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Perturbative calculations suggest that the electroweak phase transition in the minimal supersymmetric
standard model (MSSM) can be strong enough for baryogenesis for Higgs massesntp 0
105 GeV, provided that the lightest stop mass is in the range 100—-160 GeV. We have performed large-
scale lattice Monte Carlo simulations of the MSSM electroweak phase transition. We find that the tran-
sition is in factstrongerthan in perturbation theory. This guarantees that the perturbative mass bounds
are conservative ones, and provides a strong motivation for further studies of MSSM baryogenesis.
[S0031-9007(98)06396-0]
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It is known from studies of primordial nucleosynthesisric standard model (MSSM) [7-9]. Indeed, it has re-
that there is a nonvanishing baryon to photon densitgently become clear that the electroweak phase transition
ratio in the Universey = 1077 (for recent reviews, see can then be much stronger than in the standard model,
[1]). It is one of the main challenges of cosmology toand strong enough for baryogenesis at least for Higgs
understand how such an asymmetry could come aboutmasses up to 80 GeV [10-17]. For the lightest stop mass
Indeed, different scenarios for producing> 0 abound.  m;, lighter than the top mass, one can go even up to

Among all the scenarios for baryogenesis, one is~100 GeV [18]: In the most recent analysis [19], the
unique: Thelast instancein the history of the Universe allowed window was estimated aty ~ 75-105 GeV,
that a baryon asymmetry could have been generated i8;, ~ 100—-160 GeV. In this regime, the transition could
the electroweak phase transition [2]. As such, this is als@ven proceed in two stages [18] via an exotic intermediate
the scenario requiring thieast assumptionbeyond es- color breaking minimum. This Higgs and stop mass win-
tablished physics. In principle, even the standard modedlow is interesting from an experimental point of view, as
contains the necessary ingredients for baryon number gemell, as the whole range will be covered at LEP and the
eration: anomalous baryon number violati€®® viola-  Tevatron [19].
tion, and an electroweak phase transition providing for a Unfortunately, the statement concerning the strength
nonequilibrium environment (for a review, see [3]). Onceof the electroweak phase transition in this regime is
an asymmetry has been generated, it must also be prsubject to large uncertainties. The first indication in
served, and this gives a strict constraint on how stronglyhis direction is that the 2-loop corrections to the Higgs
of the first order the transition must be [2]. In fact, thefield effective potential are large and strengthen the
constraint on the strength of the phase transition is th&ansition considerably [11]. A further sign is that the
most rigorous of the constraints mentioned, since it congauge parameter and, in particular, the renormalization
cerns a thermodynamica&quilibrium situation after the scale dependence of the physical results derived from
transition, and equilibrium physics is much better underthe 2-loop potential, which are formally of the 3-loop
stood than nonequilibrium physics. order, are numerically quite significant [18]. Hence a

However, it turns out that on a more quantitative levelnonperturbative analysis is needed.
the standard model is too restricted for baryogenesis. The purpose of this paper is to study the MSSM
The main reason is that the strength of the electroweaklectroweak phase transition with lattice Monte Carlo
phase transition depends on the Higgs mass, and faimulations, and to extrapolate the results to the infinite
my = 75 GeV, there is no electroweak phase transitionvolume and continuum limits. Since the MSSM at finite
at all [4,5]. Since the experimental lower bound in thetemperature is a multiscale system with widely different
standard model is1; ~ 88 GeV [6], the existence of the scales from~#T to ~g#T, and since there are chiral
baryon asymmetry alone requires physics beyond what iermions, the only way to do the simulations in practice is
currently known. to use an effective 3D theory [20]. This approach consists

The simplest extended scenarios that allow for baryomf a perturbative dimensional reduction into a 3D theory
asymmetry generation at the electroweak phase transiwith considerably fewer degrees of freedom than in the
tion have a Higgs sector which differs from that in the original theory [22—24], and of lattice simulations in the
standard model. A particularly appealing scenario is theffective theory. The analytical dimensional reduction
electroweak phase transition in the minimal supersymmetstep has been performed for the MSSM in [13-15,18].
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Lattice simulations in dimensionally reduced 3D theories To perform lattice simulations, we discretize the theory
have been previously used to determine the properties af Eq. (1) with standard methods (see [32]). The lattice
the electroweak phase transition in the standard model iparameters are expressed in terms of the lattice spacing
great detail [25—31]. a and the continuum parameters through 2-loop relations
In the regime considered, the right-handed stop fiéld [33] which become exact in the continuum limit.

plays an important role in addition to the Higgs field. The Well-controlled infinite volumeand continuum limits
effective 3D Lagrangian describing the electroweak phasare essential in order to obtain reliable results. Thus,
transition in the MSSM is therefore an 8) X SU2) for each point in the parameter space, we always perform

gauge theory with two scalar fields [13,18]: simulations with several lattice volumes and extrapolate to
the infinite volume. We use the lattice spacings obtained
£ = Lpape o Lgaga oo ptpyty through
cont — 4 Fijtij 4 i Y 6
= = 12,20, 2
+ (DY Y (DY H) + (D}U)N(D}U) + mizHTH P = @

+ m2 U U + Ag(HTH)? + Ag(UTU)2. (1)  whereg}; = g3T ~ T is the 3D SU(3) gauge coupling
and a is the lattice spacing. The fact that we use just
Here D} and D; are the SU(2) and SU(3) covariant two values of B85 allows only a linear extrapolation to
derivatives, andd is the combination of the Higgs dou- the continuum limit3s = c«. However, it is understood
blets which is “light” at the phase transition point. The analytically that the dominant corrections are linear [34],
U(1) subgroup of the standard model induces only smaland, moreover, linear extrapolations work extremely well
perturbative contributions [31], and can be neglected.  for the case of the standard model [26,31].
The complexity of the original 4D Lagrangian is hidden All in all, we have performed 42 different Monte Carlo
in Eq. (1) in the expressions of the parameters of the 3Duns: combinations of lattice sizes and parameters. The
theory. A dimensional reduction computation leading tototal CPU time was-7.5 node years on a Cray T3E.
actual expressions for these parameters has been made ifThe physical quantities we discuss here are the criti-
[18] for a particularly simple case. Let us stress here thatal temperaturd’,, the scalar field expectation values, and
the reduction is a purely perturbative computation and ishe latent heat. Quantities such as the latent heat enter,
free of infrared problems. The relative error has beerfor instance, the estimates for the nucleation and reheating
estimated in [13,18], and should k&1 0%. temperatures (see, e.g., [35]), which are needed to decide
It is prohibitively time consuming to study the full whether the scalar field expectation values relevant for cos-
parameter space of Eq. (1) with Monte Carlo simulationsmology should be taken &t or some lower temperature.
Thus, we only consider a special parameter choice: We The phase diagram and the critical temperatures.

take a large left-handed squark mass parameigr~  The general phase structure of the theory is expected to be
1 TeV, vanishing squark mixing parameters, and a heavyhe following [18]. The system has a first order transition
CP-odd Higgs particlefiy = 300 GeV). Wefixtan3 =  at T, ~ 100 GeV for my < 65 GeV. This transition is

3, corresponding tong ~ 95 GeV. We then study the strong even thoughmy is large, due to the stop loops.
3D theory in Eq. (1), parametrized by the temperatureAs 7y becomes largern{;, smaller), the transition gets
T and the right-handed stop mass paraméter (7ny  even stronger, and then at some point one may get a two-
determines the zero temperature right-handed stop mastage transition. The existence of a two-stage transition
throughm;, = (mtzOp — m})'2). The actual expressions depends on the parameters of the theory, and for large
used for the dimensional reduction are given in [32]. squark mixing parameters the two-stage region is not
The philosophy is now that we determine the nonperturreached [19].
bative results for the continuum theory in Eq. (1) through Our numerical results are shown in Fig. 1. It is seen
lattice simulations, and compare them with 3D perturbathat the phase diagram is qualitatively the same as in per-
tion theory, employing the same 3D parameters. To beurbation theory, although the critical temperatures and
more precise, we compare with 2-loop 3D perturbatiorthe triple point have been displaced by a few GeV. We
theory in the Landau gaugg = 0 and for theMS scale have data aBs = 20 only atiny = 50, 65 GeV, and the
parameterr = T the values which have been used incontinuum extrapolation is possible only at these points.
[19], as well. This allows one to find out whether there Nevertheless, we expect similar (small) effects at the other
are any nonperturbative effects in the system. Once thipoints. As of now, we have no clear theoretical ex-
has been done, one can go back to a more complicatgdanation for the discrepancy between the lattice results
situation and study it perturbatively, adding to the pertur-and perturbation theory: The reason might be, e.g., a
bative results the nonperturbative effects found here. A8-loop perturbative effect, or a genuine nonperturbative
the reduction step is purely perturbative, the nonperturbacontribution.
tive effects found with the 3D approach apply also to the Latent heat—The main result of this paper is shown
effective potential computed in 4D [11,17,19]. in Fig. 2, which shows the latent heat. It is the most
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m,=1TeV, ta = 3 (m, = 95 GeV) the whole pattern is shifted to the right, but the qualitative
105 — . . behavior is the same.
ggi o Scalar field expectation values-The Higgs field vac-
100 t e continuum | uum expectation valuey is the object by which one usu-
symmetric ally characterizes whether the phase transition is strong
o5 [ ] enough for baryogenesis [2,3], the requirement being
,.»6';okenu vy/T = 1. As such,vy is, however, a gauge dependent
% ] quantity. If one computes it in the Landau gaugé )
2 o as is usual, then in terms of gauge-invariant operators the
o RS same expression would be nonlocal. On the other hand,
D’ 85 P2 < ] . . . . .
O there is a simple local gauge-invariant quantity closely re-
\ o lated tovy, namely, H'H ~ v} /2. The problem with
80 \ . H'H is that, being a composite operator, it is a scale de-
\\ pendent quantity in, say, the modified minimal subtraction
75 [ brokenH \ ] (MS) scheme. We hence define on the lattice
O (.2 1/2
\ vH _ H'Hys(853)
Il 1 1 Il \\4 = 2 s (3)
70 T T
50 55 60 65 70 o o o
m,/GeV which is a natural gauge-invariant generalization of

v,L,/T, and can be measured in simulations. Note that,

FIG. 1. The phase diagram and the critical temperatures. Thwith respect to 4D units, there is a trivial rescaling By
continuous lines are from the 2-loop perturbative effectivejn the HTH appearing in Eq. (3).

potential in the Landau gauge. Open symbols correspond t0 The numerical results fovy /T, vy /T are shown in

infinite volume extrapolations and filled symbols correspond toF. 3 Agai b lue | than i ¢
continuum extrapolations. ig. 3. Again, we observe a value larger than in pertur-

bation theory in the regimé&y, < 67 GeV. Moreover, in

qualitative accordance with perturbation theory, there is a
important gauge-invariant physical characterization of théapid increase invy /T, in the regime of the two-stage
strength of a first order transition. We observe thattransition,7y = 67 GeV. The relative nonperturbative
the nonperturbative transition to the standard electroweagtrengthening effect is smaller than for the latent heat,
minimum at/my < 67 GeV is significantly (up to 45%) which is easy to understand singex A(HTH) ~ Av
strongerthan the perturbative transition. In the regime[26], implying 6L/L ~ 26vy/vy.
my = 67 GeV, where there is a two-stage transition, a In conclusion, at least for the parameter values studied
comparison with perturbation theory is more difficult as(my ~ 95 GeV, m;, ~ 150-160 GeV), the electroweak

m,=1TeV, ta@ =3 (m, = 95 GeV)
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FIG. 3. The scalar field expectation values in the broken
FIG. 2. The latent heat. phases af’.
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