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Standard model baryogenesis through four-fermion operators in braneworlds
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We study a new baryogenesis scenario in a class of braneworld models with low fundamental scale, which
typically have difficulty with baryogenesis. The scenario is characterized by its minimal nature: the field
content is that of the standard model and all interactions consistent with the gauge symmetry are admitted.
Baryon number is violated via a dimension-6 proton decay operator, suppressed today by the mechanism of
quark-lepton separation in extra dimensions; we assume that this operator was unsuppressed in the early
Universe due to a time-dependent quark-lepton separation. The soutde wablation is the CKM matrix, in
combination with the dimension-6 operators. We find that almost independently of cosmology, sufficient
baryogenesis is nearly impossible in such a scenario if the fundamental scale is above 100 TeV, as required by
an unsuppressed neutron-antineutron oscillation operator. The only exception producing sufficient baryon
asymmetry is a scenario involving out-of-equilibritcquarks interacting with equilibriurb quarks.
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I. INTRODUCTION rays from KK mode decay are to be avoidéd8]. The en-
ergy density in KK modes would also affect the evolution of
The experimental lower limit on the lifetime of the proton density fluctuations by altering the time of matter-radiation
is a severe problem for models in which the fundamentakquality [9]. Astrophysical production and decay of such
scale of quantum gravity is low compared to the supersymmodes also leads to an independent lower bound on the fun-
metric grand unified theoryGUT) scale 16°GeV [1,2. A damental scalgL0], which is also constrained by the nonob-
baryon number U(1) symmetry cannot be gauged in fieldservation(to daté of direct and loop effects in experiments
theory; like other accidental symmetries it is expected to be11].
violated by effects at the string scale or by quantum worm-  Any attempt at explaining proton longevity and baryogen-
holes and virtual black holef3]. SuchB violation would  esis should operate within these constraints. E¢@mmaly-
appear at low energies as nonrenormalizable operators, féfee) discrete or horizontal symmetries can be imposed to
example of the formqqql/M7 whereM; is the fundamen-  forbid B-violating operators mediating proton decgs;12]
tal scale and\ is expected to b&)(1) in the absence of while allowing others, through which baryogenesis occurs:
suppression mechanisms. Then foM; in the this approach requires arX‘boson”to be present, with cou-
0(10-100) TeV range, for which collider signals of the fun- plings which appear unnaturally smédih contrast with the
damental degrees of freedom or of large extra dimensionstandard GUT or leptogenesis scengriddaryon number
may be observable;, comes out to be under a second, to becan be gauged if the anomaly is canceled by a string theory
compared with thgmode-dependentexperimental bounds mechanism, oB violation may be forbidden to all orders in
of order 162 years[4]. Various solutions have been proposedperturbation theory by string selection rules, in some “inter-
[5—7] all of which have implications for the production of an secting brane” modelg7]. Note however that in a more gen-
excess of baryons over antibaryons in the early Universe, foeral class of intersecting brane modgls], such selection
which B violation is a precondition. rules do not prevent the four-fermion operators from appear-
The production of gravitational Kaluza-Kle{iK) modes ing, as discussed above, in which case the fundamental scale
in the early Universe in such models, in which some com-cannot be low.
pactified extra dimensions are orders of magnitude larger If baryon number is perturbatively exact, nonperturbative
than the fundamental length, gives a severe upper bound grocesse§l4] are the only option to create net baryon num-
the maximum temperature attained consistent with cosmaber. It is difficult to see how this proposal can be reconciled
logical observations. Even for the maximum numfiesually ~ with cosmological constraints, since any such processes
considered as)6of large extra dimensions and the relatively would operate at or above the electroweak scale and be enor-
large valueM ;=100 TeV, a maximum temperature of a few mously suppressed at low temperat{t8].
GeV is the upper bound if overclosure of the Universe, dis- A novel mechanism for suppressing proton decay in the
ruption of the successful predictions of nucleosynthesis, andontext of a low fundamental scale theory has been proposed
an observationally unacceptable level of background gammim Ref.[6]. This is a geometrical mechanism for suppressing
4D B-violating operators, namely localization of fermions in
extra dimensions. The simplest implementation is for the
*Email address: daniel.chung@cern.ch SU(2), XU(1)y gauge fields to propagate in one extra di-
TEmail address: tdent@umich.edu mension(cf. [16]), in which the quark and lepton wave func-
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=imamimimimimimimnm SU2)y X U(I) y=vmomomimumimimimimn- dependent whenever fermion localization is controlled by a
SUG)c field, akin to the radion, which is initially displaced from the
° ® - . ) .
quarks leptons minimum of its effective potential. The work §19] can also
L be taken to be of this type, where the “radion” is always at
:: ® Rs(0) - —_ the minimum of a time dependent effective potential, which
5 . . . ..
is derived from time dependent finite temperature effects.
FIG. 1. Schematic setup of our braneworld. Note that this condition implies the assumption that 4D in-

stanton or sphaleron induced baryon number violating opera-

tions are peaked about points separated by a distance tors are weaker than the dimension-6 operator, i.e., only per-
~30Mf_l (Fig. 1). Then any strondB-violating operators in turbative physics is analyzed for dimension 4 operators. This
the effective 5D theory can only produce proton decay prois a reasonable assumption as long as the temperature is well
portional to the overlap of the wave functions, which can bebelow the electroweak scalgvhich is required anyway in
exponentially small. Alternatively, proton decay by exchangdow fundamental scale modgland the SU(2) coupling re-
of massive modes is suppressed by the Yukawa propagatorains smal(Appendix B.
over the distancé [17]. Nonperturbative quantum effects  (3) The 4D Planck scal®l,; has an adiabatic time depen-
which may lead to proton decay, for example virtual blackdence due to the change in the volume of extra dimensions,
holes[18], are also exponentially suppressed due to the inand the fundamental scale of gravitational physics iMat
tegration over the fifth dimension. =10 GeV. The upper bound on this scale comes from the

Baryogenesis in such scenarios has been discussed in Rdesire to ameliorate the hierarchy problem without super-
[19]. However, the authors of that work introduced a stan-symmetry(SUSY), while the lower bound is obtained by the
dard model singlet scalar with renormalizable baryonbounds on neutron-antineutron oscillations, which cannot be
number-violating interactions and primarily considered thesuppressed by a geometrical mechanism. Note that there is
effect of thermal corrections to the wave function overlapstill a certain amount of fine tuning, of order®ith such
which controls the strength of the baryon number violation.a (relatively) large fundamental scale.

An Affleck-Dine-type scenario consistent with large extra  (4) There is no electroweak phase transition because of a
dimensions, which involves introducing a scalar charged unlow reheating temperaturg.e., T<30 GeV) [5,8]. Baryo-
der a newUJ(1) group, has recently been described 20]; genesis is also assumed to occur above the QCD phase tran-
while the idea appears viable from a cosmological viewpointsition temperaturéi.e., T>0.2 GeV).
the authors do not discuss hd@wiolating couplings which (5) The effective 3D space is homogeneous and isotropic
induce proton decay are to be suppressed, while still keepingt all times when the temperature of the universeTis
the operators by which the scalar decays. One might imagine-0.2 GeV.
that additional exact symmetries could be imposed to In this context, we analyze the possibility of baryogenesis
achieve this, in the spirit di5]. and find specific conditions under which it is feasible.

In this work, we consider a related, but simpler class of Our setup contains all the necessary ingredients of baryo-
scenarios and report mostly on a “no go” result. Specifically,genesig21]:
we consider the feasibility of baryogenesis under the follow- (1) Baryon number violatioridimension-6 operatr
ing conditions: (20 C and CP violation [standard model Cabibbo-

(1) The only renormalizable operators that are present akobayashi-Maskaw@&CKM) + dimension-6 operatd+the
the electroweak scale are those of the standard model, amdsulting quantity is much larger than the Jarlskog invariant.

the perturbative 4D effective field theofgimensionally re- (3) Nonequilibrium (spacetime expansion or other un-
duced from an intrinsically higher-dimensional thepig  specified means
valid. (The possibility of doing without an X boson” was The reason for the difficulty of this scenario will be in-

briefly mentioned if19].) In other words, we work with an gredient(1), the baryon number violating operator being too
effective theory with the top quark as the heaviest field thatveak in the low temperature setting, independently of ingre-
has not been integrated out and neglect any Lorentz violatindients (2) and (3). Since the usual Jarlskog invariant of the
operators resulting from time dependence of the extra dimerSM is not the relevant quantity, given the presence of
sional geometry. This condition is motivated from our igno-dimension-6 operators, the reason why this baryogenesis sce-
rance about the physics beyond the standard model and therio is difficult has nothing to do with traditional wisdom.
fact that no viable baryogenesis scenario has yet been prén particular, we find that dimension-6 operators are in most
posed with only the standard model fields and gravity. cases too weak to compete with baryon number-conserving

(2) The leading baryon number-violating operator due tooperators which create entropy, for most sets of reactants.
physics at the fundamental scale is a dimension-6 operator of Naively, one finds this result a little surprising because
the form one would expect

> qqal (1) pa= B OcPVED
=le_
M% S g*STi

2

wherevg is the wave function overlap, which is a time de- can be easily engineered to be sufficiently large, witkss,
pendent function. The wave function overlapcan be time- is the dimensionless quantity associated With violation, B

023501-2



STANDARD MODEL BARYOGENESIS THROUGH FOUR .. PHYSICAL REVIEW D 66, 023501 (2002

is the maximal branching ratio into the baryon number vio- Il. BRANEWORLD SETUP AND SCALES
lating channel fixed by our mode,is the number density of

particles that can be converted into baryqn n.umg% s proton decay suppression is for the “brane” on which we
the number of degrees of freedom contributing to the enyyq 1 pe a nontrivial scalar field profile in an extra dimen-

tropy, andT, is the temperature at some fiducial time after gjon [22]. On a smooth manifold, chiral fermions are local-
which the baryon number is conserved. However, evenqq in the presence of a scalar field profile with Yukawa
thoughdcpy can be naturally large in ou? scenafitot gov-  coyplings to the fermion fields, resulting in a position-
erned by the Jarlskog invariagnBn/(g, sT) cannotin gen-  gependent effective mass term. The simplest ansatz is to take
eral be made large because as the baryon number violatingjinearly varying scalar field, which results in chiral fermion
reactions are creating baryon asymmetry, the baryon numbegro modes with a Gaussian wave function, localized about
conserving counterparts are creating proportionately largghe point where the effective fermion mass vanisfésOn
amounts of entropy density. In other words, having thean orbifold [23] one may impose special boundary condi-
quark-lepton separation go to zero does not generate orderibns, which themselves ensure that the lowest mode is chi-
branching of the baryon number violating channels. Insteadig|, then with a scalar field which is forced to take up a kink
such a channel is always suppressed by a scale much largggnfiguration one obtains a fermion wave function which
than the e!ectroweak chle. . varies approximate|y as Coﬁ(kxs)

_ We do find an exception to our “no go” rule for a special gy coupling the leptons and quarks differently to different
situation in which the universe starts out dominated bythe scalar fields, one may separate the zero mode wave functions
andc quarks and gluongwhich might happen through the gych that the wave function overlap factarin Eq. (1) ob-
peculiarities of reheating after inflatipnand the lighter tzins an exponentially suppressed value. As discussed in
quarkc is out of equilibrium while the heavier quatkis in 23], it is not easy to inducdarge displacements of the
equilibrium, for example due to the anomalously large ex-oints of localization away from special points such as the
pansion rate and the anomalously small densitg qtiarks.  orbifold fixed points(whose boundary conditions force the
In this exceptional scenario, there are two key ingredientgerg of the scalar fieldwithout introducing arbitrary scale
compensating the suppression of the dimension 6 operatofarameters. In this paper, we will not assume any particular
(1) Due to the smallV,|, theb quark interactions with out-  mechanism to make these localization poiftsich we will
of-equilibrium ¢ quarks do not generate significant entropy; sometimes loosely call “branegtlynamical, but rather sup-

(2) the integration time for baryogenesis can be made long ihose that large dynamical displacements of the localization
the expansion rate is small, due to the nonstandard cosmQkints(branes from their final value are possible. Hence, we

ogy of extra dimensions. However, this remote possibility,treat v, as merely a time-dependent function that is con-
which requires additional assumptions about special initiaro|led by an exponential of the form

conditions and/or more new physics, is unlikely to be realiz-
able, and we do not have a detailed model to demonstrate its A (ML

e vg~e ©)
full viability.

Throughout this paper, we do not assume thermal equilib- . . ,
rium initial conditions, except where explicitly noted. Hence, WhereZ is a constant coefficient of order 1 ahds a time-
although the short distance operators are fixed, the nonzefEPendent function giving the distance between the quark
initial particle densities that exist in the universe canebe and lepton localizations. There may be additional contribu-
priori arbitrary combinations of species. Thus, when we contions touv varying ase™ (“1)° but these will be subleading
sider bounds, we explicitly check all likely combinations of unlessu?<M?. We will see below that actually has to be
species without any bias to their initial number distributions,greater than or equal to about 3/2 in our scenario.
except when otherwise noted. As far as the out-of- The baryogenesis scenario is then as follows: at some
equilibrium condition due to the expansion of the universe isearly time in the evolution of the Universkl;L~O(1) and
concerned, we assume that somehow the Planck scale canthe baryon number violating operator is suppressed only by
adjusted to dial into the appropriate expansion rate. Ofhe fundamental scale. By the time of nucleosyntheds;L
course, in a more completely specified model, this may turwill have settled down to today’s value of about 50, consis-
out to be problematic, due to the bounds on moduli overprotent with proton decay constraintsee Appendix A For the
duction and other light moduli problems. However, our re-purposes of our paper, we will not need the specific details of
sults are robust with respect to how the moduli problems anthow the quark-lepton separation is stabilized at its final
initial conditions problems can be solved. In fact most of ourvalue. We will show that the short-distance physics prevents
results do not depend on how the particles are out of equisufficient baryogenesis in the minimal model that we con-
librium. This broad insensitivity with respect to cosmological sider, except in the special case already mentioned.
details is one of the key features to our work. Since the zero mode quark and lepton wave functions are
The order of our presentation will be as follows. We beginseparated in the extra dimension and since the quarks and the

with a discussion of the class of braneworlds and the energleptons interact through th8U(2), X U(1)y gauge group,
scales and couplings that we are interested in. We thethese gauge fields must also propagate in the extra dimen-
present our constraint on this scenario for baryogenesis witkion, and the 4D gauge theory must come from dimensional
dimension-6 operators in the low temperature regime. Fireduction. Similarly, since everything interacts with gravity,
nally, we summarize and conclude. 4D gravity also arises from dimensional reduction. We now

The simplest way to realize the proposal of geometrical
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derive bounds on the fundamental scale as well as the size &r 5D perturbativity. However, this requires the volume en-
the extra dimensions by demanding perturbativity of gaugdiancement factor to be small. In the end, if we want to mini-
fields propagating in the extra dimensions and that Einsteimize this effect, we must have only a D4-brane., p=1).
gravity be recoveref24]. Note that our perturbativity constraint is for calculational

From gravitational dimensional reduction, given that therefeasibility rather than necessarily for fundamental physical
are a total ofn extra dimensions and one of them is asym-reasons.

metric with lengthRs(t3), the others having lengthR;, i Coming back to Eq(4), if we impose thatRs(t;) in
=1,...nh—1, we have which the gauge fields propagate is the largest extra dimen-
_, sion
Mo
M7= T @

Ri<Rs(t3)~
Rs(taM) LT (RMp) SR
. where the approximate equality is due to E6), one sees
wheret; denotes the present time aii, is the reduced that
Planck massM ,/\/8. There is also a perturbativity con- . ,
straint on the Yang-Mills coupling constant. Int4 dimen- M¢>Mpay~1.5x 10" GeV.
;ll?nngsgor example for a (3-p)-brang, the Yang-Mills cou- To restate this, if the gauge fieId; come from dimensjonal
reduction of thelargest compactimension, perturbativity
22 requires
2 _T4tp
SNV M>10 GeV.

where\ 4, , is a dimensionless number. By dimensional re-Hence, for this scenario to hawé;<10> GeV, there must
duction to 4D, we have the 4-dimensional dimensionles®® compact dimensions larger than the dimension in which

Yang-Mills couplingg, related tok, , by the gauge fields propagate. _ _
Then we take, for simplicity, 5 large extra dimensions of
) ) p-1 length R’ in which the gauge fields do not propagate, and
N p=0aRsM [T (RiMy). (5) one comparatively smaller extra dimension of length
|

Rs(t3) =1/aywM;+ in which (electroweak gauge fields do

If g4(t) is to remain perturbative at timg<t;, we must propagate. Since in that case,

have
95(ts) Pt Ri(ts)| | [ Rs(t3)
2 I1 (s e <.

Rs(t1)
Given that gi(ts)/(4m)~1/31 for the EW theory & 2><105(105 Gev)2’5

n 2
aWM pl

MZ=——F
(R'My)®

we can choose

=e?/47=1/137= aSirP4y=0.225my,), we require

M M
p—1
Ri(tS)) 10° GeV|
Rs(t3)/Rs(t <31. = 1
5(ts)/Rs( 1)(H (Ri(m 2 Gevl| =] .
If we have a scenario in which Furthermore, the experimental Ilimit from neutron-
antineutron oscillations forceldl ;=10° GeV [5]; therefore
Rs(t)=const R’ must be smaller than about 2 GeV In the spirit of the
o ] ) o o original motivation for large extra dimensions, namely in
this is not an issue, but in general, this is constraining.  order to ameliorate the hierarchy problem, we take the small-
Now, let us consider absolute perturbativity of the five ot consistent value ofl; and set it toM;~1C° GeV.
dimensional theory. Since the cutoff is setht, perturba- What is important to keep in mind from this section is Eq.
tivity requires (6). Since ay(t3)=0g2(t3)/4m~1/31, the maximum value
2 thatV(t3)M; can take is 31. Hence, proton decay constraint
%M?< 1. requires{=3/2 as claimed below Eq3). Furthermore, to
41

“unsuppress” the dimension-6 operattuM =1 is required
during baryogenesis. This means that if the distance between
the braned is equal to the time dependent size of the extra
\2 2(ts) p—1 dimensionRs, thenayy~1 during baryogenesis. However, as
4+p _ 9413 shown in Fig. 1, if the distance between the branes can be
—= Rs(t3)M Ri(t;)M)<1 6 '
4 4 (Rs(ts) f)H (Rilts)My) ©) adjusted independently of the size of the extra dimension,

Using Eqg.(5), we obtain

023501-4



STANDARD MODEL BARYOGENESIS THROUGH FOUR .. PHYSICAL REVIEW D 66, 023501 (2002

this need not be true. Finally, if we require that no KK modes
of the SU(2), X U(1)y gauge group contribute to the baryo- 9
genesis dynamics, we must haﬁ@l> 100. This leads to the

requirement thatr,,(t)>10"3. We will henceforth taker + +
to be a fregtime-dependentparameter, with a value
q
10 3< ay(t)<1. (7) »
With a setup in which proton decay and otligeviolating FIG. 2. Diagrams interfering for baryogenesis.

processes are suppressed by the quark-lepton separation, the

next question to ask is which processes dominated at thgives rise tov, will be taken to be 1 during baryogenesis.
epoch wherl was smaller (~*~M;). Proton decay due to Rotating the quarks and leptons into mass eigenstates, we
massive fermion exchange, which appears in the effectiveave

theory by operators suppressedeasMt with k~1, is the

most “difficult” to suppress at the present epoch, since one (Qa)izuf‘a@a)i 9
requiresML=50 at the present time up to factors of order
1, andR is bounded from above b;t\j\,l if SU(2) is to (La)i:W?E([E)i (10)

remain perturbative in the bulk. Decay mediated by local

interactions in thed=5 effective field theory, requiring the which corresponds to the usual flavor mixing matrices
localized SM ferm|20r213 to propagate through the bulk with av,\,= UEUd andVMNS:WZWd- This then gives
suppression o~ #L°, might also be problematic if.? is
small relative toM?, as it must be for a credible field theory
model of localization. Here we would requigg’L?=50 to-
day. Nonperturbative effects involving the extra dimensions
should also be considered, for example virtual black holes or X[creleM+.-.] (11
wormholes connecting the two branes. However, given very

reasonable assumptions for the topology of the correspondvhere

ing instantons, their action is large enough for the effects to S

be negligible[6]. All other R-dependent effects turn out ge- e N VS VI VISV (12
nerically to be smaller, including the weak instantons which ] ) . ]

do not cause proton decay but might be important in baryoNote that due to the introduction of the dlmgnglon—G opera-
genesigAppendix B. Then, assuming that both suppressiontors, the global symmetry of the theofi the limit that the
factors saturate the current bound, Rsshrinks from its ~ Yukawa couplings vanishis different from the usual low
present value the effective operators suppressee!‘m;'-2 energy analysis O.f th? Staf.‘dard modt_al. Hence, we have more
grow much more quickly than those varying @sco™sMR, than one rephasing invariaf@P-violating complex param-

. : eter.
At the time of baryogenesis, fdR comparable taM, the . .
dominant processgsagil other things bging equ)awvfill be Now consider for example the interference between the

. : . ree level and the one-loop diagrams shown in Fig. 2, assum-
those mediated by the SM fermions progagatmg through th%"ng for simplicity thatcs=c,=0 andc,=1. If the tree level

. . . _,2
bulk, for which the suppression ise™#™Mi~1. amplitude is denoted a%1; while the one loop amplitude is

The goal now is to see if, without an electroweak phasggpeleq asM.,, we know thatM, can be written as
transition, we can create enough baryon asymmetry with the

anbr
ijml

AL=——4
M

(@)Cc™H@Y), L2 c QD)

dimension-6 operator which is unsuppressed. Mlle)\ﬁgg (13
Ill. BARYOGENESIS whereR; is purely real, whileM, will in general be of the
form
The defining characteristic of our class of baryogenesis
scenarios  is the leading baryon . nu_mbe_r-wol_atlng My=(Ry+il 2)Vith’]7\T112'z (14)
dimension-6 operator, one example of which is written in the
gauge eigenstate basis as whereR, andl, are real functions. Note th& will in gen-
eral arise if we can cut the propagators in the lémpmake
AL=Us anbr a\Te-1 oM . (LPYTC-L(Of two tree level graphsand put them on shell simultaneously.
- M2 (QD)i (QU);(LD)y (QUm For theCP conjugate reactiooM7=R;A 2155 = M¥ | but
X[cpel €M+ o€ €M+ caeMel'] ®) Mz=(Ry+ilDVEV NS # M3 (15)

where we have suppressed color indiced!" are family-  where in particular, the imaginary part arising from the cut
dependent coefficient$j,j,l,m} are SU(2), indices, sum- propagators is not the complex conjugate of that for the
mation of indices is implicit, and;, c, andc; are constant CP-conjugate reaction, since it derives from kinematics
real coefficients. The wave function overlap integral thatalone.
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In the Boltzmann equations for the baryon number den- ofF.

sity, the probability of interest will be
DE<|MqI—>m2>_<|Mq'I—>qq|2>

=2 Re[{(MyM} — MiM3)] (16)
=4(Ry(1,+13))8 (17)

where we have defined
= Im[ ViV o5 ASES (18)

and the( ) represents spin averaging. Written out explicitly,

this interference term is

D:

2
—9 ibi b
47TM4;j: IM{N 3155 NIV V*}IS’[IJ
f

XRETI D3y Vab1Da¥,vp02PrI}

+ parity odd (19

where the external momenig are labeled clockwise and

constrained to satisfp;+p,—p3—p4=0, Pr=(1+ y5)/2,

PHYSICAL REVIEW D66, 023501 (2002

-0.5 s .
_1 . . R - - . ...
© 1.5} " L. .
U‘ - - °
o M . - . .
= -2 R - -
2.5 Lo .
-3
0 20 40 60 80

coupling label

FIG. 3. Atypical distribution ofCP violating coefficients from
a random texture.

where we have summed over the indi¢gsas if the rest of
the transition probability did not depend orandj. As ex-
pected, the quantity (analogous to the Jarlskog invariant in
the presence of the dimension-6 operatassaround 0.1,
much larger than the Jarlskog invariant-ef.0~°. We expect
similar results if thex®""" are taken complex with random
phases.

As for thelgﬁJ we have when the Mandelstam invariant

and s<M2,
d*k —k)“
Igﬁj_ Re 27Tf (Po—l0 Stl] 1Cgaﬁ_(s (mui+ mdj)z) (22)
(2m)*| (p3—k)*—
(patk)? 1 0 while for the top quark,
(p4+k)2—m§_ kZ_M\ZN ' I;"fJ~3O (23
J
B _ , , , Note thatM,y can be time dependent since
Note thatl gij; vanishes only if the intermediate quark states
cannot go on shell. If the intermediate quark states can go on Mw=~ 27 awv (24)
shell, the expression becomes ]
and ay, can be time dependei@anywhere betweenQayy
d3q, d3q, =<1). Althoughv may be time dependent, we will take it to
lefhi=— Sﬂsf 3 3 (2m* be approximately constaf5].
(2m) 2Eq, (2m)°2E,, Now, let us write down the Boltzmann equation for our
af system of quarks and leptons. Denoting the phase space den-
4192 sity of particles in an FRW cosmology with scale factoas
4) — - -
x 8“(q.+q, (p1+p2))(p3—q1)2—|\/|\2,\,. f.. we have

(21)

Now, let us make some estimates. Consider the standard pg-t
rametrization ofVcky. Suppose we choose the angles as

0,=3.366,6,=0.0307,03=0.0067, and a phase&cxum

=1.4633 roughly consistent with experimentally known

a E, JE,

>

i,j,b,c,d

| |—fxfb|M1|2—2fxbee{MlM§}

bounds. We specify in part a Yukawa texture by choosing the

rotation matrix

1 05 09
U,=exp il 0.5 1 06
09 06 -2

and suppos¥;=W; . With a array of randongreal) numbers
of order 1 for then®"", we find the effectiveCP violating

imaginary coefficient to be distributed as shown in Fig. 3

feqfeq|/\/ll|2 feqfeq Re{M; M3}

f‘f‘*feq feqfeq

— ffo| M g|?— 21, f, Re{ MM}

fif;
fe;f{aqfef*feq Re{ Mz M3}

ke Sl

T (25
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where that although we have only written down the scattering pro-
cesses explicitly, the decay and inverse decay reactions have
1 an analogous form.
= 4 5(4) . . . I
J’ ~ 2E, J’ ner];,jlctamsd n(2m)"0 px+rer§:tam5pf>' Now, instead of accounting for the possible contributions
(26) to the baryon asymmetry from all the reactants together, let

us put bounds on the maximum contribution that arises from
is an operator generating an appropriate momentum integralach of the reactants. As explained in Appendix C, we can
(with the measure I1,,=d%p,, /[ 2E,(27)3]), M, is the am-  derive from Eq.(27)

plitude for the tree level procesh—cd, and M, is asso-

ciated with the one loop correction with intermediate states 27

ij. The amplitudeM; is associated with the tree level am- Ng=< _3f dtTgy(t)asng, (29
plitude ofxb—ij, whereij are the intermediate states in the a

calculation of M,, and the one loop correction 15 in-

volving the intermediate statesl (appearing inM,) is de-  where

noted asM,. Here, we have neglected the Pauli blocking

factors for the Boltzmann collision integral. Although this is T2

easily generalizable to include the Pauli blocking factors and = aWE | |m{)\aibi)\*atbs\/is\/§}~0_02_, (30)
although it is not justified when calculating an accurate num- i] v

ber density evolution, the neglect is justified when calculat-

ing an upper bound on the baryon numbers produced. Hencgz 12 +mi2nit_(mui+mdj)21 T, andmy,;; are tempera-

for clarity of physics we shall drop them in this paper. Be-y e and mass scales, respectively, of the initial Statéinal

cause only the amplitudes with the fermion propagators C”§tate) reactantsmy,; andmy; are the masses of the particles
in M, and M, contribute, one can show within the collision ;e loop, and“l,:v is the Jtree-level baryon number violat-
integral Sum Fhat F{e\/llj\/_l§}= __Re{M§MZ}' Note that ing reaction rate which can be read off from Table I. In the
the collision integral vanishes in equilibriuntA related  5pje the functionV defined as

work on this kind of Boltzmann equation may be found in

Ref.[26].) 5
Thus one arrives at the baryon number density evolution mQﬁT
equation W( leej,T)E m Kl(lee}/T)
1 d(nga®) '
e I I 3
a a,b,i,j,c,d ~ (31)

V1+4(T/mga)?’
X R M M3 (ab—ij—cd)} ’

fifj+ ity fofatfofq is a time dilation function arising from the thermal averaging
- (27) andF(mg,m_,Tq,T,) is a function of order 1 also arising
from thermal averagingK; is a modified Bessel function of
) ) ) the second kind Using these and other results presented in
whereb, is the baryon number associated with reac@nt appendix C, we can place an upper bound on the baryon

and the prime on the integral denotes that all the momentgsymmetry generated by any single species out of equilib-
are to be integrated over. Note that for each baryon numbgfym as

associated with reactaatto contribute to the baryon asym-
metry, the intermediate and the final state must be out of

fedfed  feares

equilibrium and not the initial reactant. This is expected from E< Tev(V (32)
unitarity andCP T which implies thaf27] S Lio) ] oy
E |M(i—>j)|2=2 IM(i_—>j)|2 (29) where the maximum is taken at any time during baryogen-
] ]

esis. Note that this bound is independent of cosmology

(without specifying the time dependence of the scale factor
wherej sums over all final states: when the probability isa) as long as the usual Boltzmann equations are valid.
summed over all final states, there cannot be any |et us first consider the quarks. Instead of writifig; as
CP-violating enhancement or subtraction of the probabilitythe sum of rates for all the channels, it is more illuminating
that survives. Also, note that although naively one mightto consider separately the cases whigy is dominated by
think that the right-hand sideRHS) of Eq. (27) would van-  either the baryon-number-conserving annihilation rate or the
ish, since the quantity inside the square bracket is odd undgfecay rate. Th@-conserving annihilation rate is dominated
the exchangeéj < cd and the summation is over allj,c,d, by at-channel quark annihilation into gluons, with the pos-
there is no cancellation because {Ré; M3 (ab—ij sible exception of the top quark for which the rate can be
—cd)} is also odd under the exchange—cd. Finally, note  dominated by a weak scattering. Explicitly, we use
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TABLE I. The dominant reaction rates. The upper indices on leptoasd quarks) label the family number while the subscript indices
label denotes up-type or down-tyge.g.,L, is a neutring. All other quantum numbers are implicit. The small nhumleeindicates the
splitting due to theC P-violating phases. Only the quark decay rates are displayed, as they will be the most relevant quantities. The coupling
\ of the dimension-6 operator is assumed to be of order 1.

sy Reaction Magnitude A(B+L)
ey ed 1+ €) Qi—LaQQ} , Qg Mag —2
A : —— (14 €)W(mga, T
B (Mf) (277)332( €)W(mqa, To)
I'gyged 1 €) Qa-LQ5Q! Moz Mga 2
A . —— (1— €)W(mga, T
M) (gt~ WM To)
gy sca(1+€) LgQﬁﬂaaatu nL’ka(miz+méz+Té+TE) -2
1+ €)F(mga,mv,To,T
167TM? ( e)F( Q&ML 1o )
gy scaf1—¢€) L2Q2—Q3Q}, n;ahz(mig+ méﬁ+ To+TD) 2
1—e)F(m a,m b,T ,T
167TM? ( e)F( Q%ML 1o )
o2 Explicitly, — E~(4/|Vckm?) (v/180 GeVyY  while  F,
Tant=No—5——5 Fa(Mg, To) (33  ~0.05(@/180 GeV) 2, which implies that the weak decay
mo+Tq rate is not much enhanced for the top quark through the

Goldstone emission. Given these rates, we list the leading
L\ A a2 . boundng/s (i.e., the upper bound on the baryon fraction
It ant~Tan My | as [Verml “=T and/ E¢ relevant to the case that the given reactions are the dominant
(34) contributions in Table II. The lepton sector is similar except
with ag— a.,, @nd no top quark enhancements. In addition,
where|Vcxu|? is the appropriate quark mixing matrix ele- the leading number density changing channel for the neutri-
ment squared, anf, is a function encoding the effect of nos may be coannihilations instead of self-annihilations.
thermal averaging, similar t6. The B-conserving decay rate From the last section, we hawé;>100 TeV which implies
is dominated by a weak decay rate, which is enhanced for the

top quark due to the longitudinaV component going on . s v 2
shell. We use 7(Mw/M;)7<3X10 (m) . (37
CY\ZN mQ 4
I weak deé™ @(M—) Mo|Veim|°W(mga, Tg) (35 Finally, we need to constrain the number density of the par-
W u

ticles. Since the elastic scattering rates are at least as large as

2 the total inelastic scattering rates, to absolutely forbid any
™ (Mw hase transiti trict th ber density of particl

T go=Tweak doc— | —~| =T woak ded Fr - (36)  Phase transitions, we restrict the number density of particles
aw !\ My to be smaller than the thermal densityTgt=30 GeV, i.e.,

TABLE II. ng/s for quarks. For the top quark, each of these ratios must be multipliég} by F, . However, these extra factors do not
change our conclusions.

Ratio no. gy /T (Ng/S) max
1 1—‘BV declrann 2_77 m_g mQ(méJ’_ Té)w(mQ ’TQ)] a)&x E[)
a% M NoF2(mq, Tq) "
2 1-‘BVscatt/l—‘ann n (mé+Té)(m$Z+ mé+T(Zg) nfz(t)F(mQ ymf21TQ)1 X(XE)
8ma’ M7 Ne(t)F2(mg,To) e '
3 I'gv dec/ T weak dec 27 My, 4 1
— 5 (XFy)
9 1 [Vekul
4 FBVscan/Fweakdec 327777 MW 4(m?2+ mé#—Té-ﬁ-Té) nsz(mQ,mfz,TQ.Tf2)1 ax(x':)
VS 1 t
gt "My mé|VCKM| 2 m%W( Mg, Tq) "
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an“aC<<o_2Ti (38) we are guaranteed that the reaction changing the number
' density off is out of equilibrium, and there exists a contri-
if relativistic or bution to the entropy from the weak interactiorff{
e - mo /T —final products) with the matching integral of the form
Ng,1<0.13mq, T,) QL (39 fﬁ;dt a’ngny, (sincef is necessarily out of equilibriumwe
if nonrelativistic[28]. can write using Eq(C9)
Now, consider the case when the branching ratio is ap-
proximated by ratio 3 in Table II. For the top quarks out of ad |V exm| 2(m2+ mf22+?f2+?f22) 1
equilibrium, we have s= 7 =
My a
2
ratio 3=5x 10" 15( H (40) t;
180 Ge X f dt a3g2(mf ,mfz,Tf ,sz)nfnfz (44)
g

while for all other reactants, we have
where g, is another order 1 dimensionless function. It is
) 17 1 v 2 important to note that we have assumed the kinematic viabil-
ratio 3<6x 10 Voo | 180Ge (4) ity of the weak interaction in Eq44). Combining Eq.(44)
CKM and Eq.(43), we have

where we have used the bottom quark mass of about 4.3

GeV. For the top quark, because the upper bound here is Ns _ 27 (M_vv)4
smaller than what is needed for sufficient baryogenesis and s a\2/v|VCKM|2 M
since the same numerator appears in ratio 1 Biweolating

decay channel is ruled out for the top quark. For the bottom 1 v 2

quark, since the leading decay channel hRg,,|? ~5x10 13 2(180 Ge\) (45
~1.6x10 3, Eq.(41) also rules out sufficient baryogenesis. Vel

All other channels also fail the tests under ratios 1 and 3

which means that thB-violating decay channel cannot help Independently ofay. Hence, W'.th|VCK'V'| <107, suffi-
in generating sufficient baryon asymmetry cient baryon asymmetry generation seems feasible. A case in

Consider now ratios 2 and 4. Ratio 4 requires for the topWhiC_h Eq.(4_15) ap_plies is when out of equili_briurb quarks
are interacting with the quarks at an effective temperature
quark that . . )
of 30 GeV. In particular, if the baryon number conserving
B weak interaction channel is dominated bg—cs which
< <4X 1071° (42 gives the|V,,?~1.6x10 2 suppression, sufficient baryo-
genesis in this scenario seems possible. We will return to this

if we assume thaF~W~1. Hence, ratios 3 and 4 com- POssibility later and constrain it further.

pletely rule out the top quark as a significant contributor toAnother possibility to evade E¢49) is to have the weak
the baryon asymmetry. interaction be kinematically suppressed. In the case of an out

Let us now consider the scattering of the out-of-Of €quilibriumc quark, the reactiomr,—st has the kine-
equilibrium particlef with every other particle labeled dg ~ Matic suppression necessary to evade(E§).in the limit of
in view of ratio 2. It can easily be seen that ratio 2 is not veryZ€r0 temperature sinae,~1.7 GeV whilem~1.5 GeV.
constraining, as it can in principle be made arbitrarily large !N Table Ill, we list all the weak interactions that are kine-
Hence, we can consider a more stringent version of the edatically suppressed such that sufficient baryogenesis is pos-
tropy bound corresponding to ratio 2, E@9), which we sible with respect to the constraints thus far.

rewrite as According to Table Ill, some weak interactions are kine-
matically suppressed only below the temperature of the QCD
ne 2p(mP+m? +T2+T2) 4 phase transition, which is assumed to occur at arotind
B 2 2z - ~0.2 GeV[29]. These interactions hence really are not sup-
S M{s a® pressed in the temperature range of interest and the baryo-

. genesis bound is not evaded for these reactants. Hence, these
XJ fdt a®gy(me,me, Ty, Te)nen (43  are labeled irrelevant in Table Ill. Only interactions involv-
tg 2 2 2 ing v, then remain as viable candidates for the kinematically
suppressed baryon number conserving channel, if we assume

wheres is the entropy density; is the temperature of par- that its mixing withw,, or v, is less than 10%. If the neutrino
ticle species, T; is the characteristic temperature of speciessector is mixed, all the bounds return and there are no can-
i inside the integralg; is a kinematic function of order 1z  didates that can generate sufficient baryon asymni&oy
marks the beginning time of baryogenesis, antharks the In both cases where E¢45) allows sufficient baryogen-
end time of baryogenesis. Instead of using the maximunesis, the baryon number-conserving weak interactions be-
contribution to the entropy, it is sufficient to consider anytween the reactants contribute too little to the entropy to rule
one contribution since we are placing an upper bound. Sinceut baryogenesis. In such situations, let us consider whether
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TABLE II!. The set of reactions evading the simplest bound. 27;(mf2+mf2 +?f2+?f2 )
These reactions are suppressed when the temperature falls below R= 2 2 (49)
the threshold temperature. Mf
Out of Threshold and
equilibrium Weak temp.
particle interactions  (GeV) Relevant E.g. BV tcdt 3.2
Cv,—ST 0.4 Y cv,—dd é= 's ’ (50)
Sv,—uT 15 Y sv.—du i
vo—ad f dta®n?
d dv,—ur 1.7 Y dv,—du te 2
§ dv,—uu 0.1 N . i .
- = — which measures how much tlig particles can contribute to
u uy,—dr 17 Y uv,—dd . - h . S
T o1 N baryogenes_ls through_ interaction with out-of-gqumbnum
U”lﬂdﬁ ' particle f without contributing to the entropy. This can be
uve—de 0.006 N seen from noting thaty_ is the equilibrium distribution dur-
ue—dve 0.005 N ing te[tg,t.] by definition. Producing baryon asymmetry
Vs v,.c—dr 0.21 N for a long time without producing any entrogiye. lettingt,
i v,S—ur 1.505 Y v,s—du  approachts) is the best that can be done to circumvent the
. v.d—ur 1.7 Y v.d—du  suppression of the dinl1ension 6 operator. For sufficient
; b dr 17 v bu—dd baryogenesisr(z/s=10"19, we thus require
v v, d—uu 0.1 N
uM g E 0.1 N <0—Afzv> 2
vu—du f=——|=—1|-1 (51)
Ve veu—de 0.005 N (oav) [ 6
where
the self-annihilation interaction contribution to the entropy is
enough to dilute away the baryon asymmetry contribution. - R % 1010 (52)
. . . ~ - 2 -
Start with Eq.(43) and again approximatg;~1. However, M{(oasv)

instead of Eq(44), consider
If the n? dominates in Eq(46), one can similarly derive Eq.

(Tar0) (4 (o) [t (51), thereby showing that it is true i l. N ti
3.2 Af fo a0 , thereby showing that it is true in general. Now, noting
=3 dta’ng, + —3 f dta’ni  (46)  that one can write
a tc a tg
. .. t t
which corresponds to the entropy bound arising from self- fdta3nf2s5 fdta?’nfnf (53)
annihilation reaction contributions, where the contribution to tg tg 2

the entropy from the specids only begins once it goes out ) )
of equilibrium, at timet,, while thef self-annihilation con- and using Eq(47), one can write
tribution persists throughout the entire duratioR ,t¢] of t .
baryogenesis. Here, the thermal averaged quantiiesh as (2— 5)f dt a®n;n; SJ dt a®n? . (54)
(oav)) have their temperature fixed at some value, charac- tg 2 g 2

teristic of the integration interval. The advantage of consid-

ering the bound arising from self-annihilation reactions is!t follows that
that they change the number density and are always possible

at tree level if there is a neutrino lighter théor degenerate (1+ }
with) ».. We shall assume that the self-annihilation channel tfdt Bnn. < € tcdt 23n2 (55
is open[31,37. Suppose first that thta?2 term dominates s T= (2-9) Jy, fa

over the second term. Then, using the elementary inequality _ . _
which is useful ifé£>1 and 6<1, since as we mentioned

n?2+ nf>2nfnf2 (47)  before,n¢, is the equilibrium distribution during the time
interval [tg,t.]. Hence, we shall use E@55) with param-
we can write etrized cosmology to put a bound on cosmology from the
condition of sufficient baryogenesis.
Ng R { <0Afzv> ] We parametrize the unknown cosmology as
<= ¢ (48)
S 2M¥oarp)l  (oar) at”, (56)
where we have defined Teca™" (57)
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and determing. by the out-of-equilibrium condition For the relevant reactions in Table IIl,:g and a quark
are always paired. For the quarks out of equilibriumnf?
a(te) . =m, ~0 andmy=my:
a(tc) = ma){] <0'Af2U>nf2(tC),Ff2] (58) ’
2 /72 2 2,12
i ; T, +my ))(mg+T
wherej is anO(1) constant and‘f2 is the decay rate of,. &= i vy Vf)( atTa) F_ }_ 1 (61)
Because the ratio of the decay rzltez to the expansion rate cvgl\/lzz1 g
increases as a function of time, when the decay becomes the
dominant chemical potential changing reaction, it can lead to 277(m§+m5 +T24+T2) (m2+T2)
an out-of-equilibrium number density of the only if the 5= . " T T (Y
final states of the decay are not in equilibrium. Hence, the M? a’M?
maximum above applies only if the decay products are out of (62

equilibrium, and otherwise, only the self-annihilation should

be taken into account. Furthermore, note that any choice dfhese equations tell us that for all effective temperatures
t. that we make in Eq(58) corresponds to a different choice (between 1.7 and 0.2 GeV) and quark masfess than

of cosmology becausk sets the scale of expansion rate of 2 GeV) relevant to our scenario, we have the conditiéns
the universe. The larget, is, the slower is the expansion <1 andés1, which allow nontrivial bounds to come from
rate, and hence the slower the dilution rate of any accumugg. (59). From Eq.(59), it is easy to show that there are no
lation of baryon asymmetry. As far as interpreting the paramvalues ofv>0 andn>0 such that sufficient baryon asym-
eterv is concerned, it is shown in Appendix D thet&<1 for ~ metry is generated. Hence, there are no scenarios in which
most physical system@ven with external sources such asthere is sufficient baryogenesis through out-of-equilibrium
the inflaton confined to 3 spatial dimensions, unless therequarks interacting withv,.

exists a cooling mechanism different from the expansion of For the case of, out of equilibrium andy in equilibrium,

the 3 spatial dimensions. However, with the presence of extrgn, =m, andm;=m,~0 and we have a similar result:
dimensions, the energy exchange with the bulk exotics may

induce a more rapid cooling allowing fow>1. If

2n 14
(o at,v)Ns (tc) determines the out of equilibrium time 6§, - asM; E_ q 63)
2 2 = S I R S '
we find aw(Tg+ mq)(mvT+ TDT)
e LR M\ 1TE 2p(mi+mZ +To+T2) M*
S [TM¥oarp) T2 (279) va? M§ ag(m? +T5 )MF
. X 10'°, (64)
2
1 KE(T_X)
Xf dx xX¥m@n+3)-3__1 ¢ [ (590  Again, it is easy to check that for all relevant effective tem-
T /T m

K ( fz) peratures(between 1.7 and 0.2 GeV) and quark masses
2

T_c (less than 2 Ge)/ we have the conditiond<1 andé&>1
which allow nontrivial bounds to come from E¢59). As
before, Eq.(59) rules out the possibility of sufficient baryo-
genesis fom>0 andv»>0. Hence, even neglecting the mix-
ings, it seems nearly impossible to have sufficient baryogen-

wherec=212g, ¢/45, g, s is the number of degrees of free-
dom contributing to the entropy at tintg, and the factor of

¢, accounts fothe square dfthe degrees of freedom in the esis with .. through the dimension-6 operator.
f, number density K, is a modified Bessel function of the Let us rfmw return to the case where the baryon number

second kingl We will assume thag, s accounts for at least ,nserving weak interaction channel is dominated By
the 16 degrees of freedom of the gluons in the thermal bath. | <\ hich was seen to have sufficient suppression for us to
As for ¢y, if f, for example is a quark, then it will be 9 for further consider the possibility of successful baryogenesis. In
the 3 color degrees of freedofthe 2 hE|ICIty states were applying the reasoning that led to E&9), we can improve
already accounted for, which means thatf jf were Weyl  the bounds compared to just E§9) by considering that the
neutrinos, this should be divided by.4f I'y, determines the  entropy also has a lower bound at temperaflyef
out-of-equilibrium time off,, then this quantity should be

multiplied by s(To)a(To)>ng(te)a’(tg) + nea(te)a’(ts)  (65)

Rinside the time integral and tying all the temperature scales
(60)  together. The bound then becomgsmilar to beforg the
smaller of either

mfz) whereng corresponds to the density of gluons and by putting
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~ 2 -10
-3/
L
S VM$<0'Af2U> M? Tg Log [nf®* /s] :ig
1 -18
Xf dx X1 (Ln+3)-3 -20
T /Tg

m
(m2+m2 +2T2/x2)T n(x)KZ jx FIG. 4. A conservative upper bound for the baryon asymmetry
f f2 ¢ ¢ 2T generated by out of equilibriuin quarks interacting witle quarks.
X my my The parameters and v parametrize various possible nonstandard
K, _2) ( \/‘gmf TBKZ(_Z +772ng[TB]) cosmologies. A valusm>1 corresponds to inflating cosmologies
Te 2 Ts and in the absence of abnormal cooling 1. This scenario does

(66) not generate enough baryon asymmetry.

this scenario there is a contribution to the entropy not ac-
or Eq. (59) The Iarge enhancement for tlhec interaction counted for by Eq(59) and Eq(66) This comes from the
scenario in both Eq(59) and Eq.(66) comes from the long  fact thatb undergoes out-of-equilibrium decay t even
timet. during which baryogenesis occurs whilgis in equi-  though b has a chemical equilibrium distribution. That is
librium. This leads to an accumulation of any net gain inpecause by definition is out of equilibrium and thus cannot
baryon asymmetry over the entropy. More explicitlyvar-  give the inverse decay reaction necessary forttliecay to
ies as IK,(my,/T¢) [or the equivalent factor from EG60)  conserve entropy. However, we can check explicitly this con-
when appropriatewhich comes from the exponentially large tribution to the entropy contribution is negligible, even
ratio of the short distance physics scale to the expansion rateough it is proportional to the integration tintg, because
scale whenf, goes out of equilibrium. The expansion rate of the smallness of the decay rate. Also, sincedfieout of

must be exponentially small whe goes out of equilibrium  equilibrium, the reaction ob-b annihilation intoc-c will
(if at all) because the self-annihilation reaction must main-also contribute to the creation of new entropy. However, one
tain equilibrium even in the nonrelativistic regime in which can check that this contribution is also insufficient to dilute
the number densities are exponentially suppressed. The raway the baryon asymmetry generated. The numerical
sulting bound with mf=m,=4.3 GeV and m¢,=m;  bounds shown for this scenario in Fig. 5 indicate that this
=1.5 GeV is shown in Fig. 4. As one can see, even withscenario is viable at the level of our analysis.
such an enhancement, there is insufficient baryogeriesis ~ The most obvious difficulty with this scenario is that an-
marginally enoughin most cases. Even for the marginal other mechanism is required to set the initial densitybof
cases, we do not expect the scenario to be realizable givetuarks to be much larger than thatafs well as to maintain
the conservative nature of the bound. Other scenarios witthat hierarchy. For example, for temperatures far aboye
small|Vcyu|? weak interactions while the heavier particle is the gluons which keep quarks in equilibrium will tend to
out-of-equilibrium(i.e., out-of-equilibriumb interacting with ~ produce a large number af quarks that will be close to
u, as well as out-of-equilibriune interacting withd) fail to ~ chemical equilibrium. Since a high initial temperature is cru-
generate sufficient baryogenesis for similar reasons. cial, some mechanism besides just the expansion of the uni-
If we do not assume thermal equilibrium initial conditions verse is required to keepout of equilibrium whileb is in
(before relevant species go out-of-equilibriyrthen as be- equilibrium. Even if thec densities could somehow be kept
fore we may consider thie being in equilibrium while the  small, since the self-annihilation cross sections aand c
quark is out of equilibrium. According to our explanation of are approximately the same, if the cosmological expansion is
the enhancement for this scenario before, the larger the maggsponsible for the out-of-equilibrium condition, then it must
of the particle that stays in equilibrium until temperature delicately tune itself to be smaller than thescattering rate
drops to around 0.2 GeV, the smaller the exponentially supwhile larger than that of the’s. However, our “model-
pressed density of nonrelativistic particles, and then as lonildependent” analysis does not rule out this scenario, and it
as the self-annihilation determines the out-of-equilibriummay be viable in a complicated and fortuitous setting.
time t., the longer is the time, over which the baryon As for the scenario in whiclb quarks are in equilibrium
number is generated, leading to a largercumulationof while u quarks are out of equilibrium, it will be even more
baryon asymmetry. Sincen,>m, in this scenario, we thus difficult (if not impossiblg to keepu quarks out of equilib-
expect larger accumulation of baryon asymmetry over théium for the required “exponentially long” duratioty, be-
entropy in this scenario. In fact, the self-annihilation reactioncause the gluons which are supposed to be in equilibrium
becomes small by the temperatdre 0.2 GeV to the extent have one of their strongest equilibration reactions thraugh
that it no longer controls the out-of-equilibrium tini@stead  u creation[33]. For the scenario with other quarkisesides
it is determined by theb decay. The competing entropy the top and the bottojrin equilibrium during baryogenesis,
generation is suppressed because|\4f;|>~10"2 for the  the exponential enhancement of the duration of baryogenesis
weak interactions, and other reactions generating entropy aie too weak to allow sufficient baryogenesis.
insufficient as well in diluting the baryon asymmetry. Hence, remarkably, only one scenario, namely out-of-
For completeness, one should note that simge my, in equilibrium ¢ quarks interacting with equilibriurb quarks,
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primary entropy generation channel is through tHe self-

annihilation intoc-c instead of theb-c weak interaction,
since |Vp|?~10"3. Furthermore, given that nonstandard
cosmology of braneworlds may give a slow expansion rate,
one can have baryogenesis persist for a long time period,
giving a large integrated pileup. However, given that

FIG. 5. A i bound for the b ; quarks are produced efficiently both by the gluons that keep
- 2. A conservative upper bound for the baryon asymmelryy, o 1, oarks in equilibrium as well as the quarks which
generated by out-of-equilibriurn quarks interacting witto quarks.

The parameters and v are as before. For nonstandard cosmolo-Undergo decay, setting up the necessary hierarchy in densi-

gies, sufficient baryogenesis may be possible. However, as edl€S 10 Keepc OUt'Of-EQUI|Il?rIum Wh!Ieb in equilibrium

plained in the text, the out-of-equilibrium condition seems difficult S€€ms difficult. However, this scenario does pass the general

to maintain. tests not relying upon the specifics of the out-of-equilibrium
mechanism.

may generate sufficient baryon asymmetry with the dimen- Since neutrinos are almost massless and have a vanish-
sion 6 operator if the out-of-equilibrium mechanism can beingly small tree level annihilation cross section in the limit of
appropriately engineered. However, it would be surprising ifsmall \s, one would naively think that this channel might be
such a realistic scenario can be constructed. weak enough for the baryon-number-violating operator to
compete with it. Unfortunately, this turns out not to be the
case.

It is interesting to note that even with just the standard

We have studied a new scenario of baryogenesis involvmodel fields, the presence of nonrenormalizable operators
ing dimension-6 baryon-number-violating operators thatmplies the existence of addition& P-violating rephasing
would generically arise from integrating out ultraviolet de- invariants beyond the Jarlskog parameter. In any theory, the
grees of freedom in the context of the standard model. Thaumber of physicalCP-violating phases is given by the
guestion to be answered in this scenario was whether a timeumber of couplings in the Lagrangian that are allowed to be
dependent dimensionless suppression coefficient for theomplex, minus the dimension of the symmetry group which
dimension-6 operator can allow sufficient baryogenesis bedescribes phase redefinitions of the fields: introducing new
tween the effective temperatures of 30 GeV and 0.2 GeV, ieffective operators into the SM automatically creates more
the only fields that are allowed to participate in the shortCP-violating invariants, even if all the couplings of the new
distance physics are those of the standard model. The uppeperators are real in some basis. Hence, it is not the small-
bound on the temperature is motivated from the cosmologiness of the Jarlskog invariant that prevents the success of our
cal bound on KK graviton decay while the lower bound is baryogenesis scenario. It is merely the fact that unless
purely for our calculational feasibilityrelated to the QCD neutron-antineutron oscillations are suppressed by some
phase transition The time-dependent suppression coefficientmeans other than the fundamental scale, the phenomenologi-
was motivated from the generic possibility that with the cally acceptable scale of 100 TeV is still too large for
Arkani-Hamed-Schmaltz mechanism of suppressing protodimension-6 operators to play a significant role for baryo-
decay, the proton decay suppression factor can be time degenesis below the temperature of the electroweak phase tran-
pendent. sition.

Unfortunately, if the fundamental scale setting the size of As with any “no go” arguments, there are many loop-
the unsuppressed dimension-6 operator is forced up to valuémles in our conclusioribesides the one remotely possible
M¢>100 TeV by the bound from neutron-antineutron oscil-scenario that we already mentioneHirst, we neglected any
lations, the branching ratio oB-violating interactions to possible nonperturbative physics. The 4D coupling constants
B-conserving interactions is set by the quantityare inversely proportional to the volume of the extra dimen-
(180 GeVM)*<10 13 We have shown this to be too small sions in which the gauge fields propagate. Thus, if the vol-
to allow sufficient baryogenesis for most cases. Another wayime of the extra dimensions was small at some epoch in the
to view this bound is that as the dimension-6 operator createsarly Universe, then nonperturbative physics may dominate
baryon asymmetry, the same reactants participate in creatirigee Appendix B given that the perturbative contributions to
entropy througlB-conserving operators. The competition be-ng/s are insufficient in our scenario. For example, the
tween the two types of reactions is almost always dominate&U(2), instanton effects may become unsuppressed, giving
by the B-conserving one. Hence, within the perturbative setise to a scenario similar to that of sphaleron transitions at
ting where the 4D effective action is valid, sufficient baryo- the electroweak phase transition. Also, for effective tempera-
genesis in this scenario is in most cases impossible almostires below about 0.2 GeV, non-perturbative QCD effects
independently of cosmology. will be relevant, since the quark degrees of freedom become

There is one scenario which cannot simply be ruled out byconfined. Although this is not likely to change the suppres-
the general analysis. This involves out-of-equilibriuen  sion of the dimension-6 operator, the kinematics and matrix
quarks interacting with equilibriurb quarks from a tempera- elements will be very different from our perturbative calcu-
ture of about 30 GeV until a temperature of 0.2 GeV. Thelation done in the regime of deconfined quarks.
reason why this scenario evades the suppression is that the Secondly, we have neglected all effects of the KK modes;

IV. CONCLUSION
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or, in the higher dimensional picture, we have neglected thélarty Einhorn, Gordy Kane, Antonio Masiero, Tony
fact that the space may be inhomogeneous in the higher dGherghetta, Alexander Dolgov, Karim Benakli, Gian-
mensions. For example, one may envisage a scenario fnancesco Giudice and Rula Tabbash for helpful conversa-
which there is a phase transition which localizes the wavdions and Boris Kes for correspondence. This research was
functions of the quarks and the leptons. A proper descriptiosupported in part by DOE Grant DE-FG02-95ER40899, Task
of quark-lepton separation in higher dimension will requireG.

analysis beyond the zero mode. However, this type of effect

will most likely play a role in enhancing the nonequilibrium  AppENDIX A: ADEQUATE SUPPRESSION OF PROTON

condition rather than changing the baryon-number-violating DECAY
branching ratio. Hence, our conclusion is most likely robust
with respect to this assumption. To find the minimum value ot consistent with proton

Thirdly, we have neglected al P T violation effects that ~ stability, we consider the decay process in the four-
must exist because of the time dependence of the quarklimensional low energy theory, where we have argued that
lepton separation. If the time scale associated with the quarkour-fermion operators give the largest contributigRro-
lepton separation process is very short, then there may beesses that cannot be written as four-fermion effective opera-
significant contributions from these effects to enhance théors, for example wormholes, are negligible for the value of
baryon number violating channels. However, such modelé that we find is neededThe proton decay rate calculation
will probably be severely constrained by the restriction onfor these operators is analogous to muon decay in the Fermi
bulk graviton production, just as the reheating temperature igeory, giving an estimate of
severely constrained. 2o 5 Cooera 5

Hence, although there are loopholes and caveats to our T~ (Avs/M5) " my "= (Avg) ““a*M¢m, (A1)

“no go” claims, it seems fair to conclude that with only o ]

perturbative physics, degrees of freedom beyond the staf©r the “partial lifetime” of decay into any allowed channel,
dard model fields must play a significant role in baryogenesig/here A is a dimensionless constant of order 1. Mode-
if the effective temperature of the Universe never exceeds 3gependent experimental lower limits on the proton lifetime
GeV (which is a very conservative upper bound for the maxi- /4] require 7,>2x10* yr for some modes, which would
mum temperature in models with large extra dimensions, ifranslate intovl;>3x10"> GeV in the absence of the sup-
the fundamental scale is to be accessible to collider experPression factovs. Thus

ments. The requirement of beyond the standard model field

content is notq an obvious st)a/uement, considering that we a<(My-3x10" GeV)’~10°" #~e® % (A2)
hardly impose any restrictions on the cosmology and that ) ,
there is an unsuppressed dimension-6 operator as well as 4ff1€ré the range quoted is for a fundamental scale ranging
effectively largeCP violating phase available for baryon oM 100 to 10 TeV. The conclusion is that about 50
asymmetry generation. Of course, our “no go” claims would e-foldings of suppression are rngwred at the present epoch.
be significantly relaxed if the dimension-9 operator responThis is easy to obtain ibs~e™#""" and u is not too small
sible for neutron-antineutron oscillations is suppressed byelative toM¢, but is marginally consistent with perturbativ-
some symmetry mechanism which is introduced by hand tdty of SU(2)y,, which begins to break down &fl ;Rs>30
supplement the geometrical suppression of proton decay ogrecall thatRs=L), for proton decay mediated by states of
erators. massM;, for which a~e~ kMt with k of order 1.

In closing, note that even if the fundamental scale can be
lowered by evading the bound from neutron-antineutron 0s- AppeENDIX B: OTHER POTENTIAL SOURCES OF B
cillation, there is a significant challenge in this type of sce- VIOLATION
nario as the quarkgand/or leptons must be forced out of
equilibrium at rather high temperatures. To accomplish this, One should also consider nonperturbative processes
it is possible to lower the Planck scale during baryogenesi¥hich may affecB violation and baryogenesj84,35. Even
by having a small extra dimensional volume during that peWithOUt the introduction oB-violating operators, the baryon
riod. However, there are severe restrictions coming frontumber current is only conserved up to a SU{Znomaly,
bulk graviton production in such cases. Furthermore, it is ar@nd it is well known that topologically nontrivial gauge con-
extremely difficult challenge to find a time dependent potenfigurations can lead to a changeBnt L, either by quantum
tial for the scalar fields localizing the quarks and the leptonstunneling via instantons, or thermal excitation via sphalerons
such that the initial quark-lepton separation departs suffit36]. The rates foB violation by instantons and sphalerons
ciently from today’s equilibrium value in a natural manner. also have exponential suppression factcgggﬂg% and
We leave variations on our model that may generate suffie~Ms/T respectively, wher# 5 is the sphaleron energy given
cient baryon asymmetry to future studies. by Ms~2My/ay, [37,38. If the total length of the fifth
dimensionR; were to change with time then, assuming a
constant five-dimensional gauge couplipg these processes
could become important. Given the relationskip=gZ/Rs

We thank Aaron Grant, Nima Arkani-Hamed, Misha for the weak gauge coupling, instantons would be exponen-
Shaposhnikov, Lisa Everett, Rocky Kolb, Antonio Riotto, tially larger for smalleRs; the dependence is jugt "% Rs,
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so the instanton enhancement at srigliwould shadow the and the definition of entropy iS=InAl". Using the approxi-
increase in processes mediated by massive states. Howeveration InN!~NIn (N/e), we can express the entropy as

it can easily be checked that the instanton rate today is many
orders of magnitude smaller than the bound on such pertur-
bative processes, therefore instantons can never have domi-
nated over the perturbative operators, unless the perturbative
operators were further suppressed by many orders of magni- d3pdix
tude(for example, if they vanished by an exact discrete sym- ~J 3
metry). The sphaleron rate is more difficult to estimate, since (2m)
in addition to the temperature dependence one would have to
model how the Higgs vacuum expectation valQéEV)
changes in response to changiRg. On the simplest as- d3p
sumption of a constant VEV the sphaleron rate is actually n(x)zf f(p,x) (C3)
independent oRy and, as in four dimensions, depends just (2m)?

onT. This is a counterexample to the claim that all processes.

are exponentially suppressed with increasigt is under- gives the number density of particles. Hence, one can define
stood by noting that the formation of sphaleron configura-® entropy current
tions is a classical, thermally-activated process, in contrast to

eG

S= ZG—m N

——f(p,¥)In

[ e
f(p,x)

where

3
guantum effects which are suppressed by a massive propa- Sh= f d*p ——f(p,x)In € p_ﬂ (C4)
gator or by the Euclidean action. Unsuppressed sphaleron (2m)3 (D,X) p°
transitions “wash out” any baryon asymmetry generated at _ .
temperatures above the electroweak s¢&@; on the as- Where we define the entropy density as usual as
sumption of a very low maximum temperature of the Uni- _0 cs5
verse, which is required in low-scale models, sphaleron ef- S=Sn (C9)
fects will be completely negligible. Now, using the metric
APPENDIX C: BOLTZMANN EQUATIONS AND ENTROPY ds?=dt?—a%(t)dx? (C6)

Consider first the entropy of one species of particles. Digne nas
vide the phase space of particles into cells and let the cells be
numbered =1,2,3 ... where each cell contairy; identical S#. =s+3Hs (C7)
particles. LetG; be the phase space volume that can be oc- ’M
cupied by one particle in the cell The total phase space of and hence the entropy density Boltzmann equation becomes
theith cell is

cNi 's+3Hs=—Z > Jdrc{[ff]m[ff] (C9

AT =g7 (C1)

where Cif corresponds toth collision operator for the par-
if one assumes<«N;<G; and negligibly correlated distribu- ticle specied in the Boltzmann equation ardil” represents

tions. The total phase space volume is the appropriate momentum phase space integral. Neglecting
CP violations which are not important for the total entropy
AT=]] AT, (%) generation, we can write the collision terms in terms of

S-matrix amplitudes as

f.fp
—Z > fdrc{[ff]m[ff] fdr(zw)“a(“)(momentax(f T, fe fa)IM(ci disay b))l In{f - ]

feo
+> fdr(zw)“a(“)(momentax(fe. h)IM(gl,h,,e)|2|n{f f' 1
i ' h;
X, fdF(27r)45(4)(momenta><(initial states- final statey| M |2
I

+...+AC (C9

initial state
: final states
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where the phase space integral : , .
Ni=—> T'(N;—NfU))+ACa+---  (Cl1H

g d&p |
(2m)3 2E

drT (C10

I1

whereI'" are baryon number-conserving reaction rateg’]

are equilibrium number densities per comoving voluide,

is over all particles and momenta, ad€@ corresponds to the are the ratios of final state number densities to initial state
entropy change produced by the decay of a classical fielg@quilibrium number densities that usually appear in the Bolt-
configuration. If a zero-temperature classical field configurazmann equations, andCa® is the external source fof.

tion (such as an inflaton VEMJecays to particleX; andX,  Since we are assuming maximal out of equilibrium, the equi-
and the Bogoliubov coefficient for the particle production islibrium terms involving reverse reactions can be neglected.
|Bi? (where the physical momentum ké¢a), then we have Hence, we can write

the effective collision operator
Ac=f dTC fy Jin[fy ]

+f dICl? fy JIn[fy]
[

d°p

= — (C1y
(2m)°

contributing to the entropy density Boltzmann equation.

d 2
|n[fx1fx2]a|,3pa|

With our expression for the entropy, one can prove the

following little theorem: If baryons are generated through
particle f which is out of equilibrium undergoing arbitrary
reactions, then

2n 3
ng<— | dtl'gy(t)a’ny, (C12
a
and
Ng [Cy(t)
— C13
s T (€13
where

» T2
n=aw>, | Im{\APFabsy, val—0.02—, (C14)
1 v

T is the effective energy scale which characterizes the kineti
energy of the on shell particles in the lopf0], | is the loop
integral suppression factar,is the Higgs VEV of about 180
GeV, andl'gy is the tree-level baryon number violating re-
action rate. The maximum in EC13 is taken during the
period when most of the baryogenesis is taking place,Ilgnd
corresponds to the reaction rate fofvhich does not violate
baryon number.

The argument validating this claim goes as follows. Start-
ing from Eg. (27), one can use the momentum conserving

S-function and the form of the equilibrium distribution to
obtain Eq.(C12 if one assumes that the baryon-number-
violating operator coupling is of order maxima). Now,
consider thef evolution. DefiningN;=n;a®, we can write
the B-conserving part of the Boltzmann equation as

N¢~—T(t)N;+ACa® (C16

which governsN; neglecting the baryon number violating
terms. Hence, we can write

a.3 t

Iy(t")

27 (el eV enade) - Ry,

(C17

nB\

Furthermore, we can write

27

a3

FBV
Ng<— | —

Utdt’ AC(t"a’(t")
max t

t i

_Nf(t)+Nf(ti))- (C19

From Eg.(C8), we see that

sa®=Nq(t;)+ Jtdt’AC(t’)a3(t’). (C19
t

Hence, we find Eq(C13), as promised.

APPENDIX D: SCALING OF TEMPERATURE

Here we discuss the physical rangewofn Toeca™”. The
generalized first law of thermodynamics tells us

dE=—-PdV+TdS+J,dt (DY)
(\évhere J, is the external source or sink of energy for the
photons and for other relativistic fluids in thermal equilib-
rium with the photons. Here we have separated the 3 dimen-
sional pressurd® from the component associated with the
extra dimension, whose contributiond& we write asJ, dt.

If we assume a constant “effective” average equation of
stateP/p~ w, setdS=0, and assume thatv=a3, then we
find, trivially,

J

P _ex J —dt
Pi a3p

For photons and other relativistic particles in thermal equi-

librium confined to 3 spatial dimensions, the equation of

state isw~1/3 andp=T*. This implies

a —3(w+1)

a (D2)
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1139,
T=Tiex ZJ Tdt
a’p
which implies that »=1 unless the source term det”_PHdasdzd (D4)
fdt(Jp/a3p) is significant. 1fJ,>0, thenv<1, otherwise

v>1. wherePs is the bulk pressure armis the scale factor for the
An example of a situation in which<<1 is when the bulk  extra dimension.

-1 fields are in thermal equilibrium with the brane fields
(D3)  through

a
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