos may distort the abundances related to the light elemen N !
thermal equilibrium. In such a cosmological framework, the

“He, D, 'Li, etc. Of course, for sufficiently larg¥ ¢ and/or . .

8 values, the lowest KK state, with mass of ordeRr1/ UPPEr boun.d on the reheat temperature compatible W'th

~(Mg/Mp)?°Mg, will be heavy enough to decay just be- baryogengss may be reduced by aImo;t one order of magni-

fore nucleosynthesis. This may reintroduce a mild hierarch ude relative toT. In fact, we can estimate that .a.reheat
emperaturel, as low as 5—10 GeV would be sufficient to

problem in the parameters of the theory, in case we wish taccount for the BAU through out-of-equilibrium sphaleron
identify Mg with the scale of soft-supersymmetry breaking ¢ . R
fy Me persy y ggﬂerachons. The later leads to lower limitstz=10°, 10*

[5]. Therefore, among the leptogenesis models which wer

discussed in Sec. lll, the hybrid scenario represents the moépd 109 Tev fo_r5=2, 4, ".’md 6 large extra_dimensions,
attractive solution to this problem, as the lowest KK state,/ESPECtively. An important virtue of leptogenesis, when com-

with massm,.;.=m—M, can be made heavy enough in Orderpared to the usual scenarios of baryogenesis in low-string
min ’ . .

to decay sufficiently rapidly. Whether such a scenario can bécale.theon’es, IS that one _does not nee.d to worry about sup-

embedded to a more general supersymmetric theory is essingB-violating interactions which might lead to observ-

issue which we shall not address in the present work. able proton decay$_38]. For this_ reason, we beligve that
embedding the minimal scenarios of leptogenesis that we

have studied here into more realistic models of inflation con-
stitutes an interesting issue for future investigations.

We have studied the scenario of baryogenesis through
leptogenesis in theories with large compact dimensions. The
formulation of these theories requires the extension of the
notion of the Majorana spinor to multidimensional The author thanks Peter Breitenlohner and Ara loannisian
Minkowski spaces. We have reviewed this topic in Sec. Il. Infor discussions on the topic of higher-dimensional Majorana
particular, it was shown that genuine massive Majorana neuspinors and related issues, and Savas Dimopoulos, Gia Dvali,
trinos exist in 2, 3, and 4 mod 8 dimensions only. This limi- and Antonio Riotto for their valuable comments on inflation-
tation is due to the lack of finding Clifford-algebra represen-ary models in theories with large compact dimensions.

VI. CONCLUSIONS
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