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A new scenario of baryogenesis in the context of theories with large extra dimensions is pro­
posed. The baryon number is almost conserved at zero temperature by means of a localization 
mechanism recently analyzed by Arkani-Hamed and Schmaltz: leptons and quarks are located 
at two slightly displaced positions in the extra space, and this naturally suppresses the in­
teractions which "convert" the latter in the former. We show that this is expected to be no 
longer true when finite temperature effects are taken into account. The whole scenario is first 
presented in its generality, without referring to the bulk geometry or to the specific mechanism 
which may generate the baryon a.symmetry. As an example, we then focus on a baryogenesis 
model reminiscent of GU'l' baryogenesis. The Sakharov out of equilibrium condition is fulfilled 
by assuming nonthermal production of the bosons that induce baryon number violation. 

1 Introduction 

Despite the great success of Quantum Field Theory, a consistent scenario where gravity is also in­
cluded still lacks. The most promising framework that could help in this task is string theory, whose 
consistency requires additional dimensions beyond the standard 3 + 1 . This extra space is usually 
assumed to be compact, with a small compactification radius of order M;; 1 . However, it. has been 
observed in ref. 1 that, having no test of gravity below the millimeter scale, we do not really need 
such a tiny compactification radius, provided the P.xtra dimensions are acct>,ssible only to gravitational 
interactions. The Standard Model degrees of freedom must indeed be localized on a 3 dimensional 
wall whose thickness does not exceed the scale of lenghts, of order Tev- 1 ,  we currently probe in 
accelerator experiments. This class of models have the main goal of solving (or at least of rephrasing 
in geometrical terms) the hierarchy problem, since the weakness of gravity turns out to be due to the 
largeness of the space available to gravitons. 

After the original observation of Arkani-Hamed et al. 1 , other models based on the same idea were 
proposed. In particular, in the work 2 the metric is assumed to be nonfactorizable, and in this case 
even with only one small extra dimension it is possible to solve the hierarchy problem. 

There are however some difficulties common to these theories, due to the presence of a low energy 
cut -off. In particular, both proton stability and baryogenesis may be problematic in models with very 
low fundamental masses. 

For what concerns proton stability in Grand Unified Theories, the standard way to achieve it is 
to increase the mass of the additional bosons up to about 1015 - 1016 GeV . In the framework of 
theories with extra-dimensions, an interesting mechanism has been suggested in ref. 3 (sec also 4•5•6 
for alternative suggestions) .  In this paper, a dynamical mechanism for the localization of formiorL� on 
a wall 7 is adopted: leptons and quarks are however localized at two slightly displaced positions in the 
extra space, and this naturally suppresses the interactions between the latter and. the former. 

However, the observed baryon asymmetry requires baryon number (B) violating interactions to 
have been effective in the first stages of the evolution of the Universe. In this paper we thus wonder 
how this last requirement can be satisfied in a theory which adopts the idea of 3 ,  to ensure proton 
stability now and baryon production in the past. Our proposal is that thermal corrections, which are 
naturally relevant at early times, may modify the localization of quarks and leptons so to weaken the 
mechanism that suppresses the B violating interactions. a 

" There exist ot.her proposals for baryogenesis in these theories 6'8'9 : in the work 6, after considering several bounds 
on baryogcnesis with large extra dimensions, a mechanism based on nonrenormalizable operators is proposed; in ref. 8 
ha.ryon number i' violated by "evaporation" of brane bubbles that carry a net baryonic cha.rge into the bulk, and the 
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We will indeed see that, although it is not possible to give a complete analysis of the behavior of 
the system at finite temperature, it is natural to expect that baryon number nonconserving processes 
have been enhanced in the very eary Universe. In this framework, we will then consider a simple 
specific example reminiscent of GUT baryogenesis. After taking into account the bounds that apply 
to such an example (in particular the ones related to the Sakharov out of equilibrium condition) ,  we 
wm estimate the baryon asymmetry obtained in this scheme. 

2 Localization 

A simple mechanism for localizing fermions on a wall has been recently revisited in ref. 3 . 
In this paper the idea is illustrated in the easiest case where only one extra dimension is added to 

the usual four. The main ingredient that is needed is a scalar field ¢ which couples to the fermionic 
field 1jJ through the full five dimensional Yukawa interaction g ¢ .ff; 1/J and whose expectation value (¢} 
varies along the extra dimension, but it is constant on our four-dimensional world. b 

It is possible to show 7 that in this case the fermion field is localized where its total mass m = 
mo + g (¢) (mo is the bare fermion mass in the five dimensional theory) vanishes, i.e. on a wall with 
three spatial dimensions characterized by a particular position xs in the transverse direction. 

For definiteness, we consider the theory described by the lagrangian 

( 1 )  

where y = x5 i s  the fifth coordinate, the fields and the parameters have the following mass dimensions 

[¢] = 3/2 , [1/JJ = 2 , [mo] = (µo] = [Mo J = 1 , [.Ao] = - 1 , (2) 

and where the suffix 0 denotes the value of the parameters at zero temperature. 
As we said, the localization position of the fermions depends on the vacuum configuration of the 

field </> .  We will assume for ¢ (y) the kink solution 

¢ = � tanh (µo y) , 
v 2 .Ao 

and we will approximate it with a straight line interpolating between the two vacua (see figure 1 )  

{ � I ¢ (y) ::: if>:, y , J yJ < liO µ,2 1 ¢ (y) ::: ±if>:, ' JyJ > liO 

Thus we see that the localization can occur only if 

mo <  µo , Jv,o Mo 

because otherwise the total fermion mass ffitot = M0-112 <P (y) + mo never vanishes. 

(3) 

(4) 

(5) 

It is possible to show 7 that from the four dimensional point of view, a left handed chiral massless 
fermionic field results from the localization mechanism, if the above configuration (3 )  is assumed for 
the scalar ¢ .  The right handed part decouples from the system, being delocalized along the whole 

rnatter--antimatter asymmetry can be due to a primordial collision of our brane with another one, that carri<'l away the 
missing antimatter; in ref. 9 baryogenesis is obtained via leptogenesis, the latter being <lue to the existcnec of sterile 
neutrinos in the bulk. 

bln this way the VEV (¢) breaks the full translational invariance, as it  is needed to have a preferred direction 
orthogonal to the wall. 
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Figure 1 :  
<I> 
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fifth dimension. This is a positive feature of this scenario, since the Standard Model fermion content 
has to be limited to chiral fields. The right handed fields can also be localized if a kink-antikink 
solution is assumed for the scalar rjJ .  As a result, the left fields are still localized on the kink, while 
the right ones are confined to the antikink. If the kink and the antikink are sufficiently far apart, 
the left handed and right handed fermions however do not interact and again the model reproducing 
our four dimensional world is built by fermions of a defined chirality. The fermion content of the full 
dimensional theory is in this case doubled with respect to the usual one, and observers on one of the 
two walls will refer to the other as to a "mirror world" . However most of the physics in one brane is 
not affected by the presence of the mirror one, and in the most of the present work we will focus on a 
single wall as if only the kink (3) configuration was present. 

As it is shown in ref. 3 , this mechanism of localization of fermions on a domain wall can be 
applied to guarantee proton stability. If indeed one chooses different five dimensional bare masses 
for different fermion fields, the latter are localized at different positions in the fifth direction. As a 
consequence, their wave functions do only partially overlap, and increasing the difference between the 
five dimensional bare masses of two fermions has the effect of suppressing their mutual interactions. 
In particular, to ensure baryon number conservation it is necessary to suppress interactions between 
leptons and baryons. We will thus give leptons and baryons different "masses" , respectively 

which correspond to the localizations c 

mo V2 >.oMo 1 Yl = 0 , Yb = 2 < - · µo µo 
The shape of the fermion wave functions along the fifth dimension can be cast in an explicit and 
simple form if we consider the limit Yb «: 1/  µo, in which the effect of the plateau for y > 1 /  µo can be 
neglected: 

f ( ) ( µfi ) 1 /4 { µ5 (y - y;)2 } i y = J2 >.0 M07r exp - 2 J2 >.0Mo (i = l , b) (6) 

We expect the Standard Model to be embedded in some theory which, in general, will contain 
some additional bosons X whose interactions violate baryon number conservation. If it is the case, 
the four fermion interaction qq � qi can be effectively described by 

f .I 
q q q l a -xdy A mi ' (7) 

'The last inequality in the next expression comes from (5) . We assume quarks of different generations to be located 
in the same y position in order to avoid dangerous FCNC mediated by the Kaluza-Klein modes of the gluons "' ·  
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where mx is the mass of the intermediate boson X and A is a parameter of mass dimension one 
related to the five-dimensional coupling of the X-particle to quarks and leptons. 

After integration over y, this four fermion operator is thus snpprcssed in th<� four dimensional 
effective theory by a factor 

i f 1ia { µ5;2 [ 2 2] } 
Am2 dy � exp - � y + 3 (y - yb) 

x ny 2 >-.o Mo y 2 >-.o Mo 

µ0 { 3 (2 >..o Mo) 1 12 } 
A m3,; vz-;: (2 >..0 Mo ) 114 

exp 
8 :it 

Current proton stability requires c5 ,::; (1016  G eV) - 2 , that is 

200 - 6 Log10 ( ¥o /GeV2) 
( - ) 1/4 2 >..o Mo 

(8) 

(9) 

The numerator in the last equation is quite insensitive to the mass scales of the model, and due t.o 
the logarithmic mild dependence - can be safely assumed to be of order I O . For definiteness, we will 
thus fix it at the value of 10 in the rest of our work. 

Conditions (5) and (9) give altogether 

{ 2 >..o Mo ,::; 10-4 
!!.!ll. :;::: 102 . /'O 

(HJ) 
The last limit in eqs . ( 10) is stronger than the one given in ref. 3 where proton stability is obtained 

if the ratio of the massive scales of the model is of order 10 . However, in ref. 3 the field ¢ simply scales 
linearly as a function of y ,  while we expect that whenever a specific model is assumed, conditions 
analogous to our (5) and (10) should be imposed. Anyway, even when the limits ( 10 )  arc taken into 
account, we see that this mechanism allows to achieve proton stability without invoking any strong 
fine-tuning. 

3 Thermal correction to the coefficients 

Once the localization mechanism is incorporated in a low energy effective theory :u; the system ( 1 )  
may b e  considered -, one can legitimately ask i f  thermal effects could play any significant role. In the 
present work we are mainly interested in any possible change in the argument of the exponential in 
eq. (8),  that will be the most relevant for the purpose of baryogenesis. For this reason, we introduce 
the dimensionless quantity 

(T) = 
m(T)2 .j2 >..(T)M(T) a 
µ(T)2 

. ( 1 1 )  

From eqs. (9) and (10) , we can set a(O) :;::: 100 at zero temperature. Thermal effects will modify this 
value. There are however some obstacles that one meets in evaluating the finite temperature result. 
Apart from the technical difficulties arising from the fact that the scalar background is not constant, 
the main problem is that nonperturbative effects may play a very relevant role at high kmperature. 
As it is customary in theories with extra dimensions, the model ( 1) is nonrenormalizable and one 
expects that there is a cut-off (generally related to the fundamental scale of gravity) above which it 
stops holding. Our considerations will thus be valid only for low temperature effects, and may only 
be assumed as a rough indication for what can happen at higher temperature. 
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Being aware of these problems, by looking at the dominant finite-temperature one-loop effects, we 
e;;timate the first corrections to the relevant parameters to be { A (T) = Ao + C,\ r, Mo 

M (T) = Mo + cM T 
m (T) = mo + Cm :;C_ Mo 

2 2 T3 µ (T) = µ0 + Cµ � , Mo 

(12) 

where the e's a.re dimensionless coefficients whose values are related to the exact particle content of 
the theory. 

In writing the above equations, the first of conditions (10) has also been taken into account. For 
example, both a scalar and a fermion loop contribute to the thermal correction to the parameter Ao . 
While the contribution 'from the former is of order Afi T , the one of the latter is of order T / MJ and 
thus dominates. 

Substituting eqs. ( 12) into eq. ( 1 1 ) ,  we get, in the limit of low temperature, 

a (T) ::= a {O) · [1 + '!... ( c,\_ + cM + 2 c.rn T _ cµ;2 ) ] Mo 2 Ao Mo 2 mo µo ( 13) 

From the smallness of the quantity Ao Mo (see cond. ( 10)] we can safely assume (apart from high 
hierarchy between the e's coefficients that we do not expect to hold) that the dominant contribution 
in the above expression comes from the term proportional to C,\ • 

We thus simply have 

a (T) ::= a (O) (l + c,\ �) 2 Ao MJ ( 14) 

We notice that the parameter c,\, being related to the thermal corrections to the ¢4 coefficient due 
to a fermion loop, is expected to be negative 1 1 : the first thermal effect is to decrease the value of the 
parameter a{T), making hence the baryon number violating reactions more efficient at finite rather 
than at zero temperature. 

4 Baryogenesis 

We saw in the previous section that thermal effects may increase the rate of baryon number violating 
interactions of our system. This is very welcome, since a theory which never violates baryon number 
cannot lead to baryogenesis and thus cannot reproduce the observed Universe. Anyhow baryon number 
violation is only one of the ingredients for baryogenesis, and the aim of this section is to investigate 
how the above mechanism can be embedded in a more general context. 

A simple scheme which may be adopted is baryogenesis through the decay of massive bosons X. d 
This scheme closely resembles GUT baryogenesis, but there arc some important peculiarities due to 
the different scales of energy involved. In GUT baryogenesis the massive boson X , coupled to matter 
by the interaction g X 'I/; i[J , has the decay rate 

I' ::= a mx ,  92 
a =  -

4 7r 
(15) 

An important condition is that the X boson decays when the temperature of the Universe is 
bolow its mass (out of equilibrium decay) , in order to avoid thermal regeneration. From the standard 

equation for the expansion of the Universe, H -::= g!/2 T2 MP-I (where g* is the number of relativistic 
degrees of freedom at the temperature T), this condition rewrites 

...,. - 1/2 mx "'- g* a Mp . (16) 
'1We may think of these bosons as the intermediate particles which mediate the four fermion interaction described by 

the term (7). 
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If X is a Higgs particle, a can be as low as 10- 6 . Even in this case however the X boson must 
be very massive. In principle this may be problematic in the theories with extra dimensions we are 
interested in, whose main feature is a very low fundamental scale. 

One natural possibility to overcome this problem is to create the X particles 11011 thermally and 
to require the temperature of the Universe to be always smaller than their mass mx. . In this way, 
one kinematically forbids regeneration of the X particles after their decay. In addition, although 
interactions among these bosons can bring them to thermal equilibrium, chemical equilibrium cannot 
be achieved. 

Nonthermal creation of matter has raised a considerable interest in the last yearn. In particular, 
it has been shown that this production can be very efficient during the period of coherent oscillations 
of the inflaton field after inflation 13•14• 15 . The efficiency of this mechanism has also been exploited in 
the work 16 to revive GUT baryogenesis in the context of standard four dimensional theories. Herc, 
we will not go into the details of the processe,s that could have lead to the production of the X 
bosons. Rather, we will simply assume that, after inflation, their number density is nx . To simplify 
our computations, we will also suppose that their energy density dominates over the thermal bath 
produced by the perturbative decay of the inflaton field. 

Just for definiteness, let us consider a very simple model where two species of X bosons can decay 
into quarks and leptons, according to the four dimensional effective interact.ions 

( 17) 

where (remember the suppression given by the different localization of quarks and leptons) the quantity 
a is defined in eq. ( 1 1 ) .  Again for definiteness we will consider the minimal model where no extra 
fermionic degrees of freedom are added to the ones present in the Standard Model. Moreover we will 
assume B - L to be conserved, even though the extension to a more general scheme can be easily 
performed. 

The decay of the X bosons will reheat the Universe to a temperature that can be evaluated to be 

Some bounds apply to Trh :  

(30 mx nx ) 1!4 
T,h c::: 2 --- . 7[ g. 

( 18 )  

• since we do not want the X particles to  be thermally regenerated after their decay, we require 
T,h ;S m x ,  that can be rewritten as an upper bound on nx 

nx ;S 30 (i�0) ml- ; ( 19) 

• it is necessary to forbid the B violating four fermion interaction (7) to erase the B asymmetry 
that has been just created by the decay of the X bosons. We thus require the interaction (7) to be 
out equilibrium at temperatures lower than Trh · From cq. (8) we sec that we can parametrize the 
four fermion interaction with a coupling g2 e-3 a/B /m2x_ . Hence, the out of equilibrium condition 
reads 

4 -3 a/4 .,- mx (mx ) 3 . g e "" g, M T. , p rh (20) 

• for the same reason, we require the sphalerons to be out of equilibrium after the baryon asymme­
try has been produced. This requirement is necessary only if one chooses the theory to h1� B - L 
invariant, while it does not hold for B - L violating schemes. We can approximately consider 
the sphalerons to be in thermal equilibrium at temperatures above the electroweak scale. Tims, 
if B - L is a conserved quantity, we will require the reheat temperature to be smaller than abou.t. lOO GcV. 
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w,. cau 11ow estimate the baryon asymnwtry obtained in this particular example. If tlw energy 
density of the Universe is dominated by the X bosons before they decay, one ha.� 

T/B :::: 0. 1  (Nx Trh /mx) (r - r) , (21 ) 

where N x is the number of degrees of freedom associated to the X particles and (r - f) is tlw difference 
bet.ween t.hc rates of the decays X --+ q l and X --+ ij [. 

We denote with X1 and X2 the two species of bosons whose interactions ( 17) lead to baryon number 
violation, and parametrize by e the strength of CP-violatio.Q. in these interactions. Considering that 
c - 2a is always much smaller than one, we get 1 8 

(r - r) � J g2 e-0/2 £ lm lss (Mx, /Mx2 ) , (22) 

where the function Im lss(p) = [ p2 Log(l  + l /p2) - l ] / (16 7r) can be estimated to be of order 
10-3 - 10- 2 .  It is also rea.�onable to assume f � 10-2 - 1 .  

Assuming Nx to be of order 10, we get the final estimate for the baryon a.symmetry: 

f}n :::: ( 10-5 _ 10-2) 92 �: e-a{T,h)/2 . (23) 

From the requirement Trh ;:; mx we get an upper limit on the baryou asymmetry 

(24) 

We gc�t. a different limit on T/B from the bound (20): assuming mx � TeV and Y• � 100 indeed 
one obtains 

(25) 

Since the observed amount of baryon a.symmetry is of order 10- 10, even in the case of maximum 
efficic11<:y of the process ( that is, assuming maximal C P violation and g '"" 1) , we have that both 
boumb (24) and (25) imply that a (T,h ) has to be smaller than about 40. 

Unfortunately, the temperature at wh ich the condition a (T) � 40 occurs cannot be evaluated by 
means of the expansion of eq. ( 14 ) ,  that have been obtained under the assumption la (T) - a (O) I %:: 
a (O) . On the other hand, it is remarkable that our mechanism may work with a ratio a (T,1i) /a (O) of 
order one. We thus expect that a successful baryogenesis may be realized for a range of the para.meters 
of our theory whir.h - although not evaluable through a perturbative analysis - should be quite wide 
and reasonable. 

In HCenarios with large extra dimensions and low scale gravity, the maximal temperature reached 
by the Universe after inflation is strongly bounded from above in order to avoid overproducing Kaluza­
Klcin graviton modes, which may eventually contradict cosmologica.l observations 1 �1 . For instance, in 
models with two large extra dimensions the reheating temperature has t.o be less than about 10 MeV . 
This value would be exceedingly low for our scenario since fJB is proportional to the ratio Tr1i/mx , 
and hence the observed amount of baryons would be reproduced at the price of an unnaturally small 
vahw of a (Trh) .  However, other schemes with extra dimensions exist where the bounds on 7�h are le8H 
severe. For example, in the proposals z,zo the mass of the first graviton KK mode is expected to be of 
order TeV.  The reheating temperature can thus safely be taken to be of order 10 - 1 00 GeV. 

5 Conclusions 

We h;we proposed a scheme concerning the issue of baryogenesis in theories with large cxtra--dimcnsions. 

Since the observed proton stahility rnquires to a very high degree of accuracy baryon conservation at. 
�Pro tempernture, this task may be problematic within the above theories, which have very low fun­
da1rnmt.a.I sr:alcs. 
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Our proposal relies on the localization mechanism for fermions discussed in ref. 3. While in this 
work the present proton stability is due to a different localization (in the transverse direction) of leptons 
and quarks, we believe that thermal corrections may activate early baryon violating interactions. 

We first provided a general discussion of the above scheme, without referring to any particular 
mechanism of baryogenesis. We found indeed that the first thermal corrections are in the direction of 
increasing the rate of baryon violations. 

We then considered a very specific example, where the matter-antimatter a.symmetry is achieved 
through the decay of a (relatively) heavy boson in a B - L conserving context. In this situation the 
Sakharov out of equilibrium condition can be obtained in the simplest way by considering nontherrnal 
production of the bosons responsible for B + L violation. 

Several bounds apply to the whole mechanism. The most general ones concern the localization 
procedure (we have found that the limits given in ref. 3 become more stringent once the thickness 
of the wall is considered). In addition, there are some other constraints which hold in the particular 
�cheme of baryogenesis we adopted. The temperature of the heat bath right after the production of 
the baryon asymmetry cannot be too high, to avoid thermal regeneration of the bosons that. induced 
baryogenesis. Moreover, this temperature has not to exceed the electroweak scale, in order not to 
activate the sphaleron transitions that would erase the B + L asymmetry produced at higher energy. 
Of course, this last bound can be easily overcome by considering some B - L nonco1rnerving process. 

We have found that the observed baryon asymmetry can be accomplished quite naturally in our 
example, and we believe that, because of its generality, our scheme of baryogenesis could be applied 
to a more general context as well. 
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