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Baryogenesis in models with a low quantum gravity scale

Karim Benakli and Sacha Davidson
CERN Theory Division, CH-1211, Gene`ve 23, Switzerland

~Received 8 December 1998; published 14 June 1999!

We make generic remarks about baryogenesis in models where the scaleMs of quantum gravity is much
below the Planck scale. These correspond to M-theory vacua with a large volume for the internal space.
Baryogenesis is a challenge, particularly forMs&105 GeV, because there is an upper bound on the reheating
temperature of the Universe, and because certain baryon number violating operators must be suppressed. We
discuss these constraints for different values ofMs , and illustrate with a toy model the possibility of using
horizontal family symmetries to circumvent them.@S0556-2821~99!06410-3#

PACS number~s!: 11.30.Fs, 04.65.1e, 12.60.Jv
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I. INTRODUCTION

There are three experimental observations that migh
considered as evidence for beyond-the-standard-model p
ics: neutrino oscillations@1#, the baryon asymmetry of th
Universe~BAU! @2#, and the temperature fluctuations in th
microwave background@3#. Any extension of the standar
model ~SM! must explain, or at least be consistent wi
these data.

One of the reasons to attempt to extend the stand
model is the possibility of unifying gravity with the othe
interactions. Present candidates are believed to be vacua
single fundamental theory: M theory. The formulation of t
latter seems to require adding new degrees of freedom.
regime where a semiclassical description holds, these
grees of freedom manifest themselves as additional sp
dimensions compactified in an internal space. In its pres
form, M theory makes no prediction about the size of a
spatial dimensions. It allows certain vacua with an arbitr
large size for the internal dimensions limited only by expe
mental data. If the states propagating in these dimens
have couplings with a size comparable to those of stand
model gauge interactions, then the nonobservation of eff
associated with Kaluza-Klein excitations leads to lower li
its on the size of internal radii of the order of; TeV @4#. If,
in contrast, all the couplings of these Kaluza-Klein exci
tions are of the strength of gravitational interactions, then
limit is around 1 mm@5#.1 Mechanisms for the stabilizatio
of the radii of the extra dimensions have been discusse
@6#.

Allowing the presence of such large internal dimensio
has dramatic effects on phenomenological aspects o
theory. Above the scale where the largest dimensions
naive dimensional analysis shows that the strength of gr
tational interactions increases rapidly with energies. This
plies that gravity and the three other known fundamen
interactions will have the same strength and might unify a
scaleMs which can be very low, 1 TeV&Ms&1019 GeV. At
Ms quantum gravity effects become important and new

1Notice that the scale suppressing the interactions has incre
by 15 orders of magnitude and the experimental limits went do
by roughly the same amount.
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known phenomena might arise. Remnants of these phen
ena at low energies are various nonrenormalizable effec
operators. The size of the latter, if observed, might prov
an indication of the existence and range of values ofMs .

This possibility of a low quantum gravity scale was fir
suggested in@7# with a scaleMs at ;1016 GeV leading to
unification within the minimal supersymmetric standa
model of all the interactions. It was later observed that typ
strings@8# ~motivated also by a field theoretical proposal
@9# and for which model building was studied in@10#!, M
theory onS1/Z2 @11#, and possibly heterotic strings@12# al-
low Ms; TeV. This opens the exciting possibility that ext
dimensions could be observed at future colliders@13#. An-
other proposal is to haveMs at an intermediary scale@11# so
as to be associated with neutrino masses, observed ultra
energy cosmic rays, or the scale of breaking of a Pec
Quinn symmetry. In this case the standard unification s
nario might also be preserved@14#.

In addition to the early phenomenological bounds
large internal dimensions discussed above, other limits
Ms have recently been derived@15# from astrophysical and
cosmological considerations. The most significant parti
physics constraint onMs that we are aware of comes from
atomic parity violation experiments@16#, which determine
sin2 uW at low energy. If we assume2 that the coefficient of
the four-fermion vertex 4GF /A2 becomes 4GF /A211/Ms

2 ,
we get Ms.426 TeV. The strongest astrophysical boun
estimated in@15# is from supernovas, and requiresMs*30
TeV in the case of two large compactified dimensions.

The purpose of this paper is to investigate the con
quences of these models for baryogenesis. We will res
our study to the class of models where matter and ga
fields reside on a~311!-dimensional wall and interact only
through weak interactions of gravitational strength w
fields residing in the@(31n)11#-dimensional ‘‘bulk.’’ The
thermodynamics for the case with gauge interactions
higher dimensions~bulk! was recently studied in@17#. In the
absence of a precise model, we introduce three mass pa
eters in various stages of our analysis. The first isMs where

ed
n

2Note that we do not use the common 2p/L2 normalization of the
new physics contribution to the four-fermion vertex. Had we do
so, we would have foundMs.10214 TeV.
©1999 The American Physical Society04-1
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gravity unifies with the other interactions. It corresponds
the string scale in string models or to the 11-dimensio
Planck mass in Horˇava-Witten@18# compactification of M
theory. The second ismpl(41n) which is the Planck scale in
(31n)11 dimensions. The relation betweenmpl(41n) and
Ms involves the volume of the dimensions with smaller rad
If the latter are of orderMs

21 , thenmpl(41n);Ms . Another
parameter that we generically denote byL appears as a sup
pression scale for different nonrenormalizable operators.
related toMs through model-dependent coupling consta
and numerical factors.

In Sec. II we discuss experimental bounds on nonren
malizable baryon number violating operators, and which
erators need to be forbidden for different values ofL. In Sec.
III we make some remarks about inflation, and discuss
upper bound on the reheat temperature of the Unive
Treh!Ms , which follows from the production of graviton
in the large internal dimensions. Graviton production dur
the reheating period is dangerous as its decay products
lead to a greater than observed differential photon flux.
Sec. IV we discuss the difficulties of reconciling baryoge
esis with the suppression of baryon number violating ope
tors and the upper bound on the reheat temperature. We
sider the possibility of generating baryon asymmetry in
out-of-equilibrium decay of a weakly coupled particle. T
provide sizable decay channels we suggest using horizo
family symmetries to suppress dangerous nonrenormaliz
operators instead of forbidding them through~discrete!
gauge symmetries. A toy model for baryogenesis is form
lated to illustrate this scenario. Sec. V summarizes our c
clusions.

II. BARYON NUMBER VIOLATING OPERATORS

The presence of new physics at low scales could gene
dangerous nonrenormalizable operators. These could, fo
stance, lead to unobserved baryon number violating p
cesses such as proton decay and neutron-antineutron os
tions. In the absence of a precise model, where s
operators can be computed, we make the conservative
sumption that every operator that is not forbidden by a~pos-
sibly discrete! gauge symmetry could be generated with
coefficient of order 1.3 This means that nonrenormalizab
baryon number violating operators of dimension 41d could
appear, suppressed by factors of the scale of new phy
Ms . The precise coefficient of a (41d)-dimensional opera-
tor will involve Ms , various coupling constants, and nume
cal factors, which we absorb into a coefficientL2d.

A strong constraint on baryon number violating operat
is that the proton must have a lifetimetp*1033 y @19#. If the
quantum gravity scale is low, this means that one must for
baryon and lepton number violating operators up to so
large dimension @5,20#. For instance the operato

3In this work, we apply this assumption toB and L violating
operators, but not, for instance, to flavor changing neutral cur
~FCNC!.
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(QQQL)/L in supersymmetry~SUSY! generates proton de
cay at a rate of order@21#

G;1022
a2mp

5

L2mSUSY
2

, ~1!

which impliesL*1026 GeV. For nonsupersymmetric mod
els, the operator is dimension 6 and the bound becomeL
*1015 GeV.

Another baryon number violating process that presen
significant constraint for lowMs is neutron-antineutron os
cillations. This is aDB52, DL50 process that is generate
by the dimension-9 operatorudsuds. The ‘‘lifetime’’ for
neutron-antineutron oscillations,tnn̄.1.23108 s @22#, is of
order

tnn̄.
L5

531026 GeV6
~2!

in the SM, where the denominator is an estimate of the h
ronic matrix element@23,24#. This givesL*105 GeV.

A list of baryon and lepton number violating operators
the standard model and the minimal supersymmetric s
dard model~MSSM! is given in Table I with approximate
bounds on the scaleL. One must forbid with some symmetr
all operators that are experimentally constrained to haveL
.Ms .

We follow @21# to calculate the constraints in the tabl
We take all supersymmetric particle masses and Hi
vacuum expectation values~VEVs! to be 100 GeV, and the
hadronic matrix elements for proton decay to be;1022

~with appropriate mass dimensions provided by the pro
mass!. The table is not particularly illuminating, because t
bounds do not simply scale with dimension. Roughly, ope
tors that violateB andL by one unit each are forbidden up t
scales.1010 GeV, operators that violateB alone by one or
two units are forbidden up to scales of order 105 (109) GeV
in the SM ~MSSM!, and operators that violateB by three
units are allowed at the TeV scale. An example of a symm
try that forbidsDB51 and 2 processes in the MSSM is th
discrete anomaly-freeZ3 symmetry of Iban˜ez and Ross@25#
which conservesB mod 3. The lowest baryon number vio
lating operators it allows are combinations like (QQQL)3,
(UcUcDcEc)3, and (QQQH1)3.

Note that the bounds on the operators in Table I are u
ally for first generation quarks and leptons. For low quant
gravity scales, some sort of flavor symmetry presuma
should be imposed to remove FCNC operators; so one c
imagine that there are flavor-dependent symmetries that
bid or suppress the dangerous baryon and/or lepton num
violating operators. For instance, if the hierarchy in t
Yukawa couplings is due to a spontaneously broken horiz
tal symmetry@26#, the baryons and leptons can be assign
charges under this symmetry that forbid most of the ope
tors in Table I~e.g., by giving all the SM fermions positive
charges!. We will discuss this possibility in Sec. IV B.

nt
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TABLE I. B violating operators of dimension.4 for SM and MSSM particle content, in superfie
notation. These are only the ‘‘F terms.’’ We list the dimension of the operators, the processes they contr
to, and the best bound we are aware of~in GeV!, assuming that the coefficient of a dimension-(d14)
operator isL2d. The quark field subscripts are generation indices. We do not include operators of the
~allowed lower dimensional operator! 3 ~forbidden lower dimensional operators!, such asLH2H1H2 or
UcDcDcLH1Ec, because they are forbidden by whatever removes the unwanted lower dimensional op

Operator Process
SUSY

dimension
SUSY
bound

SM
dimension

SM
bound

Q1Q1Q2L DB5DL51 p→Kn 5 1026 6 1015

U1
cU2

cD1
cEc DB5DL51 p→Kn 5 1022 6 1012

Q1Q1Q2H1 DB51 n2n̄ 5 109 — —

U1
cU2

cU3
cEcEc DB51,DL52 ? 6 — —

U1
cD1

cD2
cH1H2 DB51 n2n̄ 6 105 — —

D1
cD2

cD3
cLH1 DB52DL51 n→np 6 1013 7 109

U1
cD1

cD2
cLH2 DB52DL51 n→nK 6 1014 7 1010

U1
cD1

cD2
cU1

cD1
cD2

c DB52 n2n̄ 7 105 9 105

U1
cD1

cD2
cLLEc DB52DL51 n→e1m2n 7 63107 9 53105

U1
cD1

cD2
cLQDc DB52DL51 n→e1p 7 107 9 43105

U1
cU2

cD1
cH2LEc DB51 n2n̄ 7 &103 — —

U1
cU2

cD1
cH2QDc DB51 n2n̄ 7 &103 — —

QQQLLH2 DB51,DL52 ? 7 ? — —
Q1Q1Q2H1Q1Q1Q2H1 DB52 n2n̄ 9 104 11 104
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III. INFLATION AND REHEATING

A. Inflation

A period of inflation is the only known way of generatin
the temperature fluctuations measured on scales up to
Mpc in the microwave background. Since inflation dilut
any preexisting asymmetries, the observed baryon asym
try of the Universe must be generated afterwards. As we
see, there is an upper bound on the reheat temperatu
models with low quantum gravity scale; so the phase tra
tion out of inflation is one of the few places where one c
find the out-of-equilibrium dynamics required for baryoge
esis.

If we take the energy density of the Universe to be at m
Ms

4 , then for n>2 large internal dimensions, the Hubb
radius is greater than or equal to the radius of then dimen-
sions. This means that it is consistent to build an inflat
model in 311 dimensions. However, a second order inflati
model at a scale!1015 GeV requires a great deal of fine
tuning to get enoughe-foldings and density perturbations o
order 1025. The latter can be estimated as

dr

r
;

V3/2

mpl
3 V8

, ~3!

whereV is the potential energy density of the inflaton,V8
5dV/df, and both of these are evaluated at the point in
potential where the inflaton was sitting 50–60e-folds before
the end of inflation. IfV;Ms

4 , then

V8

Ms
3
;105S Ms

mpl
D 3

; ~4!
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so the potential must be very flat. If, for instance, one para
etrizes V5V02m2ufu21lufu41(fn14/Ms

n , with V0

;Ms
4 , then to get enough inflation@27,28# and the right

sized density perturbations, one findsm;Ms
2/mpl . For Ms

; TeV, one getsm;10213 GeV. Such a light inflaton might
have difficulties reheating the Universe to temperatures;1
MeV, and in any case,V0;m4!Ms

4 ; so our initial assump-
tions were inconsistent. To avoid this difficulty, one c
build two-field or hybrid inflation models@28# where the
mass of the inflaton when it decays is not related to the m
term in the potential when it is generating density pertur
tions. An ad hoc potential of the form V02a6f6/Ms

2

1a12f
12/Ms

8 also works, fora6;a12;1022 and Ms;10
TeV. For the rest of this work, we will assume that the p
tential is flat enough to inflate for long enough, and that
mass of the inflaton when it decays might be greater tha
GeV. This is useful for baryogenesis, if we want to gener
the asymmetry in the decay of the inflaton.

B. Gravitons production constraints on Treh

The Universe must at some point get out of its inflationa
phase and reheat to a plasma of particles. A safe reheat
peratureTreh to ensure that primordial nucleosynthesis tak
place as usual is* 3 MeV @29#. Baryogenesis at such a low
energy scale is hard; so a higherTreh would be desirable.

Getting a highTreh is a challenge in low quantum gravit
scale models where matter resides on a~311!-dimensional
‘‘wall,’’ while gravitons and other very weakly interacting
particles reside in the@(31n)11#-dimensional ‘‘bulk.’’
The temperature to which the Universe reheats must be
4-3
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FIG. 1. Maximum allowed reheat temperatureTreh as a function ofmpl(n14) for different numbersn of large extra dimensions.
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to avoid generating too many ‘‘bulk particles’’~we will ge-
nerically refer to them as gravitons! in the extra large dimen
sions. These gravitons can decay into particles in our~311!-
dimensional boundary. We can set bounds on the numbe
these decay products from various observations, and th
fore set an upper bound on the number of gravitons allow
or, equivalently, an upper bound on the reheat tempera
Treh . Below, we estimate this bound as a function of t
quantum gravity scale and the number of large extra dim
sions.

The behavior of gravitons whenMs; TeV was discussed
in @15#. Their best bound comes from requiring that photo
from graviton decay do not generate a spike in theE@2.7 K
photon background. For largerMs , fewer gravitons are pro
duced, and so higher reheat temperatures are allowed. H
ever, as the graviton lifetime becomes shorter, the de
products arrive in our 311 dimensions at earlier epochs; s
the limit on their number density changes. If the gravito
decay between recombination and today, the photons
duced will be in the present photon background. For so
period before recombination, photon number changing in
actions in the thermal plasma are out of equilibrium; so p
tons from graviton decay produced at this time would g
erate a chemical potential for the microwave background
the gravitons decay before recombination but after nuc
synethesis, they can dissociate light elements. The bo
from this is similar to the one from the chemical potenti
Gravitons that decay before nucleosynthesis are not a p
lem. We discuss bounds for all cases below.

One assumption made is that translation invariance in
bulk is broken only at the boundaries. This allows us
speak about momenta and energy of particles residing in
bulk. Such a situation is not generic as the size of ot
dimensions of the internal space might become larger w
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going away from our wall towards a hidden one~see, for
instance,@11#!. It was argued in@15# that gravitons might
decay earlier on the hidden wall than on the observable w
avoiding some of our constraints. We will discuss this si
ation elsewhere@30#.

Consider first the number densitynG of gravitons pro-
duced in the bulk. We follow@15# ~a similar analysis was
done in@31#!, and assume that the cross section for partic
on the wall to produce gravitons in then extra large dimen-
sions is of order4 sgg→GG;Tn/mpl(n14)

n12 ; so the rate at
which gravitons are made is approximately

]nG

]t
23HnG5sng;

Tn16

mpl(n14)
n12

, ~5!

whereH is the Hubble expansion rateH258pr/3mpl
2 and

ng is the number density of photons. Gravitons made a
temperatureT will have momenta in the bulk of orderT, and
since these momenta do not redshift, the energy of the gr
tons remains;T. The number density of gravitons with en
ergy T at later times~when the photon temperature isTg)
will therefore be of order

nG~E5T!.sngH21~T!5N
mplT

n11

mpl(n14)
n12

Tg
3 , ~6!

whereN is a numerical coefficient which we have not calc
lated, andmpl is the ~311!-dimensional Planck mass. W

4It is the (41n)-dimensional ‘‘Planck scale’’mpl(n14) that ap-
pears; if we assume that the other internal dimensions have siz
the order ofMs

21, thenmpl(n14);Ms .
4-4
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BARYOGENESIS IN MODELS WITH A LOW QUANTUM . . . PHYSICAL REVIEW D 60 025004
takeN51 in Fig. 1. The number and energy of the gravito
increase withT; so the most troublesome ones are those g
erated at the reheat temperatureTreh . We concentrate on
these and consider constraints for different values
mpl(n14) .

For the lowest values ofMs , the strongest constraint ob
tained in@15# on the number density of gravitons is from th
decay of gravitons back into photons. We review this bou
here. The gravitons of energyE decay to photons of energ
;E at a rate@32#

GG5tG
215D

E3

mpl
2

, ~7!

whereD is another unknown numerical factor that we set
1 in Fig. 1. ForE;Treh&60D21/3 MeV, the lifetime of the
gravitontG is longer than the age of the Universe,tU . The
number that will have decayed is therefore of ord
nG0tU /tG . Following @33#, one can require that the flux o
photons of energyTreh from these decays not exceed t
observed differential photon fluxF:

nG0

4p

tU

tG
&F~E!5

MeV

E
cm22 sr21 sec21, ~8!

whereE is the photon energy. This gives

ND

6p

T0
3

H0mpl
S Treh

mpl(n14)
D n12

~Treh!
2,F~Treh!, ~9!

whereT0 is the microwave background temperature tod
This implies

~Treh!
n15,

7310239

ND
mpl(n14)

n12 GeV3

~ for Treh,60 MeV!. ~10!

For n52 and Treh*3 MeV ~a safe reheat temperature
ensure that primordial nucleosynthesis takes place as u
@29#!, we getmpl(n14).100 TeV.

For Treh.60D21/3 MeV, the gravitons created atTreh can
decay before today. All their energy is therefore in the ph
ton background, but redshifted from when they decayed u
now. If this took place after recombination, we can se
bound by requiring that their final products do not exceed
observed photon fluxF. The photon temperatureTd when
the gravitons decay can be computed from

H~Td!.
2Teq

1/2Td
3/2

mpl
.GG.D

Treh
3

mpl
2

, ~11!

where Teq;3 eV is the photon temperature at matte
radiation equality. This gives

Td.S D

2 D 2/3 ~Treh!
2

mpl
2/3Teq

1/3
. ~12!

The photon flux expected from graviton decay is therefo

nG0

4p

T0

Td
.S 2

D D 2/3 N

4p
T0

4mpl
5/3Teq

1/3S Treh

mpl(n14)
D n12

~Treh!
23&F.

~13!
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This gives

~Treh!
n,3310233

mpl(n14)
n12

GeV2
~60 MeV,Treh,2 GeV!.

~14!

This applies fortU.tG.t recomb, which corresponds to the
limit in parentheses~with D51).

Photon number changing interactions of the formge
→egg go out of equilibrium attg;105 sec. If the gravitons
decay aftertg , but before recombination, the photons th
decay to will induce a chemical potential5 for the microwave
background@34#:

m.
rG

rg
. ~15!

This is in the instantaneous decay approximation, where
the energy of the gravitons is deposited into the photon
t5tG . This should be a reasonable approximation fortg
!tG!t recomb @35#. The present experimental bound is@36#
m,3.331024, which implies

N
mplTreh

n12

mpl(n14)
n12

Tg
3

rg
,3.331024 ~16!

when the gravitons decay. The photon temperature at de
Td can be determined fromH(Td);GG.DTreh

3 /mpl
2 ; so one

gets

mpl(n14)
n12 .431032~Treh!

n11/2 GeV3/2

~2 GeV!Treh!1 TeV!. ~17!

This applies for 105 sec;tg!tG!t recomb;1013 sec, or
2 GeV!Treh!1 TeV.

One of the successes of the big bang model is tha
predicts the correct abundances of light elements.4He, 3He,
D, and 7Li are synthesized in the early Universe at tempe
tures just below 1 MeV, in about the right numbers to ag
with present observations@37#. If the gravitons decay afte
nucleosynthesis, one must check that the their decay p
ucts do not destroy or produce too many of these light nuc
This constraint has been calculated for various particles@38–
40#. There are numerical bounds onrG /nB in @40# for
104 sec,tG,107 sec, which we can simply translate int
bounds onMs as a function ofTreh . These turn out to be
similar or weaker than Eq.~17!.

In Fig. 1 we plot the allowed reheat temperature as
function of the (41n)-dimensional Planck scalempl(n14)
for different numbers6 of extra dimensionsn>2. This is a
fairly stringent bound; to get a reheat temperature as larg
100 GeV, we needmpl(n14);106 GeV for six extra large
dimensions andmpl(n14);1010 GeV for n52. If the reheat
temperature is less than 100 GeV, electroweak baryogen

5The dimensionless parameterm is defined as the parameter in th
Bose-Einstein distribution function: 1/(eE/T1m11).

6The case of one extra dimension at 1 mm leads toTreh&10 MeV,
which is easily compatible with primordial nucleosynthesis.
4-5
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KARIM BENAKLI AND SACHA DAVIDSON PHYSICAL REVIEW D 60 025004
@41# and leptogenesis@42# ~generating a lepton asymmetr
and then having the ‘‘sphalerons’’ reprocess it! are impos-
sible. If Treh@TeV, the gravitons generated atTreh will de-
cay before nucleosynthesis and thermalize rapidly; so t
are not a problem.

IV. BARYOGENESIS

A. Challenges for baryogenesis models

First let us consider the consequences of the lowTreh

constraint. For a large choice ofMs and of the number of
large internal dimensions, the reheat temperature mus
less than;100 GeV; so the electroweakB1L violating pro-
cesses are not available for baryogenesis. This means
electroweak baryogenesis@41# and leptogenesis@42# are not
possible. For larger values ofMs and depending onn, Treh

*100 GeV is allowed and electroweak baryogenesis is p
sible. This is attractive because the nonperturbative e
troweak B1L violation proceeds through the operat
(qqql)3, which does not mediate proton decay because it
DB53 ~as well as being exponentially small at zero te
perature!.

There has recently been a very interesting suggestion@43#
that the BAU could be generated at the QCD phase trans
using purely standard model physics~the baryon number and
CP violation are spontaneous or nonperturbative!. If this
model works, then one only needs a reheat temperatur
order 1 GeV, which is easier to achieve than 100 GeV,
one can see from Fig. 1. We do not further discuss
mechanism, but it should be kept in mind as a possible w
of generating baryon asymmetry in low quantum grav
scale models.

The low Treh creates a generic difficulty. One of the S
kharov @44# conditions for baryogensis is that one nee
some out-of-equilibrium dynamics. This can be found
phase transitions or when some interaction is not fast eno
to keep up with the expansion of the Universe. Howev
when the temperature~or energy density! of the Universe is
low, the expansion rate is too (H;10218T at T;1 GeV!; so
interactions have no difficulty keeping up with the expa
sion. Getting the out-of-equilibrium dynamics anywhere b
a phase transition is hard. If the reheat temperature is
than;0.1 GeV, then the only phase transition available
pears to be the one out of inflation.

Another difficulty for baryogenesis models is the boun
on baryon number violation discussed in Sec. II. For
stance, to avoid fast proton decay throughuDBu5uDLu51
operators and neutron-antineutron oscillations throughDB
52 operators, one may assume thatB is conserved mod 3
This is problematic for scenarios where the BAU is gen
ated in the out-of-equilibrium decay of a particleX. X must
have at least two decay modes with different baryon num
in the final state and approximately the same branching ra
@45#. Otherwise, the baryon asymmetry generated will
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small.7 If B is conserved mod 3, thenX must decay to final
states withB51 and withB52 ~or B50 andB53), so that
X exchange generates a vertex than conservesB mod 3. But
B52 operators are of higher dimension thanB51 operators
~see Table I!; so the branching ratio ofX to the B52 final
state will be very small. We tried imposingB mod 4, so that
X could decay viaDB52 andDB522 processes, but thes
operators are of dimension 10 and 12, so thatX must have a
mass of order 100 GeV to decay before nucleosynthesis

If the quantum gravity scale is greater than 105 GeV in
the SM (109 GeV in the MSSM!, thenDB52 operators do
not need to be suppressed or forbidden~see Table I!. In this
case,B does not need to be conserved, provided thatL is; if
there are only baryon number violating couplings, and
low energy theory has standard model particle content,
proton cannot decay. This means, for instance, that in SU
models one can use the interactionUcDcDc to provide the
baryon number violation required for baryogenesis. Suc
model of low reheat temperature baryogenesis was c
structed in@46#, where the inflaton decay products includ
squarks, which then decay via theirB violating coupling.
They decay before they have time to thermalize or annihi
and so are out of equilibrium and can generate a bar
asymmetry in their decay.

B. Contrived baryogenesis model

Suppose that we are in the ‘‘worst case scenario’’
baryogenesis. This corresponds to the situation withMs

&105 GeV; so symmetries are required to forbid then2n̄
operatorudsuds and the fast proton decay vertices. Th
maximal allowed reheat temperature is much less than
GeV; so there is no electroweakB1L violation available. If
the motivation for having a lowMs is to solve the hierarchy
problem, we can also assume that there is no supersymm
since this is also what it is for. This means that Affleck-Di
baryogenesis is not possible. Can the baryon asymmetr
generated in these circumstances?

We first try to construct an out-of-equilibrium decay sc
nario. For this we need a particleX that decays out of equi
librium to final states with different baryon numbers, wi
enoughCP violation in the decay rates to generate a bary
to photon ratioh;3310210.

SupposeX is the inflaton. This has the advantage that
decays out of equilibrium. Moreover, its width

GX;
Treh

2

mpl
~18!

7This is a consequence ofCPT: if X decays to aB5B1 final state
with a large branching ratio 12e and aB5B2 state with a small
branching ratioe, then one can assignB5B1 to X; so the larger
decay is baryon number conserving. ByCPT the total decay rates

of X and X̄ are equal; so the baryon asymmetry created will

proportional toe2 ē and therefore very small.
4-6
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must be small in order to obtain a low reheat temperatu8

One way to ensure that it has a long lifetime is to make
decay via nonrenormalizable operators. For instance, this
happen via an operator of dimension 41d with coefficient
lMs

2d , so thatG;l2mX
2d11/Ms

2d . We would likeX to have
baryon number violating decays so that it can generate
baryon asymmetry, which also means thatX should decay
via nonrenormalizable interactions. As it oscillates about
minimum, we suppose thatmX.1 GeV, so that it can pro-
duce protons.

Another possibility is thatX is a particle generated in th
reheating process, with a number densitynX5dng . The an-
nihilation rate forX will be

Gann;nXsXX̄→anything. ~19!

If we take sXX̄→anything;4pa2/Ms
2 , then requiring that

Gann,H gives

4pa2d,
Ms

2

Trehmpl
. ~20!

If we takeMs to be its minimum value*3 TeV andTreh the
maximum value possible forn<6 andMs,105 GeV which
is &10 GeV, then this givesa2d,10214. This is the condi-
tion such thatX annihilations will be out of equilibrium a
the reheat temperature and thereafter; so all theX’s will de-
cay.

We would like to address the possibility of having pa
ticles with such small couplings. Consider, for instan
models obtained from type I8 strings after performingT du-
ality on all the internal directions of a type I model. The
are two kind ofp-branes in these models: three-branes a
seven-branes. We assume that the standard model resid
the three-branes with gauge couplings of order 1. The p
ticles that arise from seven-branes have gauge couplings
pressed by the volume of the four-dimensional internal sp
on which they are wrapped. The corresponding coupli
can be arranged to satisfy the above constraints.

To generate the BAU,X needs similar branching ratios t
states with different baryon number. As discussed in the p
vious subsection, this requirement is difficult to implement
models whereB is conserved. So instead we consider t
possibility thatB is not conserved,L is conserved mod 2
~which allows neutrino masses!, and there is a horizonta
symmetry that suppresses the dangerousDB52 operators.

We assume that the SM Yukawa couplings are gener
by some horizontal U~1! gauge symmetry@26#, which is
spontaneously broken belowMs . The quarks (q,uc,dc) and
leptons (l ,ec) carry positive charges under this symmet
and the charges are higher for the lighter fermions. T
Higgs boson that breaks the horizontal U~1! with VEV u
carries negative charge. By choosing the horizontal cha
of the fermionsQf

H with care, one can generate approx
mately the right structure for the Yukawa matrices, beca

8We assume that the inflaton is very weakly coupled and
cannot decay by parametric resonance.
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the interaction ucuH;muūu appears multiplied by

(u/L)Q
uc
H

1Qu
H

and tctH;mt t̄ t appears multiplied by

(u/L)Q
tc
H

1Qt
H
. Such a mechanism is probably required

models with a lowMs to avoid FCNC. It will also suppress
the problematicucdcscucdcsc operator: atMs where u is
zero, it is forbidden by the horizontal symmetry~if all the
fermions are positively charged!, and once the horizonta
symmetry is broken,ucdcscucdcsc can appear suppressed b

(u/L)2(Q
uc
H

1Q
dc
H

1Q
sc
H

). For u/L[e;0.2 and the charges in
Table II, the operatorucdcscucdcsc will be multiplied bye16,
which is compatible with the experimental limit forL* few
TeV. The proton is stable enough provided thatL is con-
served mod 2.

Suppose thatX is a light (;10 GeV! gauge singlet scala
with L51. It can decay to SM particles via the dimension
operatorsXqqql and Xucucdcec. These violateB, respec-
tively, by 1 and21 units; so a baryon asymmetry could b
generated. We suppose that the fermions have the cha
under the horizontal U~1! that are listed in Table II. In this
case the principle decay rates will be

G p̄;e18
mX

7

L6
, X→cc uc bc tc ~D̄ B̄ p̄ t1!,

~21!

Gp;e18
mX

7

L6
, X→c s b nt ~D B K p nt!,

~22!

Gp2;e20
mX

7

L6
, X→c d b nt ~D B p nt!, ~23!

wheree5u/L;0.2. We neglect kinematics, factors of 4p,
and so on; so these are very approximate estimates. H
ever, for L;3 TeV andTreh;3 MeV, Eq. ~18! gives mX
;25 GeV. This is heavy enough to decay toB and D me-
sons, but light enough to~possibly! be produced in the re
heating process or to be the inflaton. For largerL, we would
need a largermX .

We have shown that we can construct a scalar particlX
that decays before nucleosynthesis, at about the right tim
reheat the Universe if it were the inflaton. We now need
consider whether a sufficient baryon asymmetry can be g
erated in the decays. We assume thatGp@Gp2, and so we
neglectGp2 and all other smaller decay modes. The net nu
ber of baryons produced perX particle will be

o

TABLE II. Possible charges for the fermions under the horizo
tal U~1!, for three generations. The first generation isu,d,e, and so
on. These charges generate approximately the right Yukawa
plings.

Generation q uc dc l ec

1 5 5 2 1 5
2 4 2 1 0 4
3 1 0 1 0 1
4-7
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nb

nX
.

Gp2G p̄1Ḡ p̄2Ḡp

Gp1G p̄

[uCP , ~24!

where Ḡ is the CP conjugate decay. The baryon-to-photo
ratio nb /ng[h.3310210 @37# will be

h.
nX

ng
uCP . ~25!

If X is the inflaton, thennX /ng;Treh /mX;1023. If X is
produced in the reheating process, thennX /ng5d is a
model-dependent parameter. One would not expect to m
more than one or twoX’s in the decay of each inflaton; so i
this cased&1023. This means that we needuCP*1027. If
we assume thatCP violation arises through loop correction
involving new particles at the scaleMs , then uCP
;(mX /L)2;1026, which is approximately right.

The family symmetry presented here obviously suff
from anomalies. These might be canceled in two differ
ways. The first is to assume that massive particles in a
den sector are charged under this U~1!, standard model sym
metries, and some hidden gauge group. The hidden sym
try might suppress any undesirable nonrenormaliza
operator. Another possibility is to appeal to a Green-Schw
mechanism to cancel the anomaly@26#. If the gauge cou-
plings are all given by the vacuum expectation value o
single modulus~dilaton!, then anomaly cancellation implie
particular tree level relations between the couplings. For
model at hand, the strong, weak, and hypercharge U~1! cou-
plings are in the ratio1:1:105/33 atMs;1 TeV instead of
the usual relation1:1:5/3 at 1016 GeV. To compare the tree
level prediction with experimental measurements we nee
know the precise evolution of coupling constants with e
ergy fromMs down toMZ . Unfortunately for lowMs there
is not yet a framework to discuss this running of couplings
these become very sensitive to the spectrum at energie
the order of 1 TeV.9

We also imposedL as a spontaneously broken symmet
to ensure proton longevity; so some additional~heavy! lep-
tons must be included to cancel the anomalies inL @25#.

C. Other possibilities

It is clear from the previous section that out-o
equilibrium decay scenarios do not work easily at low sca
with SM particle content. Electroweak baryogenesis and l
togenesis will not work in their standard versions ifTreh is
much below the temperature at which electroweakB1L vio-
lation is in equilibrium;100 GeV. However, there are man
other baryogenesis mechanisms@2#, some of which may
work naturally. We will discuss these in a later publicati
@30#. The most popular mechanism that we have not d
cussed is the Affleck-Dine mechanism@48#, which generates
an asymmetry in the cosmological evolution of spartn
VEVs. This scenario could be attractive for supersymme

9See@11,47# for a discussion of unification in these models.
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low string scale models because the reheat temperature
generically be low, and the dimension of theB violating
operators is not so relevant. However, the difficulty is tha
the end of inflation the spartner VEV should have the sa
phase over the whole observable Universe.10 This is not so
easy to arrange if the expansion rateH is much smaller than
the flat direction’s massm*100 GeV, because inflation can
not push the VEV out along the flat direction; so a lar
VEV that is coherent across the whole Universe could
difficult to generate. It may be possible to resolve this with
small amount of externalCP violation. We will pursue this
possibility in a subsequent publication@30#.

V. CONCLUSION

For traditional models, where the scaleMs of quantum
gravity lies far away at energy scales of the order of 119

GeV, the baryon asymmetry can be generated in a pleth
of scenarios. In contrast, we found that exhibiting simp
scenarios for baryogenesis becomes a challenging prob
when Ms&105 GeV. The three Sakharov requirements
baryon number violation,C and CP violation, and out-of-
equilibrium dynamics must be satisfied. Baryon number v
lation is hard to come by because many baryon number
lating operators must be forbidden by a symmetry to ens
that they are not generated atMs . Out-of-equilibrium dy-
namics is also difficult because there is an upper bound
the reheat temperature of the Universe from requiring t
one not overproduce gravitons in the extra large dimensio
We list experimental bounds on baryon number violati
operators in Table I, and in Fig. 1 we plot the maximu
allowed reheat temperature as a function ofmpl(41n) for dif-
ferent numbersn of large internal dimensions. TheTreh
bound could possibly be avoided if the bulk fields~gravitons!
could decay faster to hidden matter whose energy redsh

Standard electroweak baryogenesis and leptogenesis
excluded for lowMs , because the reheat temperature is c
strained to be less than 100 GeV. Affleck-Dine baryogene
is difficult because the Hubble expansion rate is not la
enough to drive the flat direction field out to a single VE
with the same phase everywhere.

Out-of-equilibrium decay models are also problemat
the experimental bounds on baryon number violating ope
tors suggest that baryogenesis must proceed through
renormalizable operators of very high dimension. An alt
native is to suppress baryon number violating operat
through a horizontal family symmetry, and ensure that
proton remains stable by conservingL. We implement this
idea in a toy model that could generate the correct bar
asymmetry in the decay of a weakly coupled particle~possi-
bly the inflaton!.

For larger values ofmpl(41n) we need SUSY to solve the
hierarchy problem, in which case the Affleck-Dine mech
nism is a possibility. Ifmpl(41n)*105 GeV, baryon number

10The CP violation in the Affleck-Dine scenario is ‘‘spontane
ous,’’ that is, encoded in the relative phase between the VEV
baryon number violating bumps in the potential.
4-8
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violation is allowed, provided thatL is conserved. For scale
Ms*1010 GeV the reheat temperature is large and el
troweak baryogenesis is possible.

We will return to discuss these issues in a future publi
tion @30#.
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