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Effect of reheating on electroweak baryogenesis
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The latent heat released during the expansion of bubbles in the electroweak phase transition reheats the
plasma and causes the bubble growth to slow down. This decrease of the bubble wall velocity affects the
results of electroweak baryogenesis. Since the efficiency of baryogenesis peaks for a wall veldcify the
resulting baryon asymmetry can either be enhanced or suppressed, depending on the initial value of the wall
velocity. We calculate the evolution of the phase transition taking into account the release of latent heat. We
find that, although in the minimal standard model the baryon production is enhanced by this effect, in the
minimal supersymmetric standard model it causes a suppression to the final baryon asymmetry.
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Generating the baryon asymmetry of the univegiBAU) On the other hand, recent calculations of the friction of
at the electroweak phase transition is a very attractive idethe plasma indicate that the wall velocity can be of that order
[1]. Although in the minimal standard modg@M) it fails to ~ of magnitudg12,13. However, these estimates®f, do not
explain the observed baryon abundance, such a proposal ctake into account the hydrodynamics of the phase transition
be successful in an extension of the model. It has beef®,14]. For such small velocities the only effect of hydrody-
shown, for instance, that electroweak baryogenesis is quamamics is a homogeneous reheating of the plasma during the
titatively possible in the minimal supersymmetric standardexpansion of bubbles. As,, is much less than the speed of
model(MSSM), provided that the Higgs boson and the light- sound in the plasma, the latent heat liberated in the expan-
est top squark are sufficiently ligh2,3]. sion of a bubble is quickly distributed throughout space by a

According to the standard mechanigdl, baryogenesis shock front that precedes the propagating wall of the bubble.
occurs near the walls of expanding bubbles that form duringhs a consequence of this uniform reheating the bubble ex-
the phase transition. After a bubble is nucleated and begingansion slows down. It was shown by Heck|@i that the
to grow, its wall quickly reaches a terminal velocity in the decrease ob,, can dramatically affect the result of elec-
hot plasma[5-7]. Because ofCP violating interaction of troweak baryogenesis. The importance of reheating can be
particles with bubble walls, different densities of left-handedestimated [9] by comparing the latent heatL
quarks and their antiparticles are built up in front of the=T(d(AV)/dT)r_7_, whereAV(T) is the free energy dif-
walls. This left-handed asymmetry biases the anomalouference between the symmetric and broken symmetry
baryon number violating sphaleron interactions in the symphases, with the energy needed to bring the plasma back to
metric phase. As a consequence, a net baryon asymmetrytise critical temperatur&, from the temperatur&, at which
generated in front of the walls and immediately caught bynycleation of bubbles beginsAp=(7?g,/30)(T4—TH),
them. In the broken symmetry region inside the bubblesyhereq, ~107 is the number of degrees of freedom of the
sphaleron processes are suppressed, so a subsequent washfma. In the SML is at least one order of magnitude less
of the baryon asymmetry is avoided. thanAp, but in the MSSM the two quantities are of the same

The generated BAU has a strong dependence on thgyger[14,15, so the effect of reheating can be important in
bubble wall velocity. If the latter is too large, the left-handedhat case.
density perturbation will pass so quickly through a given |, this paper we compute the evolution of the phase tran-
point in space that sphaleron processes wi!l not have _enougg]tion including this effect in a simple model with a one-
time to produce baryons. Thus the resulting BAU will be Higgs effective potential. Using an analytical approximation
smql!. Qn thg other hand, for very small velocities therm.alfOr the dependence of the BAU an,, we evaluate the ef-
equilibrium will be restored, so the baryon asymmetry will fact of the decrease of the bubble wall velocity on baryogen-
be erased by sphalerons and the BAU will be small agaings;s. |t is known that in the SM the reheating enhances elec-
_Consequ_ently, the bary_on productl_on has a maximum at agqweak baryogenesi§9]. On the contrary, since in the
intermediate wall velocity. Comparison of the baryon num-nss the wall velocity is initially in the range of maximum
ber violation time scale with the time of passage of the chiragay  its decrease will cause a suppression to the baryon
asymmetry[5,8,9 gives a wall velocity,,~ 102 for maxi- asymmetry.
mum baryon asymmetry. Recent numerical calculations con- \ye yse an effective potential of the forim, 14,16
firm that the BAU tends to peak for such a small value gf

HoAR V(¢,T)=D(T?~Tg)¢”~ET¢*+ %df‘. D
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universe cools beloW ;=100 GeV, bubbles of the broken pends on theCP violating force at the bubble wall that
symmetry phase begin to nucleate with a probability per unisources the asymmetry. It is in general proportional to the
volume and timd ~T*e~S(M'T whereS;[ ¢(r)] is a three-  wall velocity, Axv,,, so integration of Eq(5) yields
dimensional instanton action that coincides with the energy

of the nucleated bubblgl6]. The configurationp(r) of the — C

bubble is obtained by finding an extremum ®f. It can be B vutclyDlvy,’

calculated numerically to obtain the nucleation rftg7] and

the radiusr, and wall widthl,, of the nucleated bubblgl5] ~ whereC does not depend on,,. This analytic approxima-

(6)

as functions of temperature. tion describes qualitatively the dependencengfonv,, . It
For the terminal velocity of the bubble wall in the plasmahas a peak ab ,eq=vcl',D=0.02. A calculation of the
we use the formul@l3] (see alsd5,6,9,19) coefficientC is out of the scope of this paper, since we will

only be interested in relative valueg(v,,)/ng(vy). Note
20T1,(T)AV(T) that if the initial wall velocity isvo>v eqr then a decrease
- W' 2 of v,, will produce an enhancement of the BAU, since in that
case nB~v\,’vl. On the contrary, for small velocitiegg

where 7 is a dimensionless friction coefficient accounting ~vw, SO @ velocity decrease will cause a suppression of the
for the viscosity of the plasma, andT) is the minimum of  final BAU.

V(¢,T). The main effect of the reheating will be to decrease AS vy, varies during the phase transitians(v,,(t)) gives

the free energy differencaV(T) [17] and hence the value Only alocal baryon density, generated in a volurd®(t)

of v,,. The progress of the phase transition is determined by — V1, f(t)dt. The final baryon density is the average
the fraction of space that is still in the symmetric phpk&,  over the expansion of bubbl¢21]

vw(T)

_ 4m [t ’ ’ 34+
f(t)=ex —?LCF(T yr(t,03dt’ |, 3) B=1/vma,f ng(t)dV.

Wherer(t’,t):rO(T’)+fI,UW(T”)dt’ is the radius at time Apcording to Eq.(6), this is related to the result obtained
of a bubble created at. The variation of temperature with With a constant wall velocity o by B=Sng(v,), where the

time is given by[9] factor
dT _ TV/(T)-V(T) df (8x%, ”2T3 @ o [ votv2ealvo " -
dt  (2a2g,/15T3 dt | gom?2, ’ At 0 (1) + 0 jead vu(t)

where Mp=1.22<10" GeV is the Plank mass. The first gives the enhancement or suppression due to the effect of

term is the contribution of reheating. It describes the increasgeheating.

of energy density of the plasma due to the release of latent We consider three sets of parameters for the electroweak

heat during the phase transition. The second term is jugihase transition. We take as case A the SM with an unreal-

—HT; it accounts for the decrease of energy density causegtically small value of the Higgs mass, which allows for a

by the expansion of the universe. Before and after the phassufficiently strong first-order phase transition. Therefore, we

transitiond f/dt=0, and Eq.(4) gives the well known rela- set the value =0.2 andE=0.006[7], and we choosea

tion t=¢Mp, /T2, with §=0.03. During the phase transition, = 2E in order to fulfill the conditiorv (T.)/T.=1, which is

the coupled integro-differential equatiorf8),(4) must be required for avoiding the washout of the BAU. For the fric-

solved numerically. tion of the plasma in the SM we assume the rough vajue
To evaluate the effect of a changing wall velocity on ~1 [5-7].

baryogenesis we need to know how the baryon production For the MSSM, the one-Higgs potentid) can be used as

depends om,,. As the bubble wall sweeps through space, itan approximation in the case in which only one Higgs boson

leaves behind a baryon densjt0] is light[3]. In this scenario the parametéican be at most an
order of magnitude larger than in the SM. Although this
0 9 ys °°n T wX/vug limiting situation is hardly achieved in practice, we can use it
B= L(x)e X, (5 : ; :
w Jo to simulate, without departing from reasonable values of the

parameters, an extension of the SM that is most favorable for

WhereFWS:ZOaf,_’VT [19] is the weak sphaleron rate, and  baryogenesis. We thus choose for case B the vakies
is the net left-handed density in front of the wall. The expo-=0.06 with A=2E, andD~1. In this case we assume a
nential accounts for sphaleron relaxation of the baryon asyniriction coefficient »=70, in accordance with recent calcu-
metry for small velocities. The coefficieatdepends on the lations for the MSSM with a light right-handed top squark
squark spectrum and is 10. [13].

The left-handed density can be assumed to be of the form As we use it only to compute the dynamics of the phase
n_(x)=Ae "D 'whereD~ 1001 is an effective diffusion transition,V(¢,T) need not be a real perturbative effective
constant for the chiral asymmetff0]. The constanA de-  potential. Instead, we can regard the figldas an effective
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. . . . FIG. 2. Same as Fig. 1, but for case B.
FIG. 1. Dimensionless temperatuse fraction of volume in the

symmetric phasd, and bubble wall velocitw,,, as functions of .
dimensionless time, for the parameters of case A, with and with- (€Nt heat. The bubble wall velocity thus decreases, and the
out including the release of latent heat. The vertical lines delimifPhase transition slows down until an equilibrium temperature
approximately the phase transition interval. is reached, at which all the released latent heat goes into
expanding the universe. Finally, the phase transition com-
order parameter, and use Hd) to model the phase transi- pletes and the temperature decreases again. Due to the re-
tion dynamicg9,14]. In that way the paramete E, and\  heating the wall velocity approacheg,.s, so the baryon
can be chosen so that the free ene¥ghas the same ther- asymmetry results are enhanced. Integration of(Bogives
modynamical properties of the theory we wish to study. Thes~3. As expected, the enhancement is not considerable
relevant quantities are the latent heéatlefined above, the
surface tension of the bubble Waﬂ,zf(dgb/dx)zdxhc, and

1.00

the correlation length, given by~ >=d°V/d¢?| 11, In \
our model these parameters are given liy/T‘C1 0951

=8D(E/\)?(1—E?/\D), o/T3=2\2E%3\%? and ¢T, o

= \/2/E. We thus choose the parameters of case C in ac- %%}

cordance with recent non-perturbative lattice simulations of

the MSSM in the light right-handed top squark scenario, 0.88 : =

which give L/T4=0.4, ¢/T3=0.01, and¢T.=5 [22]. This 1.0

case represents a more physical situation, as it allows elec o8}
troweak baryogenesis for experimentally viable values of the
Higgs mass.

In Fig. 1 we have plotted the evolution of the phase tran-
sition for case A. We have defined a dimensionless tempera ozp
ture a=(T—Tgy)/(T.—Ty), and a dimensionless time= (t 0.0
—t)/(to—t.), wherety=£&M F,|/T§ is the time at which the 0.020
universe reaches the temperatiigif reheating is ignored.

The result obtained when neglecting the reheating is plottec

with dashed lines. In that case the duration of the phasey oo1of
transition is so small that all the parameters that enter the Y
BAU can be approximated by their values at the temperature

— with latent heat

------ without latent heat
o6} ]

04}

T, of the onset of nucleatiofll5]. When the effect of latent 0.000 , , ,

heat is included, the plasma heats up after the beginning o 008 o1 T 020 024
nucleation because the expansion of the universe does not

remove energy fast enough to compensate the release of la- FIG. 3. Same as Fig. 1, but for case C.
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since, as the latent heat is not very large in this cageloes  culation. For example, in Reff10] a crossing through zero of
not spend a long time neagq. ng occurs atv,,~10 3. That happens because t8d vio-

In case B, in contrast, the latent heat is much larger. Théating force changes sign near the bubble wall, and so does
plasma heats up very close Tq and the temperature re- the chiral asymmetry. This gives an opposing contribution to
mains constant for a long period of tinteee Fig. 2 How-  ng . which becomes important for small wall velocities.
ever, the BAU turns out to be suppressed in this case. Sindgence, in our last two cases baryon number densities of op-
the jnitial wall velocity is less in the MSSM du_e to the Igrger posite sign would be generated in different regions of the
friction of the plasma, the decreaseugf occurs in the region  njverse. The negative contribution of the slow growth pe-

on the left of the peak. Equatiov) gives a suppression joq g Eq.(7) can be roughly estimated by multiplying the
factor S=0.15. Note that the slow growth period, in which i ne(10~4)/ng(1072) by the fraction of spacAf that is

~ —4__10-2 ; T —2
Vy=2X10""~10""v,, gives only a contribution-10 "0 = g4 quring this stage. According to the results of Raf,
S The baryon asymmetry is essentially generated in the NMhat ratio depends strongly on the bubble wall width and on

i i i 1 0,
il sfage I hh buDlsf 20% o i Youme of 11 dain massparametors. 11 we ke o stance v
) pp pect 1/3, then in case B, withh f =0.8, this contribution is of

to the maximum BAU, since the initial wall velocity, is a h der of th ious] ted b
littte below wvpeq. The total suppression factor s € same order of he previously generated baryon asymme-

200/ penct Vosad Vo)~ 1S=0.1 try. In case C, withAf=0.4, the suppression factor would
peal peal ke

The results of case C are plotted in Fig. 3. Here the latenfiécrease 30%.

heat is smaller than in the previous case, so the final velocit% To summarize, we have calculated the decrease of the

is larger,v,,~5—7x10"4, and the phase transition occurs Pubble wall velocity that occurs during the electroweak

in a shorter time. As a consequence, the suppression of tHhase transition as a consequence of reheating, as well as its

baryon asymmetry due to reheating is less sev@re).4. effect on baryogenesis. In the MSSM this effect tends to
Finally, it is important to notice that in some cases thesuppress the baryon production. For the light top squark sce-

simplifying approximation(6) may fall short of describing nario we have found a suppression facg*0.4. Although

the behavior ofng(v,,), especially for smalb,,. For such this is not severe, we must stress tBatan be smaller if the

cases, further suppression may arise in a more rigorous cabaryon density changes sign for small wall velocities.
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