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Baryogenesis from cosmic strings at the electroweak scale

Indranil Dasgupta
Department of Physics, Boston University, 590 Commonwealth Avenue, Boston, Massachusetts 02215
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We explore the viability of baryogenesis from light scalar decays after the electroweak phase transition. A
minimal model of this kind is constructed with né@P-violating interactions involving a heavy fourth family.
The departure from thermal equilibrium must come from topological defects such as cosmic strings, and we
show that almost any mechanism for producing the cosmic strings at the electroweak scale results in a viable
theory. Baryogenesis occurs in the fourth generation but the baryon number is later transported to the visible
generations. This mechanism of indirect baryogenesis allows us to satisfy experimental limits on the proton
lifetime while still having perturbative baryon number violation at low energies. The fourth family has very
small mixing angles which opens the possibility of distinct observable signatures in collider experiments.
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I. INTRODUCTION Such models can be classified broadly by asking the two
fundamental question$i) What is the source d violation?
The experimental bounds on the ratio of baryon excess t@i) What is the reason for departure from thermal equilib-

the entropy of the universe af&] rium?
The question ofCP violation is not included among the
7=(2-8)x 10" 1L (1) above two criteria. Models of baryogenesis must go beyond

the standard model to incorporate n@&#-violating interac-
tions. However, we do not see any obvious way of classify-
Baryogenesis is an attractive explanation of the observed fagtg the newC P-violating sectors.
that baryons are more abundant than antibaryons in the uni- The usual source oB violation is one of the following
verse. The conditions necessary for baryogenesis wergyq: (A) the nonperturbativeB violation in the standard
spelled out by Sakharov nearly three decades[@joThe  mqgel;(B) perturbativeB violation in an extended standard
three conditions aré) existence of baryon number violating ,odel.

interactions(ii) C- and CP-v_i(_)Ia_ting Processes, ani) a We would broadly classify the reason for departure from
departure from thermal equilibrium. The earliest models Ofthermal equilibrium intd (a) out of equilibrium decay of

baryogenesis were based on baryon number &rfet . o i i
violating processes of grand unified theori@UT’s). The gasswe excitations ar{th) the expanding or collapsing wall.

necessary departure from thermal equilibrium was achieve rhe term “wall” refers to a sharp change in the value of the

by having superheavy bosons decay by slow interactions th iggs field’s vacuum expectation valfwEV).] . .
make them overabundafib comparison to their thermal dis- The mechanism of electroweak baryogenesis falls into the

tribution) in a rapidly expanding univerd@, 4l. F:Iasses{A) and (b), respectively. The “wall” is the expand-

It was realized subsequenfl§], however, that anomalous N9 vya_ll of a bubble of true vacuum at thg electroweak phase
baryon number violation in the electroweak theory it§6lf  transition. If. we are looking for aIte_rnatlves to electroweak
could wipe out any baryon asymmetry formed at the GuTbaryogenesis but want baryogenes[s to occur aftgr the elec-
scale unless the density of baryons minus leptdsL() is troweak phase transition, then we either need to give up one
not zero. Another difficulty with GUT scale baryogenesis is© Poth of (A) and (b) or look for a model that falls in the
inflation. Inflation is needed to get rid of heavy monopoles¢lassesiA) and (b) but does not require a first order phase

formed during GUT scale symmetry breaking, but it alsofransition. _ _ .
inflates away any baryons produced at that scale. There are in fact two mechanisms in the literature that are

Since then several other mechanisms for baryogenesfimilar to electroweak baryogenesis in that they fall in the
have been proposed that produce baryons at or after elelasses(A) and (b), but the “wall” is provided not by an
troweak phase transition. The most notable is the mechanis@xPanding bubble of true vacuum but by a collapsing cosmic
of electroweak baryogenedig]. This mechanism, however, String. In one of thenf9], anomalous baryon number violat-
requires a sufficiently strong first order phase transiting]. N9 processes take place inside collapsing cosmic strings. In
At present the question of the order of the electroweak phas@other casg10], electroweak stringsor Z strings [11])
transition remains unanswered. If the electroweak phase traMith magneticZ flux are needed. Both these models need
sition were weakly first order or second order, then alternal®W CP-violating sectors. The first one also requires that
tive mechanisms of baryogenesis at or below the electroweafhaleron effects be appreciable inside the “core” of the
scale would become very attractive.

10ther mechanisms have been suggested. For example, see Ref.
*Electronic address: dgupta@budoe.bu.edu [12].
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cosmic strings. All models of this kind are therefore sensitivethe proton. If a viable model of baryogenesis makes use of
to the structure and properties of the strings. In some casdbis mechanism, the extra fermions needed in @E-
they may require a light Higgs boson which implies a firstviolating sector would simply consist of copies of the ob-
order phase transition so the question of finding an alternaserved fermions, yet can have distinct signatures in collider
tive to electroweak baryogenesis remains open. The secorfXperiments which would point strongly to an underlying
model needs metastalifestrings, for which no viable exten- theory with perturbative baryon number violation at low en-
sion of the standard model exists so far. ergies. . o

The limitations of the above models lead us to explore N this paper we show that the idea of small mixing angles
other alternatives to electroweak baryogenesis where we givi€scribed above does indeed provide a natural answer to the
up one or both ofA) and (b). The GUT scale baryogenesis needs of any model of baryogenesis based on_Ilght boson
from heavy boson decays in fact falls under the clagBes decays. In our model, although baryogenesis happens
and(a). These models automatically have the virtue of beingthrough .the_decay of scalar .bosons, the depgrture from_ther—
insensitive to the order of the electroweak phase transition, al eqU|.I|br|um can b‘? obtamgd.only by having topologmal
The question arises, whether there are viable models faIIing_‘efects like cosmic strings. This is a consequence of making

[

under these classes that can produce baryons below the sc & thgory insensitive to the order of the electrov_veak phase
of the electroweak phase transition. ransition[15]. However, we show that once the simpl8&st

Seemingly, there are two hurdles to having this mechaf’md CP-violating sector incorporating the above ideas is

nism work at such low energy scales. The first is the conconstructed, the cosmic strings can be obtained as an inevi-

straint from proton decay. The stability of the proton impliest?bletbo':us' In gdd|t|on,t.the rfnttre]chamsm 'Stmt sensitive to
that baryon number violating interactions must couple to the"® Structure and properties of the cosmic strings.

first generation quarks with a very small coupling. It seemsth Tge pap_ert IS orgf;a;nlze?has fol(ljovlvs. Ink Selc. il v:_e I?y out
that to make this ratio small, the baryon number violating € basic picture of how the model works. In particular we

interactions must involve superheavy particlesass>10 point out the various parts of the mechanism that one must
GeV). The second obstacle is that for a massive excitation t8heCk carefully to compute the baryon asymmetry generated

decay out of equilibrium, its decagand annihilatioh rates In the end. The phenomgnological viability O.f the model is
should be smaller than the expansion rate of the universéheln sShoerIHpart zy pa_rtt)lnﬂt_]fgpfollov;gg _selcil_ons_. ¢

With SU3)cXSU2),xU(1)y couplings or with Yukawa . ' =€c. !l We describe - andb-violating interac-
couplings of the order of T0—1075, the decay(or annihi-  1ONS and review the boson decay mechanism{3ifthat
lation) rates are usually greater than the Hubble expansioﬂOrms the core_of the present mechamsnj..We then consider
rate unless the universe is at temperatures as high ¥s 1Cphenomeno|og|cal constraints on the mixing angles of the
GeV. In Ref.[13] these two hurdles were overcome by amodel from proton decay experiments. Finally we comment

model where proton decay was forbidden by lepton numbef" the potentially observable experimental signatures pre-
conservation and some heavy excitations were required to b%Cted by the model. . .
In Sec. IV we present an estimate of the number density

SU(3)-XSU(2),,XU(1)y singlets. The model needs colored . -
sca(la)rcs as V\(/e)I}Nas a p)z;ir ofgr]nassive Majorana fermions whicﬂf IE? scalczjarlbosons generated by the decay of cosmic strings
In this model.

have no gauge interactions. In this paper we seek an altern . .
gaug pap In Sec. V we consider the Boltzman’s equations for the

tive particle decay mechanism with, what we believe, a sim-

pler spectrum that may still have distinct experimental sig_evolutlon of baryon number after the electroweak phase tran-

natures sition and show that for a particular range of parameters the
Our motivation is in fact twofold. Firstly we would like to baryon asymmetry generated immediately after the phase

incorporate the merits of boson decay models in a model thé{ansmon can survive until the present time.
can be completely described by an effective theory at the
electroweak scale. By bringing down the scaleBoAndCP
violation to the electroweak scale, one improves the testabil-
ity of the theory compared to GUT scale models. We would Our starting point is the boson decay mechanism. Sim-
also like to restrict the fermion content to simple sequentiaplest models of baryogenesis need at least two bosons with
families and would not require any of them to be gaugeB- andCP-violating interactions. In the next section we will
singlets. Naturally the model should be viable even if thegive a brief review of this mechanism. As mentioned earlier,
electroweak phase transition is second order. for successful baryogenesis there must be departure from
Secondly, extensions of the standard model, such as mothermal equilibrium. However, our primary motivation is to
els of top-color assisted technicold4], suggest the possi- avoid having superheavy scalar bosons. In the usual picture
bility of having symmetries under which quarks of different of cosmological evolution, TeV scale excitations do not go
families transform differently. These symmetries must beout of thermal equilibrium unless they are practically nonin-
broken above the electroweak scale to permit quark mixingeracting. Therefore we are led to consider the following sce-
at low energies. However, the existence of these symmetriggario. Suppose cosmic strings are formed at or slightly above
opens up the possibility of having very small quark mixing the electroweak phase transition. Some of these strings will
angles. Thus the problem of proton decay that must be ade in the form of loops which will subsequently decay into
dressed in models of baryogenesis through perturbd@ive particles. If a large number of these loops decay into scalar
violation may find a new solution through small mixing bosons that are sufficiently heavy, then there may be an over-
angles (10 %—10 % between new heavy quarks that haveabundance of the scalar bosons. The decay of the overabun-
B-violating interactions and the light quarks that constitutedant scalar bosons can then be the reason for the necessary

Il. BASIC MECHANISM



3320 INDRANIL DASGUPTA 55

departure from thermal equilibrium. Ill. B VIOLATION AND A FOURTH GENERATION
We would like to construct the minim#&-violating sector
of scalar bosons of the above kind. As shown in R8li. o ) _
there will be at least two of these bosons. If they have direct The minimal light scalar boson decay model must haye
B-violating couplings to light quarks then we have a largetWO Scalar bosons(; and X, and (ii) a fourth family of
width for proton decay unless the couplings are very smallduarks and leptonsig,e,) ., var,€sr,(t',b")L,tr DR
But if the couplings are very small then we do not seem get Note that we have a right-handed neutrino in the fourth
sufficientB violation and there is no baryogenesis. family which is required by experimental bounds on the
A possible solution of the above problem is to have anhumber of light neutrino flavor2.99+0.04) in the standard

fourth generation of quarks. The fourth generation can aIsSnOdEI' We can have all the necesséinand CP violation

be used to include new P violation which is a necessary with the above particle content K, and X, are SU2)y

: i . . singlets and S(B) triplets and have hypercharge=—2/3.
ingredient of baryogenesis. The .scalar bosons can dgcay "Nt addition to the coupling of all the fourth generation quarks
the new quarks througlB-violating processes leading to

. ) and leptons to the standard Higgs boson, we can then have
baryogenesis. However, the fourth generation quarks mu

T ; . ) ) the following new Yukawa couplings:
mix with the lighter generations for baryogenesis to occur in

A. B and CP violation

the visible generations. In the next section we show that it is Ly=""-gi1thbEX, +g|2b_§ VarXi +g|3ﬂ ewrX|
possible to have small mixing angléss10™ %) between the o

B-violating fourth generation and the other three generations + 014l aL 9a X+ 91594 Qo X+ H.CA -+ (2
such that the width for proton decay is within experimental

bounds.

o ) ) ) with =1, 2 andg, representing the new quark doublet.

Thus the basic picture is the following. Immediately after \wjth these interactions the action has a nonanomalous
the elgctrowgak phase transition there must be a network of 8 (B—L);xX(B—L), symmetry, wheres 2 ;(B—L), is
decaying string loops that produce a thermally overabundanhe difference of the baryon and lepton numbers in the first
quantity of scalar bosons. These scalar bosons decay intotAree generations an@( L), is the difference of the baryon
fourth family of quarks and leptons while generating aand lepton numbers in the fourth generation.
baryon asymmetry. Finally the fermions of the fourth family ~ The CP violation in L, can be communicated to the or-
must decay into fermions of the other families. This is thedinary quarks and leptons if the quarks and leptons of the
minimal structure for baryogenesis from light scalar decaygourth generation mix with the other generations. Note that
after the electroweak phase transition. lepton mixing is allowed since the neutrino in the fourth

There are several cosmological and phenomenologicaleneration is massive. When these mixings are present, the
constraints that the model must satisfy. Here we list the maifuarks and leptons of the lighter generations must couple
constraints that will be shown to be satisfied by the model irflirectly to the colored scalad$; andX; and the global nona-
the next sections. nomalous symmetry is reduced tB{L). We require that

(i) All couplings must be natural. We do not address thef€rms in the action that violateB(- L), by n units are sup-

hierarchy problem due to scalars that also exists in the staf€ssed by small couplings arl‘i mi>§i6ngs of the ordes'bf
dard model. wheres is a small number-(10""-10 °). One way to mo-

(i) Fermions of the fourth family must have experimen- tivate this suppression is to think of this action to be a low
tally viable masses energy limit of a theory that has &8¢ L), violating sector

. involving only massive fields. When these massive fields are
(iii) There should not be a large width for proton decay'integrated out, the resultind( L), violation is suppressed

This implies small mixing angles between the fourth and theby powers of their mass. In Appendix A we describe an

other families. e o - : A
(iv) Cosmic strings should be naturally incorporated in thegﬁgf; tvl‘\]/:gr;/) fv\:ﬁﬁ Ilégnuggéz:;fligfiegiolrz E? X f)cT r?s\llsﬁgrr:g a
theory. _ this symmetry is broken, a low energy theory similar to the
(v) All heavy particles(the scalar bosons and the mem- onq gescribed above is obtained. Other allowed couplings are
bers of the fourth family must have large decay widths so gauge invariant quartic couplings between the new scalars
that they decay within a cosmologically acceptable period. Aand the standard Higgs boson. The suppression rule de-
long lived heavy particle may cause the problem of the overscribed above should apply to all these couplings.
closing of the universe. In particular, the fourth generation The interactions2) violate baryon and lepton numbers
leptons must mix with the other three generations in order tavhile preservingd— L. The interactions are in fact identical
decay. The lepton mixing must be large enough from thigo the scalar boson interactions of REB], where it was

point of view. shown that the out of equilibrium decays ¥{ and X, pro-
(vi) The baryon asymmetry, once created, should not sufduce a baryon asymmetry. The amounCd? violation com-
fer a wash out from inverse decays. ing from the above terms was calculated3hand we briefly

Each of the above constraints is fairly restrictive. Indeed itrecapitulate the main results. At tree level, decayX pand
is not obvious that(iii) and (v) can be satisfied simulta- X, produce noCP violation since the cross section for
neously. However, as we show now, the minimal model builtXz—baryons is exactly equal to the cross section for
with the motivations that we have mentioned earlier satisfieX;—antibaryons. The same statement applies to decays of
all the above conditions for viability. The rest of the paper isX, and X,. However, at the one loop level there are several
devoted to the viability proof of this mechanism. other processes contributing to the same decay modes. Con-
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FIG. 2. Proton decay to pion and positron.
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The mixing of the fourth generation quarks and leptons to
FIG. 1. One loop contributions td; decays. members of the other three generations provides a way for
o the heavy quarks and leptons to decay. As we shall see later,
sider for instance the deca)X;—tg+bg and X;—ty  with too small mixings baryogenesis never occurs in the vis-
+wv,4r. The one loop diagrams contributing to the processble sector. On the other hand if the mixings are too large,
have an internaX, propagator(Fig. 1). The interference of the decay width of the proton increases beyond experimental
the tree order and one-loop diagrams produces aQfet bounds. We show that there is an allowed region in the space
violation for the decay oiX; through these channels. The of the mixing angles where baryogenesis is achieved while
baryon number produced per decay through the channdlaving acceptably small decay width for the proton.

“Xi—trtvar” is [3] In GUT theories where quarks of the first generation have
baryon number violating couplings, the proton decays by
41m(g1195:91,922) Im(1) processes shown in Fig. 2. To meet the experimental limit on

ABr= 99, ' (3 the lifetime of proton(>10% years, the mass of the inter-

nally propagating GUT boson should bel0™® GeV.
wherel is the relevant loop integral. If all the fermions have In the present modeB-violating couplings involving the
similar masses, the loop integrals in all the channels are thié#rst three generations are down by a suppression factor. For
same. Taking all channels into account, one then has thi@stance, if the mixing angle between a fourth generation

expression quark and a first generation quark@suql, a typical baryon
) number violating coupling involving first generation quarks
AB=[g|*Im(l)e, (4 will be down by two powers of this mixing:
whereg is a typical Yukawa coupling andis a phase angle Ly=--- +911@§4q1URdRX1+ cee (6)

characterizing the average strength of @R violation. The
imaginary part ofl is easily evaluated when all the fermions

We retain the couplin to exhibit that the couplings
are massless: PNy, pling

now are smaller in comparison to the similar couplings in-
1 volving only fourth generation quarks. The processes leading
H , (5)  to proton decay still look like the one sketched in Fig. 2,
except the baryon number violating vertices now have very
small coupling constants. The amplitude for the process is

1
|m(|)=[16/77[1—p2 In 1+F

where p=my_ /my_ is the ratio of the masses of the two

colored scalars. Clearly the P violation is zero if the two -
scalars have the same mass. For comparable but unequal A~9°04,4,91,, me (7)
masses Im() ~(10 ?-10 ). The value of Im() decreases if X

the_ fermlpns are not massless, but the order of magn'tUd\?/hereG)q .. is a typical mixing angle in the quark sector
estimate is unchanged. 491

The value ofe can be as large as 1 radian. Once a range ofPetween the first and fourth generatigrd, . is the largest
values for the masses and mixing angles are found, the aixing angle in the lepton sector, agdis the product of the
lowed range of values for is fixed by the baryon to entropy typical coupling constants at the two baryon number violat-

ratio generated in the theory. ing vertices without the suppression factors.
Using my~10° GeV, we find the following inequality for
B. Masses, mixing angles, and proton decay the mixing angles if experimental bounds on proton decay

) are to be satisfied:
We shall see later that for baryogenesis to be successful it

must be possible for the fourth generation quarks and leptons 19203 9, |<10728 @)
to decay into lighter quarks and leptons, while the reverse d291 21

process must be prohibited. Therefore all fourth generatiorpn rinciple it is possible to have areater auark mixinas if the
fermions need to be heavier than tde so that they can | Fi peitisp ller. Al 9 d@q I'k? ¢
decay to 4V or aZ and a light fermion. The mass difference PO MiXing is smaller. Alsoq,q, andB q,q, are likely to
between two members of an electroweak doublet can not be greater tha®, , by one and two orders of magnitude,
large by considerations of the parameter. In this model, respectively.

since all masses come from standard couplings to the Higgs The spectrum of masses and the mixing angles allowed
bosons, there is no obstruction to satisfying this criterionfor the fourth family makes for interesting and distinct ex-
Masses of the scalads; and X, need to be slightly higher perimental signatures. The presence of a sequential fourth
than the electroweak scale. A mass of a few TeV seems to bgeneration is not ruled out by experiments. The DO Collabo-
necessary for sufficient baryogenesis. ration puts a limit ofmq4> 131 GeV from the charged cur-
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rent(CC) decay modes of the fourth generation qudrkand  minimal supersymmetric standard mod&SSM) and the
b'(t'—b+W,b’—t+W). However if theb’ is lighter than  cosmological solar neutrino problem and which have strings
the top quark but heavier than tégthen its dominant decay [20]. Both these models were considered recejily in the
mode is the flavor-changing neutral currdRCNC) mode  context of electroweak baryogenesis from cosmic strings.
b'—b+Z [16]. A search forb" through this mode is cur- Top color model§14] are another class of models where a
rently feasible and one expects some experimental results 10(1) gauge group is broken close to the electroweak scale. In
the near futurgsee Ref[17]). _ our case, almost regardless of motivation, any extension of
The v, is also potentially observable through the tri-lepton e standard model that produces strings at the electroweak
decay moder,—lvu. The CERNe“e  collider LEP I gcqi6 will work. The cosmic strings need not have a special
bound on the heavy neutrino mass remaims>46 GeV.  q,cture or satisfy any particular requirements. The effective
Some restrictions on the mixing apgles of.the neutrino. havgcalar whose vacuum expectation valEV) causes the
been placed by the DO Collaboratiph8] which are consis-  formation of the cosmic strings will naturally have quartic
tent with the mixing angles all_owed in the present model. Ascouplings with the boson¥, and X,. This ensures thaX,
we shall show later, t_he mixing angles between the f_ourtrhnd X, will be produced from the decay of cosmic string
and the third generation quarks and leptons can be in thf‘oops.
range 10%°<@,~0,, <10* Very small mixing The scenario for baryogenesis is now very similaj22]
angles will make the lightest fourth generation quark effecwhere the authors considered emissions of heavy particles
tively stable inside the detector and may lead to peculiafrom collapsing cosmic strings. If the heavy particles are
signatures. Even if the mixing angles were measured to bproduced at a scale which is sufficiently small compared to
closer to the upper bound of the above range, the obvioutheir mass, they may become overabundant and thr@Rh
natural explanation for their smallness would be the exisviolating decays generate baryon number. In the present
tence of extra symmetries at scales higher than 1 TeV whicmodel we focus on the overabundant productiorXefand
forbid the mixing between the fourth generation and theX, particles from strings.
other generations. Then, with the standard gauge and Higgs Immediately after the electroweak phase transition, the
couplings, there is an extra symmetry in the form of con-space will be filled with a criss-crossing of string network
servedB,—L, above the TeV scale. For the small quark that looks like a random walk in three dimensions. The initial
mixings in the fourth generation to exist, this symmetry mustcorrelation length is; ~1/T.. Numerical simulations indi-

be broken at the TeV scale and a likely result would becate [23] that a large fraction~80%) of the total string

perturbative violation of baryon number in the fourth generajength resides in the infinite strings. The rest is in the form of
tion. Therefore eXperlmental signatures that are ConS|Ste%opS which have a scale invariant distribution

with the mixing angles predicted in this model point very
strongly to a mechanism of baryogenesis through perturba-
tive B violation. dn
—==R7%, €)
IV. COSMIC STRINGS AND BARYOGENESIS dR

With the B violation andCP violation in place, all we ] o o

the scalar bosons. To achieve this there has to be a mecha€twork has loops which decay rapidly. The infinite seg-
nism for making the scalar bosons overabundant immedients also generate more loops by frequent intercommuta-
ately after the electroweak scale. This can happen througi*PnS-.The net result is that the correlation Ieng_th increases
the formation and decay of cosmic strings. The cosmidvith time and thg string network enters a scaling solution
strings must form close to the electroweak phase transitioyvhen the correlation length equals the horizon $2.

Strings formed much earlier will have a distribution with a I the literature the period from the time of the phase
correlation length that is too large and their number densitfransition ¢c) to the timet* =(Gu) ™ t. is called the friction

will be too small to generate the baryon excess we see toda§lominated period24]. (G is Newton's constant and is the
Since the symmetry breaking in the standard model does néfass per unit length of the strings.oops produced at time
produce any cosmic strings, extra broken gauge symmetridsWith te<t<t* immediately shrink to the radius

must exist. However, as described in Appendix A, the bro-

ken symmetry can be the approximately conserved

(B—L),— =% ,(B—L);. If this is a gauged symmetry that is re(t)=Gumyt>?, (10
spontaneously broken at the electroweak scale, the smallness

of the mixing angles and the presence of the cosmic strings . 9 .
can be explained simultaneously. Wheremp, is the Planck mass~10'° GeV). Below this scale,

Moreover, besides being candidates for seeding galaxieggcrﬂ?ﬁaﬁgegts ?giessit;iﬂirzlenagvﬁggo;h; r'ggiz?iosnhggg gﬁ
cosmic strings occur in many, independently motivated ex- ybyp 9 p

tensions of the standard model. For instance. the Aspo’ﬁmnihilation. The shrinkage rate from gravitational radiation

model[19] has an extra (1) that breaks close to the elec- IS [25]

troweak scale. The motivation there is to provide an expla-

nation for the small value of the vacuum anglen QCD.

Supersymmetric extensions of the standard model have been d_R: -G (11)
proposed which attempt to resolve the problem of the dt [t
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wherey is numerically determined to be about 10. from “infinite” sections of the string network. The loop pro-
The time for a loop to shrink to a size which is of the duction rate is related to the rate at which the coherence

order of its thickness due to purely gravitational effects islength increases bj22]

ts=(yGu) 'R. In the present casg,~ 10°'R~ 10'% even

for the smallest loopgR~). This is a very long time com-

pared to the cosmological times of interest and gravitational dn_ v dy

effects are therefore completely negligible in our model. dt  ¢* dt’
Cusp annihilations, on the other hand, can occur at a

much faster rate. The rate of shrinkage in this case can b&herev is a constant of the order of unity. Integrating Eq.

(14

modeled by[26] (14) we have
N l//t 14 a.tl 3d¢/ N Vatgc (15)
Mg = —7| = ~N ——3~n,.
dr Y, t>t, %c ¢ 4 a (¢tcat)3 te
at~ R™ 2

In order to have a Iargatc we need to minimizeptc. Using
ir ~ 1T, for strings produced at the electroweak scale, we

get the ratio of the total number density ¥f and X, to the
entropy density to be

The corresponding decay time igys=R(R7) b/ Yp. As
shown in[22] this is less than one expansion time if the time
of formationt<(y§/GM)1/2tC. For Gu~10 *? it is safe to
assume that this condition is satisfied for a long time. Thus in

our model, the loops formed at tintémmediately shrink to N N
R=r(t) after which they shrink by cusp annihilation to Oman~ —~ —, (16)
R~ Y2 within one expansion time. The lifetime of a loop S Ox

formed at timet is then7(t)~t. ] ) .

When the string loops have shrunk to a radius that igvheres is the entropy density of the universe aggd~100
comparable to their thicknegs 2 (wherep is the mass per IS the number of effectively massless degrees of freedom at
unit length of the string nonlinearities in the scalar field the electroweak scale. .
potential will cause the entire loop to decay into elementary (2) ti>tc. Now the loops produced &t=t. decay within
particles. It is from this final burst process that we can expec@n€ expansion time and the resulting baryon number is
the heavy scalarX; and X, to be produced. Sinces washed out. Thus we need consider only the contribution
~m>2(1,m>2<2; the numbeiN of X, andX, particles that we get from the loops decaying aftef:

from each loop is~1.

The baryon number produced by string decays can now 3 343
- . heovo[ay 2 ts

be evaluated by computing the number of string decays from n=N|[ —z|—| d¢'’~n, —5—. (17)
the timet, of the phase transition up to the present time. o, U ay ¢ ¢tfatc

There are two kinds of loops to be taken care of; those
formed at the time of phase transition=(t.) and those

formed after the phase transition>t.). Also, the baryon have, o=w.(t/t;})% Thus unlesst;=t., there is some

number produced from the decay X¥{ and X, bosons will - 4amping in the production of baryons. In the next section we
be washed out unless baryon number violating processes agg o that it is possible to hawg~t, in our model.
effectively frozen after theX; and X, decays. To compute ¢

the remnant baryon asymmetry we therefore need to evaluate
the number of string decays that take place dftet; , where
t; is the freeze out time for baryon number violating interac-  The baryon asymmetry generated frofpand X, decays
tions. Two cases, thus, arise. will evolve according to the Boltzman’s equations. A large
(1) ty=t;. The number of decaying loops is the sum of number of particles and interactions are relevant. For each
loops produced at, and aftert;. The number density of species of particles one gets a Boltzman’'s equation. The
heavy bosons produced from loops formed ais obtained equations are coupled integro-differential equations and for
by integrating Eq(9): an accurate estimate of the baryon number, one must inte-
grate them numerically. Useful analytical estimates can,
however, be made by making simplifying approximations

In the friction dominated period~t>? [22], therefore we

V. APPROACH TO EQUILIBRIUM

3 that reduce the number of degrees of freedand hence the
N [ & ; .
Ny ~— _C) , (13) number of Boltzme_m S .e.quqnohsn a few. o
¢ lﬂtc 3t The greatest simplification results from considering a

single scalar bosoK instead ofX; andX,. In the following

we consider the most dominant interactions of this scalar
where the last factor takes care of the dilution of the numbeboson. The relevant processes @teXX—qq,GG,ll, etc.,
density due to the expansion of the universe. More cosmi€2) X—q40Q4, (3) X—04 |4, (4) 940s— 04 4, (5) qs— W,
string loops are formed after the phase transition as the cand(6) | ,—15W.
herence length increases with time and loops are chopped off X is the generic colored scalay; and| refer to generic
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guarks of any generation whitg, andl , refer to a quark and When the final state particles are light, E§8) reduces to
a lepton of the fourth generation. TR in interactions 5 and  [27]:
6 represents th&/ bosons of the weak interactions. We de-
note gluons byG.

The processes 1 are dominant annihilation channels for
the colored scalars. The processes 2,3,4 are baryon number
violating processes. The processes 2,3 generate the baryon
number while their inverse processes and processes 4 can —
wash out the produced baryon number. The processes 5 and X(o(XX=i])), (19)
6 transport baryon and lepton number from the fourth gen-

eration to the third generation. We have omitted processes Qfere(T, ) is the total thermally averaged decay widthYf
the kindq,—q, 14 g4 to simplify the Boltzman’s equations. gyeraged over initial color_degeneracie§’ is the equilib-
These processes are prohibited if the quarks and leptons @f,, density ofX and{a(XX—ij)) is the thermally aver-

the fourth generation have nearly equal masses. Inclusion Qfyeq cross section fotX annihilations(averaged over initial
these processes does not change our main results in a signifiste color degeneracies

cant way. The processes of baryogenesis and “freeze out”
can now be treated as two distinct stages in the evolution °|I| a
the baryon number.

dny

gt T 3HN= — [nx =T~ [n%— (n%)?]

The decay modes faX are: X—0494,04 | 4. The domi-
nt annihilation channels ar&X—qq,GG. Since X is
very heavy we can use the zero temperature decay width for
I'y to good approximation. The same is true for the annihi-
A. X production and decay lation cross section with an appropriate value for the c.m.
We will assume that immediately after the phase transi€nergy. In Appendix B we have computed these rates. Our
tion the decays of cosmic string loops raisg, the number ~ results are:
density ofX, to aboutT 2. (Later we show thah,>10 2T 3
may be sufficient for baryogenesiSinceM >T., the X’s 1
are overabundant and their number will decrease rapidl I PAT)
through decays and annihilations. Py (Fx)~ 27 191"Mx, (20
The Boltzman’s equation faX is [1]

5 (47Tach)2
(o(XX=ij))y~ ——7—, (21)
an _ N 97TMX
gt +3Hny=— | DPy[fx/M(X—=ij)]
—fifj|M(ij —X)|?] whereg is a typical coupling ofX to g, andl,.

BecauseX is overabundanfyy>n§?. The reduction imy
- = is initially dominated by annihilation processes. The decays
_J DPxxij[ fxfXIM(XX—ij)] overtake annihilations when thé number density reaches
the critical value

—ff;IM(ij —XX)[2], (18
9lgl* M5
where nXCm—T m (22
DPaa,...0,.b, ... From this point onwards, the annihilations are quenched out

and most of theXs decay through theCP-violating pro-
cesses producing baryons.

d°pa, dpy,
-1 I

i 3 i 3
(2m)°2E,, 2m) ZEbJ B. Freeze out
X (2m)*6%(Zipa—2Pp) Once a large number of decays have taken place, there
I is an excess of baryorfand leptonsover antibaryonganti-
leptong in the fourth generation. Baryon number violating

is the phase space volume eleméis the Hubble constant, processes like inverse decayg§s,d, 14— X) or 2—2 pro-

f; is the phase space density of speciés and cessesq,q,—0q4 |4) Will tend to wash out this excess. De-
IM(ij ...— ...kD)|?is the matrix element squared for the cays toWsand third generation quarks and leptons will also
processj ...— ...kl. The matrix element is summed over reduce the baryon excess in the fourth generat#inough
initial and final state color, spin, and flavor degeneraciespreserving the total baryon excess

The number densityy is the number density of aK par- To see if a freeze out can occur, we look at the Boltz-
ticles regardless of color. man’s equation foq,:
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dt +3an4:_3f DPQ4Q4 Q4|4[ dg Q4|M qq_)a U)|2_fifG|M'(a E—>qq)|2]
+2 J DPy q,a, x| M(X—0404)[ >~ 4, fq,IM (dats—X)|*]
D P g1, XM (X0l )2 Fo, fLIM (gl 4—X) 2]

- f DPq, il fa M (da—0aW)[?— o fuM(GsW—04)[2]. 23

IM’(0404—04 1)|? and [M'(gs 1,—040)> have f (p)=e T ualTa g BT 14 _
primes on them to indicate that the matrix elements do not L,(P)=e ~e 2]
include s channel contributions in which the intermediate

is on shell(a physical particlg since these contributions [

have already been included in the decay and the reverse de- fr(p)=e ¥ #2/T~e ¥/ 1 5] (27)
cay terms. The full matrix element (squareg

IM (0402 04l 4)|?, is related tdM’(qa0s— 04l )| by where u;, and u, are chemical potentials related to teep-

proximately conserved baryon and lepton numbers in the
fourth generation. In expanding the exponents we have used
the fact that baryon and lepton excesses are small. From Eq.
(27) we obtain

2

S S T
IM(0404— 04 12)[*=IM" (04— g | 4)|*+
MxI'x

x 8 p,(1)+p§,(2)—m¥]

X M (0404 X)|2IM(X— a4 1) > 2 f Gn )3 fa,(P)fa,(P)=Ba,
(24)
. FoIIowing'[27]_ we will simplify Eq. (23) by pgrametriz— f > 3f| (P)fr(p)=La, (28)
ing the CP violation of the system in the following manner. 1 s=1 (2m)
We define the matrix elemenk$, and the numberg and » . )
by which relateb and| to the density of excess baryons and
leptons, respectively. The sums are over the flavor and spin
M (X— 2 IMA2(14 7)/2= M (T Qs X indices in the fourth generation.
M 90a)[*=[Mol“(1+ 7) | (q4 G4 )| One can now use Eq$24) and (27) in Eq. (23) and ex-
IM(X= 0z 12)[2= M| 21— 9)/2= M (g4l 4= X) |2, press products such af, (p1)fq,(P2) as fi{p1+p2)(1
+2b) in decay and inverse decay terms. Subtracting Boltz-
|M(X_—>$ a)lzz|M0|2(1+ﬁ/2=|M(q4q4—>X)|2 man’s equation for the antiquarks from the equation for the

quarks one gets the equation for the baryon number in the
Ve — —— fourth generation:
IM(X=Gal 4)[2=Mo|2(1~7)/2= M (g4 1,—X)|2. J
(29 dB, . _ —_
o at +3HBy~ (nx—nxq)(ﬁ_ (I (X—0404,04 14))
We have usedCPT and unitarity to relate the squared

matrix elements. Note that all matrix elements are summed

1 N
over i_nitiql and final state spin and color degeneracies. The ~2 (3B4+La)N,{0(0s0s— 04 14))
CP violation parameterg; and » are related taAB by the
relation 1 n&d
_ — = |5 (B4t La)(I'(X—a4ls))
AB=(y—7)/4. (26) 6n,[2 7% ™ o

Since all the quarks and leptons are in thermal equilib- +B4<F(X—>q4q4)>}— 1 (B,—B3)
rium we have 2

S X(F(as—dsW)), (29
fq,(P)=¢e miT~e 1+,

where(I'(X—0y4 |4)) and(I'(X—q,q,)) are averaged over
initial state degeneracies and summed over final state degen-
f(p)=e ETm/Tag BT 1_ E eracies{c(040s—0qa l4)) is summed over both initial and

Y4 2 final state degeneracies andy~T§ is the photon
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number density. The correct sign for the term For e close to 1, this falls within the range given by E@).
—n§{(7— 7){T'(X—0404,04 |4)) is obtained only after in- Note that fork~25, my~6.25 TeV. This value is to be com-
cluding the CP-violating part of |M'(q,qs—0qq41,)|?>  Pared with the mass of the smallest string loops. Indeed if the
— M’ (9491 — Ga0a) |2 [27]. mass per unit length of the stringss a strlng loop of size
The various terms in the r.h.s. of E(RY) are readily ~R~1/Tc has a mass of aboiRu, whereg is a numerical
interpreted. The first term is the driving term for baryogen-factor that takes into account the fact that loops are not ex-
esis. It becomes small ag— n 9 and plays no role in freeze actly C|rcula2r. Numerical simulations indicate that-9 [28].
out. The second term comes from inverse decays and tHé #~(T€V)” then the mass of the smallest loops is about 36
third term comes from 22 baryon number violating pro- 1€V Also note thaty is insensitive to the numbet of Xs
cesses. These two terms can potentially cause a washout. TR@duced per string loop as long d$Te>nycg. For
last term is the rate at which baryon number is drained out ofg|?>=10"%, k=30 we havenyg;~10"*T;.
the fourth generation into the third generation. We have ig- The range of allowed values for the mixing angles is
nored similar drainage terms to other generations because theuch wider. From Eqs8) and(33) we can see that
mixing angles are smaller by one or two orders of magni-
tude. |03,0,01,1,/ =107 (35
The “washout terms” can be ineffective only if they are
smaller than the Hubble dilution termHB,. We must, Now consider the decay of the fourth generation baryons and

therefore, havéusingL ,~B,) leptons. The decay widths are(|gw®,4,3|2TC)/477 (where
- Ow is the weak gauge couplihgA lower bound on the mix-
3HB4>B4n (0 (0404—04 14)), ing angles is obtained by requiring that the decays happen

before nucleosynthesis. This means that the decay time
ng? —_— should at most bed The corresponding limit on the mixing
3HB,>¢ n, B4(I'(X—0404,04 14))- B0 angles i5:0),1,,04,4,>10 ' If we also require tha®,

%@)%qs% 1O®q4q2w 10(19q4ql, then we have
C. Range o-f -parameters_ | 10 l3<q =10 . (36)
At the weak phase transitiod ~3x 10 T . Using our 4
estimates of the decay widths and cross sections from Ap-
pendix B we can reduce the conditio(80)) to VI. CONCLUSIONS
. 4|g)* We have shown that baryogenesis from the decay of light
10 16>3 s scalar bosons is viable even at energies as low as the elec-
& troweak scale. This is interesting, since perturbative violation
2 of baryon number at low energies seems incompatible with
loﬂ@@ K52k, (31) the observed stability of the proton. Hoyvever the minimal
361 model of B, C, and CP violation involving light scalar
bosons can naturally have very small mixings between new
wherek=my/T.. heavy quarks withB violating interactions and the lighter

When these inequalities are satisfied, there is no signifiquarks which shields the proton froB-violating effects.
cant washout of the baryon number and the net baryon t@ther phenomenological and cosmological constraints are

entropy ratio is shown to be satisfied. In particular the small mixings be-
tween the fourth family and the other families is shown to be
:anritAB ~1074|g|*K® (32) sufficient for quarks in the fourth generation to decay into
s Oy Tg‘ gike. quarks of the lighter generations in a cosmologically accept-
able time.

We have taker(47rach)2=2 andg, =100. Two parameters Some members of the fourth family can be as light as 100
in Eg. (32) are bounded from above. The maximum value ofGeV. They can also be relatively long livedecay time

e~1 and the maximum value ofiy~T>. When these ~107%s). It would be interesting to explore signatures of
bounds are taken into consideration, the inequali®4s and their existence in future experiments. In particular, if the

(1) yield the following range of values fdt and|g|?: lighter quark in the fourth family, thé’, happens to be
lighter than the top quark then its dominant decay mode is
25< k< 80, the FCNC modé’ —b+Z. One expects this decay mode to
be explored in collider experiments of the near future. Sig-
10 6<|g|2< 10735, (33  hatures associated with new quarks with small mixing angles

(®q4q3$ 10 %) as predicted by this model, would seem to

Picking some value fok further constraints the range for point strongly toward a mechanism of baryogenesis through
|g|? and vice versa. Realistic values fgg can be obtained perturbativeB violation at the electroweak phase transition.
with these values. For instance, takikg 30, |g|?=10"° we The scalar bosons must be at least 25 times heavier than
obtain the electroweak scale. In our model they are produced copi-
ously from the decay of loops of cosmic strings immediately
ng~2.7X10 Ve, (34  after the electroweak phase transition. We show in Appendix
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A that it is possible to extend the standard model so that the a ok o

smallness of the new mixing angles and the presence of the % % : %

cosmic strings are justified simultaneously. @ “ % | x
Variations of this model can be conceived. The only nec- noN “ y -

essary ingredients are topological defects like cosmic strings @ ‘14 Y

and heavy baryons. The model has all the advantages of (a) (b) X

baryogenesis models where baryogenesis ocaftes the ) _ .
electroweak phase transition including compatibility with the__ FIG. 3. (2 Dim. 6 operatorq,DqzXs. (b) Dim. 6 operator
usual models of inflation. It is also viable as a baryogenesiéI4hqsx3x3

model even if the electroweak phase transition is a second ) ) i
order phase transition. To actually get this operator we must introduce new fields

and interactions that couple the fourth and the third genera-
tions. Since we are not interested in solving the hierarchy
ACKNOWLEDGMENTS problem, scalars are cheap. We can introduce three more,

X4, Xg, and Xg with the following Yukawa couplings
| would like to thank B. Balaji, J. Butler, R. Branden-

berger, S. Chivukula, A. Cohen, B. Dobrescu, K. Lane, T. —q’ a. l. a. 1.
Vachaspati, and V. Zutshi for discussions and valuable sug- bvuana= 0 (GadsXat de sXs+ s aXe), - (A2)
gestions. This work was supported by the U.S. Departmer‘;‘,hereqi andl, denote quarks and leptons of thta genera-
of Energy under Grant No. DE-FG02-91ER40676. tion. We have chosen the same couplifigor all the terms.
The V charges ofX,, X5, andXg are 0 and 4/3 and-4/3,
respectively. All are color triplets and $2},, singlets. By
APPENDIX A suppressing the flavor and helicity indices we imply that all

The model described in Sec. Il has an anomaly-free globdPossible gauge invariant couplings are includedAg).
(B—L), symmetry in addition to the usu—L when the Now suppose,, X5, andXq have masses of the order of
mixing angles between the fourth and lighter generation ard. Integrating them out one may obtain the dimension 6
put equal to zero and there is no coupling between the lightePPeratordsdsdsls. This operator, a potentially dangerous
generation quarks and leptons and the colored scXlaasd qandldate for proton decay, is not induced by renormaliza-
X,. When the mixings and couplings mentioned above ardion at one |°0p33”2d must be suppressed by at least a factor
nonzero but small§—L), is broken weakly. The smaliness Of (9°9™)/(167°M"), whereg is one of the couplings in
of these parameters is, therefore, not unnatural in the technfd- (2). If we 9h0056|9|; <|g|*~107", the proton decay
cal sense. Below, we describe a way of explicitly realizingProblem is avoided foM*>10° GeV?. .
this scenario as an effective low energy limit of a theory ~The mixing between the fourth and third generations can
where the small B— L), breaking terms come from opera- occur through the operatoggDq;X5 (whereD is the gauge-
tors of dimension 5 or higher and are suppressed by a largeovariant derivative or q;hgzX3. Figures 3a) and 3b)
mass scale. show typical leading order contributions to these operators.

We first define two 1) symmetries: Clearly theV charge ofX; is 3. The mixing is suppressed by

the small numbef|g||g’|/(47)2]1((X3)/M)2 For (Xg)~10°
. GeV, M=10*° GeV and |g||g’|=10"° the mixing is
S (B-L), @,q,~107'% A similar mixing is obtained in the lepton
i=1 t sector. Mixings of this order are certainly small enough for
(A1) the viability of our model. The mixings are also large enough
for the baryon number in the fourth generation to be trans-
o ) ported to the lighter generations in a cosmologically accept-
The first is the usuaB—L which we keep as a global un- gpje time. Indeed with this mixing the decay time of the
broken symmetry of our theory. At a scale much higher thargyrth generation quarks and leptons<40~° s which cor-
Fhe electroweak scale one can conceive of a theory V\Mere responds to a temperature of about 1 GeV. By choosing
is a gauged symmetry. Consider for instance extending th(ax3>~103 GeV we also get the much needed cosmic strings

and then gauginy. In order thatV be realized as a weakly

broken symmetry in the low energy theory we can introduce
a scalar fieldX; which is a singlet under all gauge symme-

tries except. A VEV for X; breaksV. The dominant annihilation modes ¥fare XX—GG,qq.

The effective action for this theory can have a dimensionannihilations to leptonsW's, Z’s, Higgs bosons, and pho-
4+n operator of the kind (M™")q4hqzX3 if the V charge of  tons have much smaller rates because they are down by small
X3 is 2/3n. M is a large mass suppressing this operétois  coupling constants while the annihilation rates to quarks and
the standard Higgs bospriWhenX; gets a VEV,V is bro-  gluons are enhanced markedly by large color factors. We
ken and we get the dimension 4 mixing term estimate the dominant annihilation processes in perturbation
({(X3)/M)"q4hqs. The smallness of the mixing results from theory. The lowest order Feynman diagram contributing to
suppression due to small coupling constants and factors dhe annihilation to quarks is shown in Fig@a4 There is a
1/44r as well as the ratigX3)/M. single gluon exchange. The squared amplitude, after sum-

4
U:_Zl (B—L);=B-L; V=(B—L),—

APPENDIX B
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4(c). The squared amplitude for the decay to two quarks

5 p (after summing over final state degeneracies and averaging
K >T< over initial state degeneracieis
(C) 94 94

[M(X—0404) >~ 4|g|*M5. (B4)
\ G g 8 G . Once again we have taken the final state particles to be mass-
N % N 93 3 . .
N A % ,/ I / less. The corresponding rate for a decay to an antiquark and
X X . an antilepton is exactly the sanflarger flavor factor com-
. . & ¥ pensates for the smaller color fagtor
G G N ; -
IM(X—0g 1)~ 4/g|?M% (B5)
b X Approximating the thermally averaged decay width by the
(b) zero temperature decay width we get
FIG. 4. (a) X annihilation to quarks(b) X annihilation to glu- o 1
ons.(c) 2 to 2 baryon number violating process) Decays ofg, (T(X—0404,04 l4))~ pye |g|?M . (B6)
andl,.

Figure 4c) shows the Feynman diagram corresponding to
the leading order contribution to the procesgs—q, 4.
The invariant squared amplitude for a typical process is

ming over final statgspin, color, and flavordegeneracies
and averaging over initial state degeneracies, is

M(X—GaI2=2 (4 PP 2o, o1 — ko
| ( —>qCI)| _3( 77'a'ch) p_65| ) (B1) |M(Q4Q4—>Q4|4)|2~96|g|4m, (B7)
X

Wherep is the 4 momentum of th¥ and @ is the scattering wherek, is the c.m. energy of &, in the initial state. The
angle in the c.m. frame. We have taken all the quarks to b?nermally averaged cross sectigsummed over all initial

massless. Feynman Qiagrams corrgsponding to annihilatiot},q final state degeneracids approximated by a zero tem-
t(l).tg|(ljJOI’:IS are shown in Fig.(8). The invariant squared am- erature cross section witty set equal tor, . The result is
plitude is

12g|*T2

M (9

<U(Q4Q4—>a E»”

- 4 2 22\ 2
||v|(xx_>GG)|2=M [12( P

2
5 P +6}(1+co§¢),

(B2) Finally the q,—qg3W andl,—1;W decays[Fig. 4d)] have

. . . the widths
whered is the angle between the two final state gluons in the

rest frame of one of the incoming particles apdis the 1, )
four-momentum of theX in the c.m. frame. The large nu- (T(94—=03W) = 5~ Og,q, 100" Tc,
merical factors inNB1) and(B2) come from color and flavor

sums. Note that we have four generations of quarks now. 1, )

The thermally averaged cross section can be approxi- (T(la=1sW)) = e— Oj |gw|“Te, (B8)
mated by the zero temperature cross section Wik~ p,
~My. We then obtain where we have made the approximation that the final state

particles are much lighter than the decaying particle and av-
eraged over initial state degeneracies. We have also approxi-
mated the thermal averaging by taking all masses and mo-
. menta in the final expression to be of order. Even with

The XX annihilation rate is to be compared with the the limitations of the above approximations, the expressions
baryon number violating decay rates X%. The lowest or- in Eq. (B8) are useful as order of magnitude estimates of
der Feynman diagrams for these decays are shown in Fighese decay rates.
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