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Abstract
We explore the possibility that SU(@)was not an exact symmetry at all times in the early universiaguminimal extensions of the standard
model that contain a color triplet scalar field and perhapgrofields. We show that, for a range of temperatures, therexiat a phase in
which the free energy is minimized when the color tripleiachas a non-vanishing vacuum expectation value, spootshebreaking color.
At very high temperatures and at lower temperatures colomsgtry is restored. The breaking of color in this phase i®@aqmanied by the
spontaneous breaking & — L if the color triplet scalar Yukawa couples to quarks andéptdns. We discuss the requirements on the minimal
extensions needed for consistency of this scenario witbgpritecollider bounds on new colored scalar particles.

I. INTRODUCTION rameters of the scalar potential when one invokes the scalar
superpartners of the right-handed top quarks to obtaimagtr

The di fab ith GeV at first order EWPT. In this case, the universe transitions to
€ discovery of a boson with mass aro eva a color-conserving EW vacuum is that metastable, and for

]tche Larghei Hadro_nt C(:Ilid_tehr t(rI]‘HC) Whoste Orlir]copeﬂr]tiesstaredso sufficiently light Higgs boson, remains there as the rate
I\E/Jllr (SO?QSI\)//I Cg.‘s's etr)w Wi 1 ;sed%xpec € O(rj'b'le't tanthar r tunneling to a deeper CoB/ChB vacuum is adequately
odel (SM) Higgs boson[1, 2] adds new credibility to the suppressed[12]. It has been proposed in Ref. [13] that the

_par:_aldigm of scala_r field-driven spontaneous symmetry breal nergy of a color-conserving EW false vacuum may be re-
ing in the early universe. In the Standard Model Higgs mech;SIOOnSibIe for the cosmic acceleration.

anism paradigm, the electroweak SY(@W(L)y symmetry It is possible, however, that the early universe underwent

breaks to electromagnetic Ugh)y symmetry in a single ste
gnetic Ugh) sy y! g P an epoch when SU(8)was spontaneously broken but later

at atemperaturd; ~ O(100) GeV. Monte Carlo studies indi- d T knowled h . h ical
cate that if only SM fields are present, the electroweak phasreestore - To our knowledge, there exist no theoretical-argu

transition (EWPT) at these temperatures would be cross ovdpents or experimental observations that would precluds thi

for a Higgs boson with mass indicated by the LHC observapOSSibi"ty' If realized, it would mean that t.oday’s Sym'“@
tion [3-6]. In this case, one would expect little else in theneed not have been present at all times in the early universe,

way of other cosmological implications or related experme contrary to the conventional picture_ in which symmetries ar
tal signatures, such as the production of relic gravity wave only lost and not re_stored as the universe cgql_s.
were the EWPT to have been first order. We are not the first to consider the possibility that part of
the the zero temperature unbroken gauge group of the stan-
dard model or other gauge theory might have been broken in
the early universe. Weinberg first observed that in the conte
‘of an O(n)xO(n) gauge theory, one may encounter a transi-
tion to a state of lower symmetry O(r}D(n)— O(n)x O(n-1)
With increasingl’ [14]. Langacker and Pi subsequently ap-
plied this idea to show how breaking of Ugl) and its sub-
equent restoration could provide a solution to the moreopol
roblem in grand unified theories (GUTSs) [15]. The authors
f Refs. [16, 17] proposed an alternate solution for an SU(5)
UT that relied on non-restoration of the symmetry at high-

in the presence of a suitable scalar representation of tngega

cases, the focus has been on EWSB while avoiding the Iosgc,r o .
. oup. Similar ideas were explored for spontaneous bregakin
of SU(3). that is known to be a good symmetry today. In of CP-invariance in Refs. [18, 19]. For the specific case of

the minimal supersymmetric Standard Model (MSSM), forg3) . “the authors of Ref. [20] studied the possibility that
example, the avoidance of color-breaking (CoB) and charge; g phase preceded the color-conserving EW phase in the
breaking (ChB) vacua imposes severe constraints on the p

f1SSM and found that without the introduction of additional
interactions, a universe that cooled into a CoB phase would
always remain there.

“Electronic addreshhpat el @i sc. edu In this note, we demonstrate how SUfdjreaking fol-
tElectronic addresstj r m@hysi cs. wi sc. edu lowed by its restoration might arise, using minimal extensi
Electronic addressm se@ heory. cal t ech. edu of the SM scalar sector. We further show that this scenario

Itis interesting, then, to ask whether electroweak symynetr
breaking (EWSB) needs to have followed the simple trajec
tory implied by the SM. For many years, theorists have ex
plored the possibility that the presence of additional acal
fields might change the character of the EWPT, making i
strongly first order as required for electroweak baryogisnes
or the generation of potentially observable relic gravigves
(for a recent review and references, see Ref. [7]). In most o
these studies, electroweak symmetry breaking (EWSB) stil
proceeds through a single step, though a few studies of mu
tistep transitions have appeared in the literature[8—lll



may be realized without the occurrence of a metastable CoBISSM with perturbative computations suggest that thedatte
vacuum atl’ = 0. We also outline some of the phenomeno-can faithfully reproduce the parametric dependence ofg@has
logical consequences and constraints, focusing on twe@feprtransition dynamics even if perturbative results for thid-cr

sentative cases corresponding to the SM plus: cal temperatures, latent hedl;. are not numerically accurate
) ] (for a detailed discussion, see Ref. [23]). Thus, we suspect
(a) asingle multiplet of sub-TeV colored scalars the viability of a period of color-breaking and restoration

the minimal models discussed here — as well as the general
behavior of this possibility as a function of the variouseint
actions — should hold after inclusion of higher-order citmotr

In both cases, the basic mechanism for achieving the novélons or completion of non-perturbative computations.
pattern of symmetry breaking where color is broken in an in-_ Our discussion of this paradigm is organized as follows. In
termediate phase involves a negative mass-squared term f8ection Il case (a) is analyzed in detail, while in Sectidn I
the colored scalar in the scalar potential. A positive dontr We treat case (b). We summarize in Section IV.
bution to itsT = 0 physical mass squareghZ, is generated
by quartic terms of the forn@’"Cy' ¢, wherey denotes one
of the other scalars in the theory such as the Higgs doubldt TWO FIELD SCENARIO
H or S. Provided the product of the associated quartic cou-
pling and square of the vacuum expectation value (vew) of ~ To set the notation, we first consider case (a) Witbeing
is sufficiently large af” = 0, the positive contribution te:2, ~ an SU(3} triplet. In order to avoid the possibility of stable
overwhelms the negative bare mass squared term, leaving e@lor triplet scalar degrees of freedom the fi€ldmust be
least a local minimum where color is unbrokerifat= 0. If ~ charged under SU(2)x U(1),- to permit couplings to SM
the vev ofy falls sufficiently rapidly ag” increases, an inter- fermions. For example th€ could be an SU(2)doublet with
mediate phase where the minimum of the free energy break¥yperchargd@” = 7/6. Then it has the following Yukawa type

(b) a single multiplet of colored scalars, as well as a
gauge singlef

SU(3). can exist. interactions with the quarks,
For case (ap is the Higgs doublet and we find that in order - _
to maintain perturbative couplings, the colored scélazan- Ly = CurgurLr + CQrgqeer + hoc.. (1)

not be too heavy. Constraints from LHC new particle searches
then imply that its couplings to first and second generatidn S

fermions must be suppressed. Case (b), whepsamthe sin- :
glet, allows one to avoid this requirement by pushing theﬂnasbe. such that the dominant de_cay made of the colored _sc_alar
C'is to a top quark and an anti tau lepton, thereby alleviating

of C' above present LHC bounds while maintaining perturba- . I
tivity. This is possible because the vev®tan be larger than present LHC constraints on new colored scalars. Assigning

the Higgs vev, allowing it to give the dominant positive apnt a baron numbet /3 to C' the tree level lagrangian conserves

bution to then?,. As we discuss below, for this case the region baryon numbek .

of parameter space that achieves a CoB phase for a range ofTO make the_anaIyS|s of t.he p_hase structpre of the th_eory as
temperatures is restricted not so much by present phenomen%'mple as possible we conS|_der instead the |II_ustrat|VEaBQn
logical constraints but by the behavior of the scalar paaént whereC is an electroweak singlet but color triplet. Then it has

as a function of . Nevertheless, both cases illustrate the morac-inO renormalizable interactions with quarks and leptons, an
general possibility of the novel symmetry-breaking pattef he most general gauge invariant renormalizable potestial

Here we have suppressed the color, weak isospin and flavor
indices. The Yukawa coupling matricgs. and gq. could

interest here and the considerations that determine itslvia Ay
ityl. At the end of this note, we comment on other variants V = —ph(H'H) — pg(CTC) + 7(HTH)2
that may lead to a similar symmetry-breaking pattern. Ao
Before proceeding, we emphasize that the exploratory na- + 7(0T0)2 + A gc(HTH)(CTO). (2)

ture of our study. As with any analysis of the phase history of

the universe in perturbation theory, one should take theigge \We take all the parameterd;, uZ, and\ g, ¢, mc positive.

numerical results with an appropriate grain of salt. Intagc  The7 = 0 vacuum structure follows from the minimization
of the non-restoration of SU(5) gauge symmetry note abovesonditions:

for example, the work of Ref. [21] indicated that inclusion
of higher-order contributions to the effective potentialikl oV/deT =0 for o=H,C . 3)
modify conclusions based on one-loop resuldn the other

hand, comparison of lattice results in the standard modl anFour possible stationary points emerge, with the corregpon
ing vacuum energies labeldd,, witha = {0, H, C, HC}:

1In analyzing these cases, we have not imposed any requiteroarthe
character of the phase transitions. Instead, we simplyesdrate on the 3 Non perturbative quantum effects violate this symmetryabse it is

possible existence of a CoB phase that is subsequentlyedsto anomalous.
2 For a study of the impact of two-loop effects with coloredlaaon char- 4 1f the C were also a weak doublet, other terms &2 HC'TrC would
acter of an EWPT, see Ref. [22] appear in the scalar potential.



() H = C = 0 with energyEy = 0. This is always a lo-

If the color triplet complex scalar has generic decay modes

cal maximum since very small fluctuations in the fieldsto light quarks and leptons, LHC data implies that its mass
about this point contribute negatively to the potentialmust be greater than abo0 GeV. Eq. (13) then implies

energy.
(I Break SU(2) but not SU(3): (H) = (0, vy)" and
(Cy = 0. Solving Eq. (3) gives
2
o
Vi =5 (4)
with vacuum energy density

4
Ky

Eg = ——=> 5

H g (

(1) Break SU(3} but not SU(2) x U(1)y: (H) = 0 and
(C) = (0, 0, vc)T, where, without loss of generality,
we have taken the third component©fto acquire a

vev. Then SU(3) is spontaneously broken to an SU(2)

that Ay is greater than about, taking us into the strong
coupling regime.

In addition, stationary points Ill or IV may also be min-
ima, with positivity conditions. For purposes of illusirat,
we consider the positivity conditions for Ill, denoting tber-
responding scalar masses at this poinfias andm:

MYy = — i + Arc vE = —Agvh + Aucvd >0 (14)
ng = 2uf = 2\cvg > 0. (15)

Again, the (15) is trivially satisfied, while (14) impliesah

2 2. e 2 _ 2
mi < 2 \gcvd = f;guc _ 2dacAuovy —me)

(16)

color subgroup so that in the broken phase there are

still three massless gluons but five that get mass by the
Higgs mechanism. The solution of Eq. (3) then implies

vg = £ (6)
with energy at the stationary point

_ o H
(IV) Break both SU(3) and SU(2) x U(l)y: (H) =
(0, vg)T, and(C) = (0, 0, vc)T, with

Aepd; — Nao AHUE — NpC i

2 2
= = 8
YH T T e = N O T T g = 2. ®
leading to an energy density
1 cpd + Agpd —2X 2 2
Eyo = —~ CcHy HHC HC P o . (9)

2 AiAe — Ay,

A. Symmetry breaking at finite T’

We now determine the conditions under which extremum
II'is the absolute minimum & = 0 but either extrema Il
or IV evolves to an absolute minimum @sis raised. To that
end, we first determine the temperatufésabove which ex-
trema disappear along th¢ andC directions. For purposes
of both simplicity and intuition, our analytic work is based
the highT” effective theory, wherein the effects of temperature
are to replace the coefficients of the quadratic terms inréree f
energy by their Debye masses.

A A 3g2

o g (M, dac 363w

i (T) = sy -7 (24 2404 22 1)
A A 2

pe(T) = pg =17 <§ ot %3> (18)

We have omitted the small hypercharge contribution?d7")
and replaced the top quark mass with the Higgs vev using the
relationm,; = y,vy. Symmetry will be restored along thé

The absolute minimum must correspond to stationary poinf"dC directions for7" > 77 andT¢, respectively:

11, implying first that the eigenvalues?, andm?, of the mass-
squared matrix, which follows from second derivatives @ th
potential, must be positive & = 0 andvy = pn /v An:

mi = 2u% =2 vy > 0 (10)
mé = —pi + Agcvy > 0 (11)

The requirementin Eq. (10) is trivially satisfied while Egj1]
constrains the parameters in the potential to satisfy,

AHCUY > g - (12)

Eq. (11) places the upper bounden: as a function oh g¢,

me < (\/ /\HC)UH ~ (174 Ge\/)\/ AHC - (13)

(T})* = s (19

Ao 4 Awe 4 393 | uP
(4+ 1+ t96 T4

2 1
(Te)” = + AC AN (20)
(% + 242+ %)

To obtain the pattern of symmetry breaking in which we
are interested, we must have: (a)Zat= 0 the stationary
point of lowest energy has SU(2x (1)y spontaneously bro-
ken and (b)T;; < T¢ so that there is range of tempera-
ture whereuy (T)? is negative and.2 (7)) is positive. For
temperatures in this range color is spontaneously broken bu
SU(2) x U(1)y is not.



The condition on the temperaturég  and Eq. (12) leads  As expected from our general discussion abeng, must be
to relatively light, while ¢ is relatively large and may even be-
9 9 come non-perturbative. By increasiig ¢ the upper limit on
AHVE < 3pc me increases, as we expect from Eq. (13). From Eq. (24), we
(Awr +Agc +395/4+y7) — (Mo +Auc/2+g3) also anticipate that as one increadgs-, the lower limit on
6oV Ac increases as well, a trend we see by comparing the left and

21 . : o .
< (2Ac + Amc +242) (21) right panels of Fig. 1. In short, it is not possible to make
arbitrarily large without entering the realm of non-pebtative
or quartic couplings.
2\ + Amc + 243 6\ me 27 It is co_nceivablg that a heavier colored scalar with non-
N+ Aic + 392/4 + y2 PV R (22) perturbative couplings can lead to the pattern of symmetry-

breaking we are interested in, though we cannot say so with
Setting A\ ~ 1/4 as implied by the observed Higgs mass confidence based on our perturbative analysis.nkeron the

Eqg. (22) then implies order of a few times the weak scale, one must confront the
present LHC limits on the existence of colored scalars, Wwhic
2Xc + Amc +265 62 (23)  are generally precluded forc < 600 — 900 GeV, assum-
14+ Age + 393 +4y? ~ He: ing they are pair produced (strongly) and decay semileptoni

cally (e.g., first- and second-generation leptoquarks [24—26]).

An exception occurs when the scalar couples strongly only to

Now consider the requirement that at zero temperature thgyir generation fermions, as the corresponding masssimit
energy of the stationary point with only the Higgs getting a ;e considerably weakee.. see Refs. [27, 28] for third gen-

vacuum expectation value must be less than the stationaiyaiion |eptoquarks). We defer the corresponding phenomen
point with only the colored scalar getting an expectatidoea logical analysis to a future study.

In short,\ o cannot be arbitrarily small.

This gives,
[Eul > |Ec|
4 2 2\2
or m2H > (2Ach;j\{—mc) (24) Ill.  ADDING A SINGLET
c

To avoid a light colored scalar or non-perturbative cou-
plings, we augment the field content by a real scalar singlet
S whose non-zero vevg at7 = 0 generates an additional
contribution to colored scalar mass-. Since the singlet vev
is not connected with the weak scale, it can be as large as
needed to increase.c without strong coupling. The most
general extension of the potential in Eqg. (2) is obtained by
adding the potential

Thus, for a given colored scalar masg: and g ¢, the col-
ored scalar quartic self-coupling also cannot be arbitrarily
small.

To illustrate the range of\¢, Ay, andm¢) that sat-
isfy the requirements (22)-(24), we plot in Fig. 1 the result
of a scan ovet\¢ andm for two representative values of
Agc. In doing so, we have employed the full one-loop ef-
fective potential that includes the Coleman-Weinberg teain
T = 0 and the finite?" contributions without adopting the

high-temperature expansion. We have analyzed the evolutio AV = _“_%52 + )‘_554 +Auc(H H)(CTO)

of the extrema in a way that maintains gauge-invariance, fol 2 4

lowing the approach outlined in Ref. [23]. The yellow ar- AHS (1ot iy 02, ACS vt a2

eas correspond to regions where the EW phase is absolutely + 2 (HTH)S™ + 2 (c1)s

stable, and the CoB is a saddle point. In the blue area, the + 6_553 +ecCtOS +eyHIHS (25)
EW phase is still absolutely stable, but the CoB becomes 3

metastable (no longer a saddle point). Outside these two re-
gions (white), the EW vacuum is metastable with the CoBAgain we take theu*'s and theX’'s positive. The analysis
phase absolutely stable. For values of the parameters i®f the vacuum structure at zero and finite temperature is con-
side the yellow hatched region the universe first cools intgsiderably more complicated due the addition of a new scalar
a CoB minimum, followed by a transition to the EW, color- degree of freedom. We now highlight key points, while im-
preserving vacuum at lower temperatures. On the other han@0sing a few simplifying assumptions.
inside the blue hatched region it is possible that the us&ver  In the color unbroken phase, with bath andvy non-zero
tunnels from the metastable CoB vacuum to the stable EVét zero temperature, the mass of the colored scalar is given b
phase if the tunneling rate is sufficiently large.

For purposes of illustration, we focus on the yellow shaded 9 9 9 cS o
region, wherein color-breaking occurs at moderately high mo = —pio + Ancvy + 5 Vs tecus
temperatures and notat= 0. We find that for fixed\ g, we
must look to fairly high\¢ to find phase transitions involving By puttingec = es = ex = 0 (corresponding to a discrete
a CoB phase inthe early universe. #g: is parametricallyin- 75 : S — —S symmetry), it is straightforward to obtain ex-
creased, the required; to obtain a CoB transition is reduced. pressions for the singlet and Higgs vevs in terms of the model

(26)
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FIG. 1: Regions in parameter space where color is broken assllly subsequently restored in the early universe. Gtlading indicates the
vacuum structure at zero temperatuyellow representing the region where SU{3)reaking phase is tachyonic, abldie indicating regions
where SU(3) breaking phase is metastable. In thlgite regions, the standard electroweak phase is metastabl&S @), breaking phase
is stable. Fo(mc, A¢) inside the yellow hatched area, the universe first coolsantolor-breaking phase, followed by a transition to the
color-preserving EW phase. For the blue hatched regioryrtherse may remain in the color-breaking phase. Left panfelr Az = 0.9,

and right panel is foA ¢ = 1.0.

parameters:
v} — [HAHS — A
)\%IS/2 — Ay s
2 N%')‘HS/2 - /L%{/\S
'UH =

X2, o /2= Aihs

We can simplify the analysis further by decoupling the

(27)

(28)

Higgs doublet from the other scalars by settings =

Agc = 0. Then the problem of studying the vacuum structure

resembles that of section Il, where the fields were flisind
C, but in this case, with the singlét now playing the role

of H. Sincewvg is not constrained by weak interaction phe-

nomenology it may be much larger thag, allowingm¢ to

be greater than- 1 TeV [via Eq. (26) ] without the coupling

Acs becoming nonperturbatively large.

The presence of the additional couplings in Eq. (25) wil
modify the finiteZ" masses of the scalar fields. Again, for
simplicity, we first set the cubic couplings to zero. One the

2
i
1)

has (restoring dependence bas andA g ¢)

A AHC | AHS
2 T) = 2 _T2 M H2o
Ac | AHC | Acs
T)=p2 -2 (28 L 2HC | A0S | 03
() =y - 7 (38 4+ 20 4 208

Acs
2 T) = 2 T2 o Mo oo .

32
Aus 393
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FIG. 2: The free energy for the color-breaking (CoB) and Sktel

|troweak (EW) phases in th&>-symmetric limit, as a function of

temperature T. Within this class of parameter choice, tisaeé pat-
tern of parameter breaking does not happen.

n

From these results, we observe that it is generally diffigult
obtain the pattern of symmetry-breaking that we seek. In gen
eral, there can exist several vacud/at= 0, some of which

will break SU(3}. but not SU(2), others breaking SU(R)

and not SU(3), and still others breaking bothv{ may be
non-zero for one or more of these cases). On the one hand,
the color-preserving EW vacuum must have the lowest energy
atT = 0. In order that a CoB vacuum be the state of low-
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As=0.01, Acs=0.1, es=6.1 GeV,e;=—300 GeV 3x 102 F
3x10% ¢ 1 2x 1012}
P i
L 2x10%f ] 3 1x102
S e ‘
@ 1x 1082 | - . = 0f ,
e H > :
s 0 | T¢ -1x10% r Terit ]
-1x 1012 r Tcrit ] 2% 1012 I ; . . L . J
102 0 500 1000 1500 2000 2500 300C
- >< = I L L L L 1=
0 500 1000 1500 2000 2500 300C T (GeV)
T (GeV)
Acs=0.12
FIG. 3: The free energy for the color-breaking (CoB) and Shtel :
troweak (EW) phases as a function of T for non-z&kobreakinge 3% 102 ]
parameters. For the choice of parameters labelled abovigtire, X ]
the critical temperature i8..i; ~ 1550 GeV 2% 1012 F ]
1x1012 o ]
. _ R
est energy at some finitg, the energy of the color-preserving 0 | ]
vacua must rise more quickly that that of the CoB vacuum, as _1x10i2t ]
T is parametrically increased. On the other hand, we see that : Terit ]
9 . . _ o2 : ‘ ‘ ‘ ‘ ‘—
pe. g (T) will typically decrease compared 1% (T) partly 2x1
because of its dependence on the gauge couplings. Conse- 0 500 1000 1500 2000 2500 300C
quently, as EW symmetry is restored, the color-preserving T (GeV)
vacua withvs # 0 is more likely to emerge as the state of
lowest energy than a CoB vacuum. FIG. 4: The free energy for the CoB and EW phases as a function o

This situation is illustrated in Fig. 2, where we show theT for the same choice of parameters as in Fig. 3, but with d¢ogpl
temperature evolution of the CoB and EW extrema for a repconstanttop panel: Acs = 0.08 andbottom panel: Acs = 0.12
resentative choice of parameters. While the EW vacuum i&aisingAcs has the effect of lowerin@zi and lengthening (in tem-
the absolute minimum & = 0, we observe that one &8 perature) the duration of spontaneous color-breakingdamegrly uni-
increases SU(3)is restored long before EW symmetry is re- V€€
stored, so that there is never a period when color is broken.

The inclusion of non-zero cubic terms in the potential (25)— ) ) )
thereby explicitly breaking th&, symmetry—can modify this P& seen by following the curves from right (high-to left
situation by raising the critical temperatufg relative to that ~ (I0w-T). At high-T', the symmetric phase, corresponding to
of the EW and singlet vacua (For an analogous study of thé’ = 0 is the absolute minimum. Belo®;, the CoB mini-
impact of tree-level cubic terms, sesy. Ref. [10]). This Mum takes on negative energy and a transition occurs to the
happens fol\cs positive as we have chosen it to be. In this CoB phase. Below the intersection point of the blue and red
case, the energy of the EW minimum becomes larger than th&Hrves ' = Te:ir), the EW minimum has lower energy and a
of the CoB minimum forT..;;. For a range of temperatures transition to this phase occurs.
satisfyingTe.i < T' < T, the CoB extremum becomes the A comprehensive study of the parameter space for this
state of lowest energy, while faf > 77, SU(3). symmetry — multi-field scenario goes beyond the scope of the present
is restored. work, where we seek to illustrate the basic mechanism.

This situation is illustrated in Fig. 3. Here, we show Nonetheless, we have studied the dependence of this pattern

the temperature-evolution of the free energy for the phase@n some of the parameters in the potential. Consider chgngin
involved in the transition for two illustrative parameter the value ofAcs. The plots in Fig. 4 show the impact of in-
choices. The corresponding scalar massegraie, mg) ~  creasing or decreasing this coupling)/s. Over this range
(1660, 730) GeV. Since we have set the terms that couple thel crit increases ascs does. Note also that the color break-
Higgs doublet to the fields' andC to zero in this example, N9 phase exists over a wider range of temperaturés.gss

we can increase the valuesmf: andmg by scaling up the increased.

dimensionful parameterg? anduZ, es andec . The evo- With the inclusion of new scalars that are considerably
lution of the EW and CoB minima are indicated by the blueheavier than the electroweak scale, one has to contend with
and red curves, respectively. In both cases, we have verifieithe hierarchy problem in this scenario. We note that thelsmal
that at zero temperature, the color-breaking phase is desaddhess of cubic parametetg;, e, es compared to the larger
point, so that one encounters no possibility that the EW minmass scales is stable against radiative corrections thanks
imum is metastable. The pattern of symmetry-breaking cathe associateds symmetry. However, to maintain a light



Higgs, the Higgs mass must be fine-tuned to a certain degreehere at zero temperature the color breaking stationantpoi
In our case we have implemented this tuning by decouplingre not local minima. However, tuning is required to keep the
the fields. Moreover, even a modest coupling between théliggs doublet light compared to the singlet. It would be in-
Higgs and the new fields completely changes the pattern deresting if a scenario for color breaking at high tempertu
symmetry breaking. For example if we leave the parametersould be found without fine tuning.
the same as in Fig. 3, but take;c = Ags = 0.00012 the Apart from intrinsic interest in understanding the cosmo-
T = 0 vacuum no longer has electroweak symmetry breakiogical evolution of our universe the existence of such arcol
ing (i.e. only the singlet has a vev). On the other hand abreaking phase may open up new avenues for generating the
Anc = Amgs = 0.0001 the pattern of symmetry breaking is baryon excess of the universe. Neglecting Majorana right
similar to what is shown in Fig. 3. handed neutrino masses the standard model has a @iobAl

We have also studied the dependence of the pattern of syrgymmetry. If the new colored scalar is a triplet (under coplor
metry breaking on the cubic couplings andes that are es-  and has the right hypercharge to couple to a quark-lepton
sential for the viability of case (b). We find that decreasingfermion bilinear then the color breaking phase also breads t
the magnitude ot (for es > 0) tends to lower thd = 0 global B — L symmetry. As a result, it is possible that a net
energy of the CoB extremum, and for sufficiently smalthe B — I charge could have been created either dynamically dur-
state of minimum energy breaks color. Thus, for a given set oing the color-breaking or color-restoring phase transiar
values for the remaining parameters, we expect a lower boungrough out-of-equilibrium decays of the colored scalars d
oneg. Conversely, increasingc| for ec < 0 decreases the ing the CoB phase. In principle, th3 — L asymmetry need
energy splitting between the = 0 EW minimum and the not have been washed out by weak sphalerons.
CoB extremum, so we anticipate that in general there will be  Finally we would like to mention that adding other degrees
an upper bound ofec| for ec: < 0 for a given set of the other  of freedom may enlarge the region of parameter space of the
parameters. scalar potential where the unusual color breaking phadein t
early universe occurs. For example if the singlet scalar cou
ples to additional fermions then at finite temperature these
fermions contribute to the singlet scalar mass squared posi
tively reducing the magnitude of its vacuum expectation&al

We have shown that in extensions of the SM with an ad-at high temperature compared with the case that the fermions
ditional color triplet scalar or color triplet scalar anagiet — are absent. This could assist the formation of the colorksrea
scalar itis possible to have a cosmological history whegegth  ing phase.
is a region of temperature with color spontaneously broken.
At temperatures both above and below this region regiorrcolo
is restored. In the case of just adding a color triplet to the S
it is not possible (in regions of parameter space where pertu
bation theory is valid) for the additional color triplet e to
be at the TeV scale. Rather, they are necessarily lightdr, an We thank G. Senjanovic for helpful discussions and for
unless one evokes a particular flavor structure in their lbogp  pointing out references to some of the earlier literaturieis T
to fermions such models are ruled out by constraints from thevork of was supported in part by the U.S. Department of En-
LHC. However by adding another singlet scalar we were ablergy contracts DE-FG02-08ER41531 (HP and MJRM) and
to obtain a region in temperature where color is broken andE-FG02-92ER40701 (MBW) and by the Wisconsin Alumni
where the additional colored scalars are sufficiently heaavy Research Foundation (HP and MJRM). The research of MBW
avoid LHC constraints. This is the minimal extension of thewas supported in part by Perimeter Institute for Theoreti-
SM with the novel color breaking cosmological history we cal Physics. Research at Perimeter Institute is supposted b
are interested in that has the color triplet scalars at thé Te the Government of Canada and by the Province of Ontario
scale (or heavier). In this model we found regions of paramthrough the Ministry of Economic Development & Innova-
eter space with a high temperature color breaking phase btibn.

IV. DISCUSSION
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