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We make generic remarks about baryogenesis in models where theMscallequantum 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 fg<10° 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 valuedvf, and illustrate with a toy model the possibility of using
horizontal family symmetries to circumvent thef80556-282(99)06410-3

PACS numbgs): 11.30.Fs, 04.65-¢e, 12.60.Jv

[. INTRODUCTION known phenomena might arise. Remnants of these phenom-
ena at low energies are various nonrenormalizable effective
There are three experimental observations that might beperators. The size of the latter, if observed, might provide
considered as evidence for beyond-the-standard-model phyan indication of the existence and range of value#/qf
ics: neutrino oscillationg1], the baryon asymmetry of the This possibility of a low quantum gravity scale was first
Universe(BAU) [2], and the temperature fluctuations in the suggested 7] with a scaleM4 at ~10' GeV leading to
microwave backgroun@3]. Any extension of the standard unification within the minimal supersymmetric standard
model (SM) must explain, or at least be consistent with, model of all the interactions. It was later observed that type |
these data. strings[8] (motivated also by a field theoretical proposal in
One of the reasons to attempt to extend the standar®] and for which model building was studied ji0]), M
model is the possibility of unifying gravity with the other theory onSY/Z, [11], and possibly heterotic string42] al-
interactions. Present candidates are believed to be vacua ofew M~ TeV. This opens the exciting possibility that extra
single fundamental theory: M theory. The formulation of thedimensions could be observed at future collidg3]. An-
latter seems to require adding new degrees of freedom. In @her proposal is to havé ¢ at an intermediary scald 1] so
regime where a semiclassical description holds, these des to be associated with neutrino masses, observed ultrahigh
grees of freedom manifest themselves as additional spatignergy cosmic rays, or the scale of breaking of a Peccei-
dimensions compactified in an internal space. In its preserQuinn symmetry. In this case the standard unification sce-
form, M theory makes no prediction about the size of anynario might also be preservé4].
spatial dimensions. It allows certain vacua with an arbitrary In addition to the early phenomenological bounds for
large size for the internal dimensions limited only by experi-large internal dimensions discussed above, other limits on
mental data. If the states propagating in these dimension¥ have recently been derivgd5] from astrophysical and
have couplings with a size comparable to those of standargosmological considerations. The most significant particle
model gauge interactions, then the nonobservation of effect@hysics constraint o that we are aware of comes from
associated with Kaluza-Klein excitations leads to lower lim-atomic parity violation experimentgl6], which determine
its on the size of internal radii of the order of TeV[4]. If,  Sii 6y at low energy. If we assurighat the coefficient of
in contrast, all the couplings of these Kaluza-Klein excita-the four-fermion vertex @ /2 becomes @ /\2+1/M2,
tions are of the strength of gravitational interactions, then thave getM >4—6 TeV. The strongest astrophysical bound
limit is around 1 mm[5].> Mechanisms for the stabilization estimated in15] is from supernovas, and requirb,=30
of the radii of the extra dimensions have been discussed iiieV in the case of two large compactified dimensions.
[6]. The purpose of this paper is to investigate the conse-
Allowing the presence of such large internal dimensionsquences of these models for baryogenesis. We will restrict
has dramatic effects on phenomenological aspects of Mur study to the class of models where matter and gauge
theory. Above the scale where the largest dimensions ligfjelds reside on &3+1)-dimensional wall and interact only
naive dimensional analysis shows that the strength of gravithrough weak interactions of gravitational strength with
tational interactions increases rapidly with energies. This imfields residing in thé¢ (3+n)+ 1]-dimensional “bulk.” The
plies that gravity and the three other known fundamentathermodynamics for the case with gauge interactions in
interactions will have the same strength and might unify at shigher dimensiongbulk) was recently studied ifiL7]. In the
scaleM ¢ which can be very low, 1 TesM <10'°GeV. At  absence of a precise model, we introduce three mass param-
M, quantum gravity effects become important and new uneters in various stages of our analysis. The firdfliswhere

INotice that the scale suppressing the interactions has increasedNote that we do not use the commom/2\? normalization of the
by 15 orders of magnitude and the experimental limits went dowmew physics contribution to the four-fermion vertex. Had we done
by roughly the same amount. so, we would have foun¥l>10—-14 TeV.
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gravity unifies with the other interactions. It corresponds to(QQQL)/A in supersymmetrySUSY) generates proton de-
the string scale in string models or to the 11-dimensionatay at a rate of orddr21]
Planck mass in Hava-Witten[18] compactification of M

theory. The second 81,41y Which is the Planck scale in L, ang
(3+n)+1 dimensions. The relation betweef,4, and I'~10 L 1)
M, involves the volume of the dimensions with smaller radii. Susy

If the latter are of ordeMg ", thenmy 44 n~Ms. Another
parameter that we generically denote/byappears as a sup- i, implies A =10°° GeV. For nonsupersymmetric mod-

pression scale for different nonrenormalizable operators. It ISIs. the operator is dimension 6 and the bound becofnes
related toMg through model-dependent coupling constants_ 1’015 GeV

an(ldnngzcer:ﬁ\lléagit;r:lsjgs experimental bounds on nonrenor- . A.n _other baryon.number viola}ting process t'hat presents a
malizable. baryon number violating operators, and which op_s!gm_ﬂcant constraint for lowM is neutron-antineutron os-
; ; ’ cillations. Thisis aAB=2, AL=0 process that is generated
erators need to be forbidden for different values\ofin Sec. by the dimension-9 operatardsuds The “lifetime” for
[l we make some remarks about inflation, and discuss the” € : perat .
; heutron-antineutron oscillations,;>1.2x 1¢® s[22], is of
upper bound on the reheat temperature of the Unlversedrder
T,en<<Mg, which follows from the production of gravitons
in the large internal dimensions. Graviton production during
the reheating period is dangerous as its decay products can
lead to a greater than observed differential photon flux. In
Sec. IV we discuss the difficulties of reconciling baryogen-
esis with the suppression of baryon number violating opera-
tors and the upper bound on the reheat temperature. We coim the SM, where the denominator is an estimate of the had-
sider the possibility of generating baryon asymmetry in theronic matrix elemenf23,24. This givesA=10> GeV.
out-of-equilibrium decay of a weakly coupled particle. To A list of baryon and lepton number violating operators in
provide sizable decay channels we suggest using horizontttie standard model and the minimal supersymmetric stan-
family symmetries to suppress dangerous nonrenormalizabléard model(MSSM) is given in Table | with approximate
operators instead of forbidding them througdHiscrete bounds on the scalé. One must forbid with some symmetry
gauge symmetries. A toy model for baryogenesis is formuall operators that are experimentally constrained to have
lated to illustrate this scenario. Sec. V summarizes our con>Mg.
clusions. We follow [21] to calculate the constraints in the table.
We take all supersymmetric particle masses and Higgs
vacuum expectation valu¢¥EVs) to be 100 GeV, and the
II. BARYON NUMBER VIOLATING OPERATORS hadronic matrix elements for proton decay to bel 02
) (with appropriate mass dimensions provided by the proton
The presence of new physics at low scales could generaigasg. The table is not particularly illuminating, because the
dangerous nonrenormalizable operators. These .coulid, for isounds do not simply scale with dimension. Roughly, opera-
stance, lead to unobserved baryon number violating progys that violateB andL by one unit each are forbidden up to
cesses such as proton decay and neutron-antineutron oscillgsg|es> 100 GeV, operators that violatB alone by one or
tions. In the absence of a precise model, Where_ SUCRyo units are forbidden up to scales of ordef 100°) GeV
operators can be computed, we make the conservative ag; the SM (MSSM), and operators that violatB by three
sumption that every operator that is not forbidden bip@s-  jts are allowed at the TeV scale. An example of a symme-
sibly discret¢ gauge symmetry could be generated with ayy that forbidsAB=1 and 2 processes in the MSSM is the

coefficient of order £ This means that nonrenormalizable discrete anomaly-fre; symmetry of Ibaez and Ros§25]
baryon number violating operators of dimensiofid could  \yhich conserve® mod 3. The lowest baryon number vio-
appear, suppressed by factors of the scale of new physic%ting operators it allows are combinations k@ QQL)3,
Ms. The precise coefficient of a (4d)-dimensional opera- (UCU°DCE®)3, and QQQH,)S.
tor will involve My, various coupling cons'ta'nts,dand numeri-  Note that the bounds on the operators in Table | are usu-
cal factors, which we absorb into a coefficieht ™. ally for first generation quarks and leptons. For low quantum
. A strong constraint on baryoln qumber violating operatorsgravity scales, some sort of flavor symmetry presumably
is that the proton must have a lifetimg=10"y [19]. Ifthe  shouId be imposed to remove FCNC operators; so one could
quantum gravity scale is low, this means that one must forbigmagine that there are flavor-dependent symmetries that for-
baryon and lepton number violating operators up t0 SOmgq or suppress the dangerous baryon and/or lepton number
large dimension [5,20. For instance the operator yiolating operators. For instance, if the hierarchy in the
Yukawa couplings is due to a spontaneously broken horizon-
tal symmetry[26], the baryons and leptons can be assigned
%In this work, we apply this assumption ® and L violating ~ charges under this symmetry that forbid most of the opera-
operators, but not, for instance, to flavor changing neutral currentors in Table I(e.g., by giving all the SM fermions positive
(FCNO). charges We will discuss this possibility in Sec. IV B.
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TABLE |. B violating operators of dimensior-4 for SM and MSSM particle content, in superfield
notation. These are only theF‘terms.” We list the dimension of the operators, the processes they contribute
to, and the best bound we are aware(iof GeV), assuming that the coefficient of a dimensiah+(4)
operator isA "9, The quark field subscripts are generation indices. We do not include operators of the form

(allowed lower dimensional operajo (forbidden lower dimensional operatprsuch asLH,HH, or
U°D°®D°LH,ES, because they are forbidden by whatever removes the unwanted lower dimensional operator.

SUSY  susy SM SM
Operator Process dimension bound dimension bound
Q,Q,Q,L AB=AL=1 p—Kv 5 1076 6 10'°
USUSDSE® AB=AL=1 p—Kv 5 1072 6 10t
Q1Q:1Q2H; AB=1 n-n 5 1@ - -
USUSUSECE® AB=1AL=2 ? 6 — —
USDSDSH 1 H, AB=1 n-n 6 1P — —
DSDSDSLH, AB=—-AL=1 n— v 6 108 7 10
USDSDSLH, AB=-AL=1 n—vK 6 104 7 10
uSDSDSUSDSDS AB=2 n-n 7 10 9 10
USDSDSLLE® AB=—AL=1 n—e'u v 7 6x 10 9 5x10°
USD{DSLQD® AB=-AL=1 n—e'mw 7 10 9 4X10°
USUSDSH,LES AB=1 n-n 7 =10° — —
USUSDSH,QD® AB=1 n-n 7 =10° — —
QQQLLH, AB=1AL=2 ? 7 ? — —
Q1Q1Q2H;1Q1Q:1Q-H; AB=2 n-n 9 10 1 10

1. INFLATION AND REHEATING so the potential must be very flat. If, for instance, one param-

etrizes V=Vo—m?|¢|2+\|p|*+ =" HMD,  with V,

A. Inflation 4 . . .
~Myg, then to get enough inflatiof27,28 and the right

theAtgr?and of inflation |s_the only known way of generating &Bzed density perturbations, one finas- Mglmm . For M,
perature fluctuations measured on scales up to 1 3 C S .
Mpc in the microwave background. Since inflation dilutes TeVi one get$n~ 10. GeV. Sl."Ch a light inflaton might
any preexisting asymmetries, the observed baryon asymm@ave difficulties reheating tﬁe Un‘:verse to temperatuds
try of the Universe must be generated afterwards. As we willMeV, and in any case/p~m"<Mg; so our initial assump-
see, there is an upper bound on the reheat temperature #@ns were inconsistent. To avoid this difficulty, one can
models with low quantum gravity scale; so the phase transibuild two-field or hybrid inflation model$28] where the
tion out of inflation is one of the few places where one canmass of the inflaton when it decays is not related to the mass
find the out-of-equilibrium dynamics required for baryogen-term in the potential when it is generating density perturba-
esis. tions. An ad hoc potential of the formVy—agp®/M?

If we take the energy density of the Universe to be at mosti a12¢12/[\/|§ also works, forag~a;,~10 2 and M~ 10
Mg, then forn=2 large internal dimensions, the Hubble Tev. For the rest of this work, we will assume that the po-
radius is greater than or equal to the radius ofrit@imen-  tential is flat enough to inflate for long enough, and that the
sions. This means that it is consistent to build an inflationnass of the inflaton when it decays might be greater than 1

model in 3+1 dimensi%ns. However, a second order inflationgev. This is useful for baryogenesis, if we want to generate
model at a scale<10'® GeV requires a great deal of fine- e asymmetry in the decay of the inflaton.

tuning to get enougle-foldings and density perturbations of
order 10°°. The latter can be estimated as

5p V3/2

3y’
P mgV

B. Gravitons production constraints on T ¢y,

©) The Universe must at some point get out of its inflationary
phase and reheat to a plasma of particles. A safe reheat tem-
peratureT ¢, to ensure that primordial nucleosynthesis takes
eDlace as usual i= 3 MeV [29]. Baryogenesis at such a low
energy scale is hard; so a highEg, would be desirable.
Getting a highT,, is a challenge in low quantum gravity
scale models where matter resides ofBa1)-dimensional

whereV is the potential energy density of the inflatow,
=dV/d¢, and both of these are evaluated at the point in th
potential where the inflaton was sitting 50—&€olds before
the end of inflation. IlV~M?, then

V' M.\3 “wall,” while gravitons and other very weakly interacting
—3~105<—S) ; (4) particles reside in thd(3+n)+ 1]-dimensional “bulk.”
Mg Mp| The temperature to which the Universe reheats must be low,
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FIG. 1. Maximum allowed reheat temperatdrg, as a function oing, 4y for different numbers of large extra dimensions.

to avoid generating too many “bulk particlegWwe will ge-  going away from our wall towards a hidden ofeee, for
nerically refer to them as gravitonis the extra large dimen- instance,[11]). It was argued in15] that gravitons might
sions. These gravitons can decay into particles in(8wrl)-  decay earlier on the hidden wall than on the observable wall,
dimensional boundary. We can set bounds on the number @voiding some of our constraints. We will discuss this situ-
these decay products from various observations, and theration elsewherg¢30].
fore set an upper bound on the number of gravitons allowed Consider first the number density; of gravitons pro-
or, equivalently, an upper bound on the reheat temperaturduced in the bulk. We follow15] (a similar analysis was
T.en- Below, we estimate this bound as a function of thedone in[31]), and assume that the cross section for particles
guantum gravity scale and the number of large extra dimenen the wall to produce gravitons in theextra large dimen-
sions. sions is of ordeY UWHGG~T”/mB§§+4); so the rate at

The behavior of gravitons whei .~ TeV was discussed which gravitons are made is approximately
in [15]. Their best bound comes from requiring that photons N+6
from graviton decay do not generate a spike inE*2.7 K ‘9”_6 —3HN.= - T

. c—on )

photon background. For largét, fewer gravitons are pro- at 7 mgﬁﬁﬂ)
duced, and so higher reheat temperatures are allowed. How-

ever, as th(nT grgviton Iifeti_me bgcomes shqrter, the decayhereH is the Hubble expansion raté2=877p/3m§| and
prodycys arrive in our 31 d|men3|ons at earlier epochs.; SO 1_is the number density of photons. Gravitons made at a
the limit on their number density changes. If the grav'tonsteymperaturé will have momenta in the bulk of orddf, and
decay between recombination and today, the photons prosnce these momenta do not redshift, the energy of the gravi-
duced will be in the present photon background. For somg,ng yemains-T. The number density of gravitons with en-

per_iod b_efore recombination, photon number.ch.anging interérgy T at later times(when the photon temperature Ts,)
actions in the thermal plasma are out of equilibrium; so phosi| therefore be of order

tons from graviton decay produced at this time would gen-

®

erate a chemical potential for the microwave background. If . ol n+1 s
the gravitons decay before recombination but after nucleo- ne(E=T)=on,H (T)ZNrnn+—2Ty, (6)
synethesis, they can dissociate light elements. The bound pl(n+4)

from this is similar to the one from the chemical potential. ) ) . . |
Gravitons that decay before nucleosynthesis are not a prof§thereN is a numerical coefficient which we have not calcu-

lem. We discuss bounds for all cases below. lated, andmy, is the (3+1)-dimensional Planck mass. We
One assumption made is that translation invariance in the

bulk is broken only at the boundaries. This allows us to

speak about momenta and energy of particles residing in the“t is the (4+n)-dimensional “Planck scale’mpn+ 4y that ap-

bulk. Such a situation is not generic as the size of othepears; if we assume that the other internal dimensions have size of

dimensions of the internal space might become larger whethe order ofM *, thenmy(+ 4~ Ms.
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takeN=1 in Fig. 1. The number and energy of the gravitonsThis gives

increase withT; so the most troublesome ones are those gen- mh+2

erated at the reheat temperatirg,. We concentrate on  (T,.,)"<3X 10~ 38 —Pln*4) (60 MeV<T,n<2 GeV).
these and consider constraints for different values of GeV?

mpl(n+4) . (14)

For the lowest values d¥1, the strongest constraint ob-
tained in[15] on the number density of gravitons is from the . . - -
decay of gravitons back into photons. We review this bounclIrnlt in parenthesegwith D=1).

: Photon number changing interactions of the forwm
here. Th t f to phot f i .
~eéeat aeiagt];?;nz]ons of energy decay to photons of energy —evyy go out of equilibrium at,,~ 10° sec. If the gravitons

decay aftert,, but before recombination, the photons they

This applies forry> 7¢>t,ecomb Which corresponds to the

3

[er1_p E 7 decay to will induce a chemical potenfidbr the microwave
6= 7 ~ m2,’ () background34]:
P
_Pc
whereD is another unknown numerical factor that we set to M= o (19

1in Fig. 1. FOrE~T,.,<60D 3 MeV, the lifetime of the
graviton 7 is longer than the age of the Universg,. The  This is in the instantaneous decay approximation, where all
number that will have decayed is therefore of orderthe energy of the gravitons is deposited into the photons at
NgoTy/7s . Following [33], one can require that the flux of t=75. This should be a reasonable approximation tfor
photons of energyl ¢, from these decays not exceed the < rg<t,..omp[35]. The present experimental bound[86]

observed differential photon flug: 1<3.3x10 4, which implies
nGO ’TU _|\/|eV _5 1 1 m -I—n+2 T3
ET—GS}‘(E)—? cm “sr -sec -, (8 Plireh v 531074 (16)

mn+2 p
pl(in+4) &Y
whereE is the photon energy. This gives
ND T3 T when the gravitons decay. The photon temperature at decay
0 ( reh

n+2
) (Tren)2<F Tren), (9) T4 can be determined fromd (Ty)~g=DT5/m3

6m Homp \ Myj(n+4) gets e
where T, is the microwave background temperature today. Ml 4> 4% 10 Trep) " 12 Ge V2
This implies 100 (2 GeV<T, <1 TeV). 17
(Treh)n+5<TmBIJE§+4) GeV?

This applies for 10 sec-t, <7<t ecoms~ 10" sec, or

2 GeV<T,en<1 TeV.

(for Ten<<60 MeV). (10 One of the successes of the big bang model is that it
_ predicts the correct abundances of light elemetit, He,
Forn=2 andT.;=3 MeV (a safe reheat temperature to Dr and ’Li are synthesized in the early Universe at tempera-

ensure that primordial nucleosynthesis takes place as usu . . .
[29]), we getmy,. 4>100 TeV. Rires just below 1 MeV, in about the right numbers to agree

ForT,..>60D " ¥¥MeV, the gravitons created &, can with present observation87]. If the gravitons decay after

. . ; nucleosynthesis, one must check that the their decay prod-
decay before today. All their energy is therefore in the pho, cts do not destroy or produce too many of these light nuclei.

ton backgr_ound, but redshifted from w_hen_ they decayed unt his constraint has been calculated for various parti@8s-
now. If this took place after recombination, we can set a

g L 40]. There are numerical bounds gis/ng in [40] for
bound by requiring that their final products do not exceed th Vi . > .
observed photon flur. The photon temperaturé; when 0° sec< 7610 sec, which we can simply translate into

the aravitons decav can be computed from bounds onMy as a function ofT,¢,. These turn out to be
9 Y P similar or weaker than Eq17).

Ty L In Fig. 1 we plot the allowed reheat temperature as a
H(Td)zm—ler:Dm_Z' (1D function of the (4+n)-dimensional Planck scalgngp 4
P pl for different numbersof extra dimensionsi=2. This is a
where To,~3 eV is the photon temperature at matter- fairly stringent bound; to get a reheat temperature as large as
radiation equa“ty_ This gives 100 GeV, we neednp|(n+4)~106 GeV for six extra Iarge
D\ 23 (T, )2 dimensions qndnp,(n+4)~101° GeV forn=2. If the reheat
sz<§ z;e T (120  temperature is less than 100 GeV, electroweak baryogenesis
Mo Teq
The photon flux expected from graviton decay is therefore

203 5The dimensionless parameteris defined as the parameter in the
2\2® N T n+2 - tein distrbui T

2 Ameerys reh (T )‘35}‘ Bose-Einstein distribution function: Bt/ #+1).

D/ 47 0P ea Mpi(n+4) reh ' ®The case of one extra dimension at 1 mm leadE,{g<10 MeV,
(13 which is easily compatible with primordial nucleosynthesis.

Neo To

4’7T Td_
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[41] and leptogenesif42] (generating a lepton asymmetry small’ If B is conserved mod 3, thex must decay to final
and then having the “sphalerons” reprocessdte impos- states wittB=1 and withB=2 (or B=0 andB=3), so that
sible. If T,o,>TeV, the gravitons generated Bf,, will de- X exchange generates a vertex than conseBvemd 3. But
cay before nucleosynthesis and thermalize rapidly; so the=2 operators are of higher dimension tHas 1 operators
are not a problem. (see Table) so the branching ratio ok to theB=2 final
state will be very small. We tried imposirymod 4, so that
X could decay viAB=2 andAB= —2 processes, but these

IV. BARYOGENESIS operators are of dimension 10 and 12, so Katust have a
mass of order 100 GeV to decay before nucleosynthesis.
A. Challenges for baryogenesis models If the quantum gravity scale is greater tharP 1BeV in

the SM (18 GeV in the MSSM, thenAB=2 operators do
First let us consider the consequences of the Tgw, not neBe(;j to be supp:jessebd or forb|d(ﬂ33e Ta%le()jl Ili: th'.?
constraint. For a large choice ¢ and of the number of ;:ase, 0€s :qotbnee to et::onsgrlvi_ » provi I? Bt Id th
large internal dimensions, the reheat temperature must qgere aré only baryon number violating couptings, an €
ow energy theory has standard model particle content, the

less than~100 GeV; so the electrowedk+ L violating pro- . ; .
cesses are not available for baryogenesis. This means thprtoton cannot decay. Th|s_ means, for instance, thgt in SUSY
) Aodels one can use the interactidiD®D® to provide the

electroweak baryogenedigl] and leptogenesigi2] are not baryon number violation required for baryogenesis. Such a

possible. For larger values & and depending on, Tren  model of low reheat temperature baryogenesis was con-
=100 GeV is allowed and electroweak baryogenesis is poSsirycted in[46], where the inflaton decay products include
sible. This is attractive because the nonperturbative ele%quarks, which then decay via ther violating coupling.
troweak B+L violation proceeds through the operator They decay before they have time to thermalize or annihilate
(aaql?, which does not mediate proton decay because it hagnd so are out of equilibrium and can generate a baryon
AB=3 (as well as being exponentially small at zero tem-asymmetry in their decay.

perature.
There has recently been a very interesting sugge§tish
that the BAU could be generated at the QCD phase transition

using purely standard model physig¢ke baryon number and Suppose that we are in the “worst case scenario” for

CP violation are spontaneous or nonperturbagtivié this bfaryogenesis. This corresponds to the situation itk
model works, then one only needs a reheat temperature 0

order 1 GeV, which is easier to achieve than 100 GeV, as" 10° GeV; so symmetries are required to forbid the n

one can see from Fig. 1. We do not further discuss thié)per.atorudsudsand the fast proton _decay vertices. The
mechanism, but it should be kept in mind as a possible wa aximal allowed reheat temperature is much less than 100

of generating barvon asvmmetry in low guantum aravit eV; so there is no electrowe#&kt+ L violation available. If
sca?e modelg Y Y y q 9 Ythe motivation for having a lowi ¢ is to solve the hierarchy

e problem, we can also assume that there is no supersymmetry,
The low Tre, Creates a generic difficulty. One of the Sa- since this is also what it is for. This means that Affleck-Dine

kharov [44] conditions for baryogensis is that one needsbaryogenesis is not possible. Can the baryon asymmetry be
some out-of-equilibrium dynamics. This can be found atjonerated in these circumstances?

phase transitions or when some interaction is not fast enough \ye first try to construct an out-of-equilibrium decay sce-
to keep up with the expansion of the Universe. Howevernario, For this we need a partickethat decays out of equi-
when the temperatur@r energy densityof the Universe is  |iprium to final states with different baryon numbers, with
low, the expansion rate is toti(~10"'*T at T~1 GeV); SO enoughCP violation in the decay rates to generate a baryon
interactions have no difficulty keeping up with the expan-to photon ratiop~3x10 .
sion. Getting the out-of-equilibrium dynamics anywhere but  SupposeX is the inflaton. This has the advantage that it
a phase transition is hard. If the reheat temperature is lestecays out of equilibrium. Moreover, its width
than~0.1 GeV, then the only phase transition available ap- )
pears to be the one out of inflation. o Tren

Another difficulty for baryogenesis models is the bounds X My,
on baryon number violation discussed in Sec. Il. For in-
stance, to avoid fast proton decay throuigtB|=|AL|=1
operators and neutron-antineutron oscillations throadh
:2_ o_perators, one may assume tBais conserved mod 3. "This is a consequence GfPT: if X decays to &=B; final state
This is problematic for scenarios where the BAU is gener+iy, 4 jarge branching ratio 1 and aB=B, state with a small
ated in the out-of-equilibrium decay of a particte X must  pranching ratioe, then one can assige=B; to X; so the larger
have at least two decay modes with different baryon numbegiecay is baryon number conserving. By T the total decay rates
in the final state and approximately the same branching ratiogs x and X are equal; so the baryon asymmetry created will be
[45]. Otherwise, the baryon asymmetry generated will bey onortional toe— e and therefore very small.

B. Contrived baryogenesis model

(18)
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must be small in order to obtain a low reheat temperdture. TABLE Il. Possible charges for the fermions under the horizon-
One way to ensure that it has a long lifetime is to make ittal U(1), for three generations. The first generatiom jd,e, and so
decay via nonrenormalizable operators. For instance, this ca. These charges generate approximately the right Yukawa cou-
happen via an operator of dimensior-d with coefficient ~ Plings.

AM_ ¢, so thatl' ~\2m2?*1/M2¢ . We would likeX to have

baryon number violating decays so that it can generate the G€neration q ue d° ! e
baryon asymmetry, which also means tikashould decay 1 5 5 2 1 5
via nonrenormalizable interactions. As it oscillates about its 2 4 2 1 0 4
minimum, we suppose thamy>1 GeV, so that it can pro- 3 1 0 1 0 1

duce protons.

Another possibility is thaKX is a particle generated in the
reheating process, with a number densify=én,. The an-
nihilation rate forX will be

the interaction uuH~ muUu appears multiplied by
H JE—
( 0/A)QL.°+Q5| and t°tH~mtt appears multiplied by

(0/A)Q:4°+Qr. Such a mechanism is probably required in
models with a lowM ¢ to avoid FCNC. It will also suppress
the problematicu®d®s°u®d®s® operator: atM¢ where 6 is
zero, it is forbidden by the horizontal symmettiy all the
|v|§ fermions are positively charggdand once the horizontal
(200 symmetry is brokeny®d®sucd®s® can appear suppressed by
(B/A)Z(QEﬁQgﬁQ;). For #/A=¢€~0.2 and the charges in
If we takeM to be its minimum value=3 TeV andT ., the  Table Il the operaton°d°s°u°d°s® will be multiplied by €,
maximum value possible far<6 andM <10° GeV which ~ Which is compatible with the experimental limit fdr= few
is =10 GeV, then this givea?6<10 ! This is the condi- TeV. The proton is stable enough provided thats con-
tion such thatX annihilations will be out of equilibrium at served mod 2.
the reheat temperature and thereafter; so alltisewill de- Suppose thak is a light (~ 10 Ge\) gauge singlet scalar
cay. with L=1. It can decay to SM particles via the dimension-7
We would like to address the possibility of having par- operatorsXqqql and Xuu°d°e®. These violateB, respec-
ticles with such small couplings. Consider, for instance/tively, by 1 and—1 units; so a baryon asymmetry could be
models obtained from typ€ ktrings after performind du-  generated. We suppose that the fermions have the charges
ality on all the internal directions of a type | model. There under the horizontal (1) that are listed in Table II. In this
are two kind ofp-branes in these models: three-branes andase the principle decay rates will be
seven-branes. We assume that the standard model resides on 7

the three-branes with gauge couplings of order 1. The par- Ty~ Emﬁ X—c® us b ° (D B p ),

[ann~ Nx0 xx—anything- (19

If we take axyﬂanythmg~4wa2/M§, then requiring that
I',nn<H gives

Ara?S<—.
Trehmpl

ticles that arise from seven-branes have gauge couplings sup- A8’
pressed by the volume of the four-dimensional internal space (21
on which they are wrapped. The corresponding couplings 7
can be arranged to satisfy the above constraints. 180X

To generate the BAUX needs similar branching ratios to Tpe AS’ X—csbwv, (DBKpw),
states with different baryon number. As discussed in the pre- (22)
vious subsection, this requirement is difficult to implement in ;
models whereB is conserved. So instead we consider the 20Mx

possibility thatB is not conservedL is conserved mod 2 Fpo~e A6’ X—c dbwv, (DBpvw) (23

(which allows neutrino massgsand there is a horizontal
symmetry that suppresses the dangedBs=2 operators. heree= 6/A~0.2. We neglect kinematics, factors ofr4

We assume that the SM Yukawa couplings are generate d so on: so these are very approximate’ estimates.’ How-
by some horizontal (1) gauge symmetnf26], which is ever forA'~3 TeV andT,.,~3 MeV, Eq. (18 givesm
spontaneously broken belokts. The quarks §,u®,d) and 52’ ooy This is heavyrgrr;ough o ljecayBcandD mé(-
leptons (,€) carry posit.ive charges under this symmetry, sons, but light enough t¢possibly be produced in the re-

: . . %eating process or to be the inflaton. For largemwe would
Higgs boson that breaks the horizonta{ll with VEV @ need a largemy,.

carries negative charge. By choosing the horizontal charges We have shown that we can construct a scalar parcle

of the fermionsQ;' with care, one can generate approxi- yq¢ decays before nucleosynthesis, at about the right time to
mately the right structure for the Yukawa matrices, becausggheat the Universe if it were the inflaton. We now need to
consider whether a sufficient baryon asymmetry can be gen-
erated in the decays. We assume thgeT',, and so we
e assume that the inflaton is very weakly coupled and saeglectl’,, and all other smaller decay modes. The net num-
cannot decay by parametric resonance. ber of baryons produced p&tparticle will be
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Se——— low string scale models because the reheat temperature can
np Fp—TI'p+T,—T . . i R
2 =0cp, (24) generically be low, and the dimension of tiBeviolating
Nx Fp+Iy operators is not so relevant. However, the difficulty is that at
_ the end of inflation the spartner VEV should have the same
wherel is the CP conjugate decay. The baryon-to-photon phase over the whole observable Univefs&his is not so

ratio n,/n,=7=3x10" 10137] will be easy to arrange if the expansion r&tes much smaller than
the flat direction’s mass=100 GeV, because inflation can-
:30 (25) not push the VEV out along the flat direction; so a large
7= vce: VEV that is coherent across the whole Universe could be

Y
difficult to generate. It may be possible to resolve this with a

If X is the inflaton, themy/n,~T,en/my~10"% If X is  small amount of external P violation. We will pursue this
produced in the reheating process, thep/n,=¢& is a  possibility in a subsequent publicati$B0].
model-dependent parameter. One would not expect to make
more than one or twiX's in the decay of each inflaton; so in V. CONCLUSION
this cases<10 3. This means that we neefyp=10". If
we assume that P violation arises through loop corrections ~ For traditional models, where the scaiés of quantum
involving new particles at the scaléMg, then 6cp gravity lies far away at energy scales of the order of°10
~(my/A)2~10"°, which is approximately right. GeV, the baryon asymmetry can be generated in a plethora
The fam”y Symmetry presented here Obvious'y Suffersof scenarios. In Contrast, we found that eXh|b|t|ng Simple
from anomalies. These might be canceled in two differengcenarios for baryogenesis becomes a challenging problem
ways. The first is to assume that massive particles in a hidwhen M¢=10° GeV. The three Sakharov requirements of
den sector are Charged under th|@_)J standard model sym- baryon number violationC and CP violation, and out-of-
metries, and some hidden gauge group. The hidden Symm@qwllbrlum dynamics must be satisfied. Baryon number vio-
try might suppress any undesirable nonrenormalizabléation is hard to come by because many baryon number vio-
operator. Another possibility is to appeal to a Green-Schwarfating operators must be forbidden by a symmetry to ensure
mechanism to cancel the anomdB6]. If the gauge cou- that they are not generated islt;. Out-of-equilibrium dy-
plings are all given by the vacuum expectation value of ahamics is also difficult because there is an upper bound on
single modulug(dilator), then anomaly cancellation implies the reheat temperature of the Universe from requiring that
particular tree level relations between the couplings. For th@ne not overproduce gravitons in the extra large dimensions.
model at hand, the strong, weak, and hyperchargie tbu-  We list experimental bounds on baryon number violating
plings are in the ratid :1:105/33 atM~1 TeV instead of operators in Table I, and in Fig. 1 we plot the maximum
the usual relatiori:1:5/3 at 18° GeV. To compare the tree allowed reheat temperature as a functiommf 4., ) for dif-
level prediction with experimental measurements we need téerent numbersn of large internal dimensions. The,ep
know the precise evolution of coupling constants with en-bound could possibly be avoided if the bulk fiel@gsavitong
ergy fromMg down toM . Unfortunately for lowM there ~ could decay faster to hidden matter whose energy redshifts.
is not yet a framework to discuss this running of couplings as Standard electroweak baryogenesis and leptogenesis are
these become very sensitive to the spectrum at energies gkcluded for lowMs, because the reheat temperature is con-
the order of 1 Te\,. strained to be less than 100 GeV. Affleck-Dine baryogenesis
We also imposedl as a spontaneously broken symmetry,is difficult because the Hubble expansion rate is not large
to ensure proton longevity; so some additioftaéavy lep- enough to drive the flat direction field out to a single VEV

tons must be included to cancel the anomaliek [i25]. with the same phase everywhere.
Out-of-equilibrium decay models are also problematic;

the experimental bounds on baryon number violating opera-
tors suggest that baryogenesis must proceed through non-
It is clear from the previous section that out-of- renormalizable operators of very high dimension. An alter-
equilibrium decay scenarios do not work easily at low scalesative is to suppress baryon number violating operators
with SM particle content. Electroweak baryogenesis and lepthrough a horizontal family symmetry, and ensure that the
togenesis will not work in their standard versionsTif, is  proton remains stable by conservihg We implement this
much below the temperature at which electrowBakL vio-  idea in a toy model that could generate the correct baryon
lation is in equilibrium~ 100 GeV. However, there are many asymmetry in the decay of a weakly coupled partiglessi-
other baryogenesis mechanisif, some of which may bly the inflaton.
work naturally. We will discuss these in a later publication  For larger values ofn,4 ) we need SUSY to solve the
[30]. The most popular mechanism that we have not dishierarchy problem, in which case the Affleck-Dine mecha-
cussed is the Affleck-Dine mechanign8], which generates nism is a possibility. Ifmy4+=10° GeV, baryon number
an asymmetry in the cosmological evolution of spartner
VEVs. This scenario could be attractive for supersymmetric———

C. Other possibilities

1%The CP violation in the Affleck-Dine scenario is “spontane-
ous,” that is, encoded in the relative phase between the VEV and
9See[11,47) for a discussion of unification in these models. baryon number violating bumps in the potential.
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violation is allowed, provided thdt is conserved. For scales
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