VOLUME 77, NUMBER 14 PHYSICAL REVIEW LETTERS 30 BPTEMBER1996

Is There a Hot Electroweak Phase Transition atny = mwy?

K. Kajantie!> M. Laine; K. Rummukainert,and M. Shaposhnikdv
ICERNTH, CH-1211 Geneva 23, Switzerland
2Department of Physics, University of Helsinki, P.O. Box 9, 00014 Helsinki, Finland
3Institut fir Theoretische Physik, Philosophenweg 16, D-69120 Heidelberg, Germany
“Department of Physics, Indiana University, Swain Hall West 117, Bloomington, Indiana 47405
(Received 10 May 1996

We provide nonperturbative evidence for the fact that there is no hot first or second order electroweak
phase transition at large Higgs masseg, = 95, 120, and 180 GeV. This means that the line of first
order phase transitions separating the symmetric and broken phases angnhal$ an end pointiy ..

In the minimal standard electroweak thedy < my,. < 95 GeV and most likelyny . = 80 GeV. If

the electroweak theory is weakly coupled and the Higgs boson is found to be heavier than the critical
value (which depends on the theory in question), cosmological remnants from the electroweak epoch
are improbable. [S0031-9007(96)01335-X]

PACS numbers: 11.30.Qc, 11.10.Wx, 11.15.Ha, 98.80.Cq

The transition between the high temperature symmetric Since the effects of the U(1) subgroup are perturbative
(or confinement) phase and the Idwbroken (or Higgs) deep in the Higgs phase and high in the symmetric phase,
phase in the standard electroweak theory (MSM) or itghe presence of the U(1) factor cannot change the quali-
extensions is known to be of first order for small valuestative features of the phase diagram. Thus we shall take
of the Higgs massny. This follows from perturbative sinHW = 0. The effective Lagrangian is

studies of the effective potential [1] and nonperturbative, Ga G4 + (D HD.b) + medtd + r(dTd)?
lattice Monte Carlo simulations [2—4]. In the region of (Di¢)!(Dig) + m3d e + As(d d))l’
applicability of the perturbative expansion the strength of (1)

the electroweak phase transition decreases whgrin-  where G;; is the SU(2) field strength¢ is the scalar
creases. However, the nature of the electroweak phastoublet, andD; is the covariant derivative. The three
transition at “large” Higgs massesy; = my remains un- parameters of the 3D theory (gauge coupligly scalar
clear, since the perturbative expansion for the descriptioself-coupling A3, and the scalar mass&3) depend on
of the phase transition is useless there. This Letter corfemperature and on the underlying 4D parameters and can
tains the results of the first nonperturbative lattice analysibe computed perturbatively; the explicit relations for the
of the problem for “large” Higgs massesy; = 95, 120, MSM are worked out in [3] and for the MSSM in [6].
180 GeV. We shall show that the system behaves very The phase structure of the theory (1) depends on one
regularly there, much like water above the critical point. dlmenS|onIess ratioy = A3/g3. Indeed, the dimension-
As there is no distinction between liquid water and vaporful coupling g3 can be chosen to fix the scale, while the
there is no distinction between the symmetric and brokerhange of the second dimensionless ratier m3(g3)/g3
phases; there is no long-range order. corresponds to temperature variation. kor> 1 (large

In Ref. [3] it has been shown that in a weakly coupledT) the system is in the strongly coupled symmetric phase,
electroweak theory and in many of its extensions (superwhile aty << —1 (low T) the system is in the weakly
symmetric or not) the hot electroweak (EW) phase transieoupled Higgs phase. Insteadofindy, we use a more
tion can be described by an 81) X U(1) + Higgs model physical set of variableg:;; and T* in presenting our
in three Euclidean dimensions. Dimensional reduction hasesults below. The parameter;; is the tree-level Higgs
its own limitations, described in detail in [3]. For example, mass in the 4D S(2) + Higgs theory, and™ is the tem-
for the MSM the 3D approximation is accurate to within a perature there. The explicit relationship betwéery) and
few percent for30 < my < 250 GeV. At the lower end (my, T*) is given byx = —0.00550 + 0.126224%, y =
of this inequality the high temperature expansion break®.398 18 + 0.155 4542 — 0.001 90h* — 2.580 88(my;/T*)?,
down because the phase transition is very strongly firstvhereh = my;/80.6 GeV. For large Higgs massesy
order and particle masses in the broken phase-dfg¢5].  is close to the physical pole masgg; in MSM [3].
The upper end is the usual condition for the applicability An essential point in understanding the phase structure
of perturbation theory in the scalar sector of the MSM. Inof the theory is the fact that the 3D &) + Higgs theory
the minimal sypersymmetric standard model (MSSM) the(as well as the underlying electroweak theory) does not
latter condition is satisfied automatically. Hence, the 3Dhave a true gauge-invariant order parameter which can
description is valid for a wide range of the phenomenologi-distinguish the high temperature symmetric phase and the
cally interesting part of the parameter space of the MSMow temperature Higgs phase [7]. There is no breaking
and MSSM. or restoration of the gauge symmetry across the phase
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transition, just because physical observables are always A study of 1-loop gap equations for the &) + Higgs
gauge invariant. theory argues in favor of a finite value of [11]. How-

In non-Abelian gauge Higgs theories on lattice, withever, the analysis relies on the applicability of perturbation
matter in the fundamental representation and a fixed lengttiheory near the phase transition point. This is known to
of the scalar field, the Higgs (weakly coupled) and sym-break down aing ~ my.
metric (strongly coupled) phases are analytically connected In this Letter we present strong nonperturbative evi-
[7]; this was already seen in early lattice simulations [8].dence for the fact that the line of first order phase tran-
This suggests the phase diagram on the ) (Higgs mass, sitions has a critical end point at a finite value xof
temperature) plane shown in Fig. 1. The knowledge 00.09 < x. < 0.17, and most likelyx. = % In terms of
the phase diagram and the valuexpfis essential for cos- the physical Higgs mass in the MSM this means that
mological applications. Ik. = «, the electroweak phase the phase transition ends betweep = 70 and95 GeV,
transition did occur in the early Universe at the electrowealprobably neamy = 80 GeV.
scale independent of the parameters of the electroweak the-When my = 70 GeV, both 3D and 4D [2,3] simula-
ory. This means that substantial deviations from thermadions have established the first order nature of the transi-
equilibrium took place at this scale, which might leavetion. The transition becomes weaker with increasirjg,
some observable remnants such as the baryon asymmgnd atny,+ ~ 80 GeV the simulations have not been able
try of the Universe (for a review see [9] and referencego fully resolve the order of the transition [3,4]. Distin-
therein). In the opposite case of a finitethe EW phase guishing a weak first order transition from a second order
transition never took place for a region of parameters obne is a very difficult task, often requiring prohibitively
the underlying theory; any remnants from the electroweakarge lattice volumes.
epoch would then be unlikely. To answer the question whether the transition ends near

There were up to now no solid results on the phase stru®0 GeV or continues as a weak transition we perform
ture of the continuum 3D (and, therefore, high temperaturgimulations atny; > 80 GeV. If the transition isabsent
4D) SU?2) + Higgs theory. Various arguments in favor in this region, the system behaves completely regularly,
of and against finiter. are listed below. which is relatively simple to resolve with lattice Monte

(1) x. = «? The limitx — o corresponds formally to Carlo methods.
g3 = 0, i.e,, to the pure scalar model with SU(2) global In the present analysis we use previously published
symmetry. The latter is known to have a second orderesults atmy; = 35-80 GeV [3], and add new simula-
phase transition, suggesting that= o in the SU2) +  tions atmy = 95, 120, and 180 GeV. Fomjy = 120
Higgs theory. and 180 GeV we use two lattice spacingsorrespond-

The e expansion also predicts a first order phase transiing to gauge coupling@; = 4/(g3a) = 8 and 12. For
tion for any finite value ok, suggesting that, = ©[10]. 120 GeV we use 6 volumes23’—64° and for 180 GeV
However, it relies on the hope that= 1 is small and, 5 volumes12?—40* for both values of;. For my =
therefore, is not conclusive. 95 GeV we have 6 volumes up t66° at B = 8. The

(2) x. = finite? The absence of a true order parameteMonte Carlo program uses an optimized combination of
for the gauge Higgs system is certainly consistent wittheat bath and special overrelaxation updates [3]. The
a finite x.. Moreover, because there is no symmetrysimulations were mainly performed on a 4 processor Cray
breaking, the existence of a line of second order phas€90. The number of new “runs”—combinations of lattice
transitions starting at. is very unlikely. However, the sizes and coupling constants—performed for this analysis
proof that the Higgs and symmetric phases are analyticallis 251 (in addition to the 190 old runs af; = 80 GeV),
connected [7] refers to a lattice system with a finite cutoffwith a total CPU time of~1100 Cray CPU hours.
and is not applicable to the continuum system we are Among the many widely used tests of the order of
interested in. the transition we shall use here (l) the finite-size scaling

analysis of the order parameteér’ ¢ susceptibility and
= (I the analysis of the correlation lengths. We define the
\ ~~ < _upper metastabily ne dimensionless T ¢ susceptibility

y <
~~< x =aVl@te — (1)), V(gd) = @N/Be),
T~ - 2
—=- critical point . .
,,,,,,,,, and measure it as a function @f. For each volume/
,,,,,, lower metastability line we find the provisional “transition temperaturg’ where
Xe x attains its maximum valuey.x. According to the
[ standard finite-size scaling analysis [12], there are now 3

0 X infinity distinct possibilities: (a) In a first order phase transition the

1. - . -
FIG. 1. A schematical phase diagram for the(SU+ Higgs order parametefs ' ¢) has a discontinuous jumpy, and

theory. Solid line is the phase transition and dashed linestmax * VA%/:- (b) In a second order transition displays
indicate the metastability region. critical behavior, andym.x « V7, wherey is a critical
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exponent. It is not excluded thgt= 0 for some choices tihistogram technique. This allows us to combine several
of the order parameter. (c) If there is no transitignis  runs around the peak together; as an example, Fig. 2
regular and remains finite whéh — <« (on a system with  shows the individual simulation points fd83, 643. The
periodic boundary conditions). error analysis is done with the jackknife method.

First we locate ymax approximately by investigating Themy = 120 GeV, B¢ = 12 case behaves quite simi-
a wide range of temperatures with small lattices, andarly to the 8; = 8 data shown here, as do the; =
perform a series of simulations around the maximunmd5 and 180 GeV cases. The maximum valugs for
with progressively larger lattices. Figure 2 shoy*)  different my; are shown as a function of in Fig. 3.
measured from a series of lattice sizes gy = 60 and  For mj; = 35, 60, and 70 GeV we use 3 different lattice
120 GeV, Bg = 8. Inthemy; = 60 GeV case we observe spacings B = 8, 12, 20); no systematic finite lattice
[3] that the quantityym.x/V approaches a constant when spacing effect can be observed (the scattermi =
V — o« and the width of the peak of (T*)/V decreases. 60 GeV is due to the large variation in lattice geometries:
This is a clear signal of a first order transition (asymmetricsome volumes are long cylinders, some cubes).
lattices were used for interface tension calculations). The pattern of Fig. 3 very clearly suggests that the

The situation is markedly different whemy =  behavior of the system changes aroung = 80 GeV
120 GeV: now the value Ofmax grows very slowly when from a first order transition to no transition or a second
V increases and, within the statistical accuracy, approachesder phase transition with small or zeyo At the critical
a constant. The/(T™) data still display an unambiguous point, we cannot yet discern the true valueafas an
peak atT; ~ 213 GeV, signaling that the provisional example we plot the mean field valu¢2in Fig. 3. A
transition has turned into a sharp—but regular—crosssecond order transition aty; > 80 GeV can be ruled
over. WhenT* > T the order parametétpt ¢) remains  out by the study of the correlation lengths of the gauge-
small, and wherT™* is decreased beloW;, (¢t ) starts  invariant composite operators, describing scatay &nd
to increase rapidly. vector (V) excitations,m = ¢pt¢p, V; = iptD; .

The continuous lines with the error bands in Fig. 2 If the transition is of second order, the jump of the
have been obtained with the Ferrenberg-Swendsen mubrder parameteto ! ¢) vanishes together with the mass

of the scalar excitation. At the same time, the vector

0.20 ' ' correlation length may remain finite at the transition point,
12 m*y =60 GeV B, =8 making the resolution of the nature of the transition to be
0.15 - numerically very difficult because of the hierarchy of the
x masses. A signature of this situation is a drastic increase
o 0.10 of the scalar correlation length at some).
&V " If, on the contrary, there is no transition.at> x., then
all the correlation lengths of the system are finite, and
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FIG. 2. The¢'¢ susceptibilityy atmj, = 60 and 120 GeV 10° & o0 O DOGLO-O-mememee
plotted as a function of* around the maximum for lattices = L o s
of various sizes. Note that the 60 GeV plot showslivided 10 10 10 10
by the volume. The continuous lines with error bands result volume/(g,)*

from multihistogram reweighting; the individual Monte Carlo . .
simulation points are shown fot8®> and 60° lattices. The FIG. 3. The maximum valueg,,. for different my as a
maximum valuesym., are plotted in Fig. 3. function of V. The dashed lines areV, V%3, V",
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expectation values of different gauge-invariant operatorsiot a lattice artifact and persists in the continuum limit.
are continuous functions gf. After some minimum size, The absence of (nearly) massless modes guarantees that
finite volume effects become negligible. In this casethe qualitative conclusions cannot be changed by the
a reliable lattice Monte Carlo analysis, which is hardlyinclusion of higher order corrections coming from the
possible to carry out neat, becomes comparatively quite procedure of dimensional reduction. The conclusions are
simple. hence valid for the 4D high temperature theory, as well.

In Ref. [3] we carried out the correlation length analysis A long distance effective field theory near the critical
for my = 60 and80 GeV. Formy = 60 GeV, a jump point my = 80 GeV is likely to be a single component
of the scalar and vector correlation lengths, typical of firstscalar model. This suggests that the critical point is of the
order transitions, was clearly seen. Foi = 80 GeV,a 3D Ising type. The explicit mapping of the couplings of
powerlike decrease of the mass of the scalar excitatiothe 3D SU2) + Higgs theory to the standard parameters
with no change of the vector mass across the criticabf the Ising model (external field and temperature) is a
region has been observed within error bars [3,4]. complicated nonperturbative problem not attempted here.

In contrast, the scalar and vector masses behave To summarize, we demonstrated that the Higgs and
smoothly formy = 120 and 180 GeV and are nonvan- confinement phases of 3D &) + Higgs theory can
ishing (Fig. 4). This signals the absence of first or secontbe continuously connected. This means that the phase
order phase transitions. Within the statistical accuracytransition in weakly coupled electroweak theories is absent
the masses and the susceptibiljpy are independent of in a part of their parameter space. For the minimal
the lattice spacing, showing that the observed behavior istandard model the critical value is neagy = 80 GeV.

We are grateful to Peter Arnold for helpful comments.
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