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1 Introduction

In the Standard Model (SM), the anomalous baryonic and leptonic currents lead to fermion
number non-conservation due to the instanton induced transitions between topologically
distinct vacua of SU(2) gauge fields [1, 2] and at zero temperature, the rate is of the order,
e 20w o~ 1 /30, which is irrelevant for any physical phenomena. However, there exists
a static unstable solution of the field equations, known as sphaleron [3-6], that represents
the top of the energy barrier between two distinct vacua and at finite temperature, because
of thermal fluctuations of fields, fermion number violating vacuum to vacuum transitions
can occur which are only suppressed by a Boltzmann factor, containing the height of
the barrier at the given temperature, i.e. the energy of the sphaleron [7]. Such baryon
number violation induced by the sphaleron is one of the essential ingredients of Electroweak
Baryogenesis [8-13] and therefore it has been extensively studied not only in the SM [14—
24] and but also in extended SM variants such as, SM with a singlet [25, 26], two Higgs
doublet model [27], Minimal Supersymmetric Standard Model [28], the next-to-Minimal
Supersymmetric Standard Model [29] and 5-dimensional model [30].

As many SM extensions involve non-minimal scalar sectors, it is instructive to de-
termine the behavior of the sphaleron for general SU(2) scalar representations. Although,
apart from some exceptions like Georgi-Machacek [31] and isospin-3 models [32], large Higgs
multiplets other than the doublet are stringently constrained by electroweak precision ob-
servables. In addition, the presence of scalar multiplets with isospin J > 5 brings down
the Landau pole of the gauge coupling to about Ajapgan < 10 TeV [33]. Moreover as shown

in [34, 35], by saturating unitarity bound on zeroth order partial wave amplitude for the



2 — 2 scattering of scalar pair annihilations into electroweak gauge bosons, one can set com-
plex SU(2) multiplet to have isospin J < 7/2 and real multiplet to have J < 4. Therefore
it can be seen that large scalar representations of SM gauge group are generally disfavored.

Still, motivated by the dark matter content and baryon asymmetry of the universe, one
can assume a hidden or dark sector with its own gauge interactions. If the interaction be-
tween SM and hidden sector is feeble in nature, they may not equilibrate in the whole course
of the universe. Therefore, the hidden sector can be fairly unconstrained apart from its total
degrees of freedom such that the sector doesn’t change the total energy density of the uni-
verse in such way that the universe had a modified expansion rate in earlier times, specially
at the BBN and CMB era. With this possibility in mind, we can consider the hidden sector
to have SM-like gauge structure that contains scalar multiplets larger than doublet and
also has its own spontaneous symmetry breaking scale (the possibility of non-abelian gauge
structure in dark sector and non-SM sphaleron in symmetric phase for such models are also
addressed in [36, 37]). For this reason, it is interesting to ask what could be the nature of
the sphaleron in such SM-like SU(2) x U(1)x gauge group with general scalar multiplets.
Furthermore, as sphaleron is linked with nontrivial vacuum structure of non-abelian gauge
theory, it is relevant to see the effect of large scalar multiplets in hot gauge theories.

This paper is organized as follows. In section 2 we discuss the spherically symmetric
ansatz for larger scalar multiplets and consequently calculated the energy functional and
variational equations for scalar multiplet (J, X), give different numerical results. In sec-
tion 3 we investigate the effect of U(1)x field on sphaleron energy and study the sphaleron
energy dependence on the scalar vev. Section 4 is devoted to the conditions of the sphaleron
decoupling during the electroweak phase transition, and in section 5 we conclude. In ap-
pendix A, we have presented the asymptotic solutions and their dependence on the repre-
sentation (J, X).

2 Sphalerons in general scalar representation

2.1 Spherically symmetric ansatz

The standard way to find sphaleron solution in the Yang-Mills-Higgs theory is to construct
non-contractible loops in field space [5]. As the sphaleron is a saddle point solution of the
configuration space, it is really hard to find them by solving the full set of equations of
motion. Instead one starts from an ansatz depending on a parameter p that characterizes
the non-contractible loop in the configuration space and corresponds to the vacuum for
p =0 and 7 while y = 7 corresponds the highest energy configuration, in other words, the
sphaleron.

Consider the scalar multiplet @, charged under SU(2) x U(1)x group, is in J repre-
sentation and has U(1)x charge X. Here SU(2) and U(1)x can be applicable for both
standard model gauge group or SM-like gauge group of the hidden sector. The generators
in this representation are denoted as J¢ such that, Tr[J%J%] = D(R)§* where D(R) is
the Dynkin index for the representation. As our focus is on the SM, we define the charge
operator, QC = J3 + X and require the neutral component (J3 = —X) of the multiplet to
have the vacuum expectation value (vev).



The gauge-scalar sector of the Lagrangian is

L= PR, = 10+ (D,Q) DM - V(Q), (2.)
with scalar potential
V(Q) = —upQ"Q + M(QTQ)* + X(QT1Q)%. (2.2)

It was shown in [26] that the kinetic term of the scalar field makes larger contribution to the
sphaleron energy than the potential term. Therefore, for simplicity, we have considered CP-
invariant scalar potential involving single scalar representation to determine the sphaleron
solution. It is straightforward to generalize the calculation for the potential with multiple
scalar fields.!

Also for convenience we elaborate,

a a a abc gb pc
Fo, = 0,AL — 9, A% + ge™ AL AL,
f;w = 8uau - auaua
D,Q =0,Q — igAZJ“Q — ig’auXQ, (2.3)

where, g and ¢ are the SU(2) and U(1)x gauge couplings. The mixing angle 6y is
tan Oy = ¢'/g.

The scalar sector plays an essential role in constructing sphaleron and the symmetry
features of the ansatz partly depends on the SU(2) representation and U(1) x charge assign-
ment of the scalar that acquires a vev. The simplest possibility is to consider a spherically
symmetric ansatz because spherical symmetry enables one to calculate the solution and
the energy of the sphaleron without resorting into full partial differential equations. There-
fore one may ask, which scalar representation immediately allows the spherical symmetric
ansatz.

As pointed out in [16], spherically symmetric configurations are those for which an
O(3) rotation of spatial directions are compensated by the combination of SU(2) gauge
and SU(2) global transformation. The existence of this SU(2) global symmetry is manifest
for the Higgs doublet as the potential for the doublet has SO(4) ~ SU(2) x SU(2) global
symmetry which is broken by the scalar vev to SU(2) ~ SO(3) symmetry that leads to
the mass degeneracy of three gauge bosons of SU(2). One can immediately see that this
degeneracy will be lifted when the U(1)x is turned on. Following the same reasoning, one
can find other scalar multiplets that will lead to mass degeneracy of Af’s in SU(2) gauge
theory after the symmetry is broken.

In the case of many scalar representations Q® with J@ and charge X () the corre-
sponding vev’s are (Q) = %(0, ...,1,...,0)", where the non-zero neutral component

'In fact, in the SM, one needs large couplings between Higgs and extra scalars to trigger a strong first
order phase transition.



quantum numbers are (J(i), J3i) = —X(i)). Now from the scalar kinetic term,
1 % i ? 7 a
£2 502 QN T RHQY) AL A
_ 1, 20 7(i) ¢ 7(i D2y 4+ qu— 4 L 2 2y ()2 43 Au3
=59 Zv (JOTD +1) - xO2)AF AR + 59 ;viX() A3 AMS, (2.4)

where Ai = A}L F iAz. So the condition for having equal coupling of three gauge fields to
the neutral component leads to the tree-level condition

Sop(JOI@ 1) - x@O2)

p= 25 X2 -t (25)

In the case of one scalar multiplet, this can be reduced to J(J + 1) = 3X?2. The multiplets

satisfying the above condition are (J, X) = (%, %), (3,2).... Intuitively, one can consider

that the scalar multiplet enables the three gauge fields to scale uniformly like a sphere in
a three dimensional space.

2.2 The energy functional and variational equations

In the following we will address the energy functional and the variational equations of the
sphaleron. The classical finite energy configuration are considered in a gauge where the
time component of the gauge fields are set to zero. Therefore the classical energy functional
over the configuration is

B(Ata.Q) = [ do | {FSFS + Ll + DQIDQ +V@Q|. (20)

The non-contractible loop (NCL) in configuration space is defined as map S' x S% ~ &3
into SU(2) ~ S3 using the following matrix U € SU(2) [19],

U (11,0, ¢) = (cos? p + sin? jucos 0) Iy + i sin 2u(1 — cos )73
+ 2isin psin O(sin ¢7* + cos ¢72), (2.7)

where p is the parameter of the NCL and 0, ¢ are the coordinates of the sphere at infinity.
Also, 7% are the SU(2) generators in the fundamental representation. We also define the
following 1-form

H(USHdU>® = ZFT (2.8)
which gives

Fy = —[2sin® pcos(p — ¢) — sin 2 cos O sin(p — ¢)]df
— [sin2u cos(p — @) sin 6 + sin? f1sin 20 sin(u — ¢)]dg,
Fy=—[2 sin? psin(p — @) + sin 2p cos  cos(p — ¢)]do
+ [sin 12 sin 26 cos(u — ¢) — sin 2psin fsin(p — ¢)]do,
F3 = —sin 2 sin 0d6 + 2 sin® 0 sin? pudé. (2.9)



As shown in [19], the NCL starts and ends at the vacuum and consists of three phases
such that in first phase u € [, 0] it excites the scalar configuration, in the second phase
p € [0, 7] it builds up and destroys the gauge configuration and in the third phase u € [, 37”]
it destroys the scalar configuration.

The field configurations in the first and third phases, u € [~%,0] and p € [r, 37| are
ATzt = g'a;dx’ =0, (2.10)
wnd v(sin? 1 + h(€) cos? p) T
Q= 7 (0...1...0) : (2.11)

with £ = ¢gQr is radial dimensionless coordinate and €2 is the mass parameter used to scale
r~1, which we choose in what follows as £ = my /g. In the second phase p € [0, 7], the
field configurations are

1gAfT da’ = (1 — f(O)(Fir! + For?) + (1 — f3(€)) Fs7,

g aida’ = (1= fo(€))F3, (2.12)
e he) r
Q= 7 (0...1...0) : (2.13)

Here, f(£), f3(€), fo(€¢) and h(§) are the radial profile functions. From eq. (2.12), one can
see that in the spherical coordinate system, for the chosen ansatz, the gauge fixing has led
to, A? = a, = ap = 0. Moreover, similar to eq. (2.12), the gauge fields acting on the scalar
field @ can be written as

gAL T dat = (1 — f) (BTN 4 FoJ?) + (1 — f3)FyJ3. (2.14)

Finally the energy over the NCL for the first and third phases is,

ArQy [ 5 V21 5 5 S V(hp)
E(h,u) = e dg [cos M@ig h'? + ¢ 707 | (2.15)
and for second phase,
47 Q) [ . 8 4 8 . 2
B, f. fa forh) = — | de |sin® u( 2f7 + 2 /37 ) + sin* pq 501 - f)?
g Jo 3 3 I3 3
1 oy AN o e 2y 2
+§{f(2—f)—f3}}+§ s) 5 wfo +§—2sm n(1 = fo)
V(12 4.5 2 2 2 2
b o S 4 S (T + 1) )1~ £ + (o~ f)%)
52
V(h)|. 2.16
] 210
From eq. (2.16), the maximal energy is attained at p = 7 which corresponds to the

sphaleron configuration.



If there are multiple representations J® with non-zero neutral components Jéi), QW =
vihi(£)
/> (0,...,1.

Ban=5 (=3 ) =" [Tag| [317+ 357+ g2t - 1

..,0)7 the energy of the sphaleron can be parameterized as

g
2
s (5) {0 G0 me e S {y g
+§h?[20z¢(1 — )2+ Bilfo - fS)Q]} + &2 Vg(;gf)} , (2.17)

where the parameters

(JD(JD 1) — J3i)2)vi2 Jéi)%iz
292 ) /Bl - 92 ) (218)

Qg =

refer to the scalar field couplings to the charged and neutral gauge fields respectively.
The energy functional, eq. (2.17) will be minimized by the solutions of the following
variational equations

P = DI =20 o+ ]+ 3Deun =) =0
5 —52[3f3+f(f 2)(1+2f3)] +Zﬁz (fo—f3) =0,
6’+§22 Zﬁz (fo— f3) =0,
B0 a1 = 4 Bl = 1o - 919 f@ww =0 e

with the boundary conditions for eq. (2.19) are given by: f(0) = f3(0) = h(0) =0, fo(0) =1
and f(o0) = f3(00) = fo(oo) = hi(00) = 1. For ¢ — 0, we have, fo(£) — 1 and for repre-
sentations satisfying eq. (2.5), f3(§) — f(£). The behavior of the field profiles eq. (2.19) at
the limits £ — 0 and £ — oo are shown in appendix A. According to the last term in both
first and second lines in eq. (2.19), it seems that the couplings of the scalar to gauge compo-
nents, i.e. eq. (2.18) will play the most important role in the profile’s shape as well as in the
sphaleron energy. The equality between the parameters a; and f; leads to the case eq. (2.5)
and any difference between «o; and [; will characterize a splitting between the functions f
and f3, and therefore a departure from the spherical ansatz that was defined in [5].

2.3 Numerical results

Here we are interested in investigating the properties of the field profiles for different scalar
representations and vevs. First we have studied the field profiles for only SU(2) with scalar
representation (J, X) where ¢’ is taken to be zero and consequently fo — 1. The scalar
representations are taken as (J, X) = {(1/2,1/2), (1,0), (1,1), (3/2,1/2), (3/2,3/2), (2,0),
(2,1), (2,2)} and two scalar vevs: v = 50 GeV and v = 350 GeV. Here we are focusing



on the sphaleron solution in a generic SU(2) x U(1)x case; therefore, we have chosen
representative values of the vev which also contain the SM case, v = 246 GeV within
the range. Moreover, for each representation, the quartic coupling is set to be 0.12 and
the mass parameter “22 is determined by coupling and the scalar vev. For this parameter
set, the mass of the scalar field remains smaller than 12myy so there is no appearance of
bisphalerons in our case. The field profiles are given in figure 1.

According to figure 1, one can make the following remarks:

e Comparing the cases of small vev, v = 50 GeV and large vev, v = 350 GeV, it can
be seen that all field profiles tend quickly to the unity as the vev gets larger. This
could explain the dependence of sphaleron energy eq. (2.17) on the scalar vev.

e When the scalar representation is large (large J so that large «), the profile for
charged gauge field (i.e., f(§)) tends to 1 faster with £, in contrast with the scalar
field profile, h(§).

e For the neutral gauge field profile f3(&), it is identical to f(§) for the representation
(1/2,1/2) because it satisfies p =1 (or J(J + 1) = 3X?) condition.

e For the same value of the vev and the isospin J, the field profile f3(§) tends to 1
faster for larger values of J3, i.e. larger values of .

e The scalar field profiles h(£) seem to be not sensitive to the values of Js.

Therefore, it is seen that the gauge field profiles tend to unity faster in contrast to the
scalar field profiles with radial coordinate for large couplings of the scalar to charged gauge
boson, a and neutral gauge boson, 3. In the next section, we will see the impact of this
feature on the sphaleron energy.

3 The effect of U(1)x field and the Sphaleron energy

In the presence of a non-zero U(1)x gauge coupling ¢’ or non-zero Weinberg angle Oy,
the U(1)x gauge field will be excited and the spherical symmetry will be reduced to axial
symmetry. In [22], it was shown for the SM with one Higgs doublet that when the mixing
angle is increased, the energy of the sphaleron decreases and it changes the shape from
a sphere at Oy = 0 to a very elongated spheroid at large mixing angle. However, for
the physical value of the mixing angle, the sphaleron differs only little from the spherical
sphaleron. On the other hand, for multiplets not satisfying eq. (2.5), the shape of the
corresponding sphaleron will be spheriodal instead of spherically symmetric in the SU(2)
case. In such cases, the large value of the mixing angle may be significant for the energy
and shape of the sphaleron for large multiplet [38]. In the following, we have adopted the
small mixing angle scenario so that SU(2) x U(1)x sphalerons are not so different than the
SU(2) case; and we will work at first order of small 6y value.

In figure 2, we have presented the field profile fo(§) for different values of vev (v =
50,350 GeV) and different representations (J, X).
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Figure 1. The field profiles f(£), f3(£) and h(€) as the function of the radial coordinate. In the left
figures, we set the vacuum expectation value to be v = 50 GeV and in the right, it’s v = 350 GeV.
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Figure 2. The field profile fo(€) as a function of the radial coordinate. In the left figure, we set
the vacuum expectation value to be v = 50 GeV and in the right, it’s v = 350 GeV.

In the case of a SU(2) x U(1)x sphaleron, we have presented only the field profile
fo(&) since the other profiles (f(£), f3(§) and h(§)) are very close to the case of vanishing
Weinberg angle shown in the previous section. In figure 2, one can notice that the field
profile fp(§) is just a deviation from unity similar to the singlet scalar profile in models
with singlets [26] and it gets closer to unity as the X values becomes smaller and smaller.
Indeed, it is exactly one for the representations (1,0) and (2,0) which means that in those
cases the sphaleron energy is not affected by the existence of U(1)x gauge field.

When we have 0y # 0, even when one starts with a; = 0, the following U(1) x current
7i will induce a;,

Ji = %gl[QTDiQ —(D:Q)'Q), (3.1)

In the leading order approximation of 6y, we can neglect the a; contribution in the
covariant derivative. Therefore the non-zero component of the U(1)x current in the chosen
ansatz is [5]

_ ¢'sinf

Jo ST 2an(1 - ). (3.2)

7

r

Because of induced field a;, there will be a dipole contribution to the energy,
Edipole = /d3$aljl
— 0T / T e fo) (1 P2 (3.3)
3gQ - 1“3 0 19
and the sphaleron energy will be

Esph|9W;£O = Esph|9W:0 + Edipole' (34)



(A) (1/2,1/2) —— (B) (1/2,1/2) ——
(1,1) (1,1)
(32,1/2) —— (32,1/2) ——
(3/2,3/2) - (3/2,3/2)
107 (2.1) - 107 (2.1)
< (2:2) < (2:2)
Q. Q.
() (D)
L L
= =
Q Q
N N
Ll 2 o 2
<10 <10
10-3 | | | | | 10-3 | | | | |
50 100 150 200 250 300 350 50 100 150 200 250 300 350
v (GeV) v (GeV)
(C) ‘ (1/2,1/2) I
(1.1)
(32,1/2) ——
(3/2,3/2)
107 (2,1)
< (2,2) -
(2]
L
=
Q
u
<1 102
10-3 | | | | |
50 100 150 200 250 300 350
v (GeV)

Figure 3. The relative difference in the sphaleron energy between the non-zero and zero mixing
cases versus the scalar vev for different scalar representations, where the difference is estimated:
exactly (left), using the dipole approximation with U(1) gauge field effect neglected, eq. (3.3) (right),
and the case with U(1) gauge field effect considered, eq. (3.5) (down).

In the current eq. (3.2) the contribution of the U(1)x gauge field is generally neglected
in the literature and when we consider it, the current and the dipole energy become

3 ’sin@ I3
Jo = g . ZUEJ?,)h?(fo—f?,),
167 7 0
Egipole = “30 V2 )/o dg(1 = fo)(fo — fa)h3, (3.5)

Therefore the dipole contribution eq. (3.3) is expected to be almost equal to the difference
between eq. (2.17) and the same quantity with ¢’ = 0, i.e., Eqipole =~ AEgph = Espn(g’ #
0) — Esph(¢’ = 0). In order to probe this, we estimate the difference between the sphaleron
energy in the non-zero and zero mixing cases in three different ways: (A) AEgn = Eqpn(g’ #
0) — Egpn(g’ = 0) with Egpp is given in eq. (2.17); (B) AEgn = Edipole With U(1)x field
neglected as given in eq. (3.3); and (C) AEgn = Ef; ), as shown in eq. (3.5). These three
quantities are presented in function of the scalar vev in figure 3.

Figure 3 shows the relative difference between the sphaleron energy with the mixing

angle Oy # 0 and Oy = 0 and also the (negative) dipole energy of the sphaleron. It turns

,10,
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Figure 4. The sphaleron energy versus the scalar vev for different scalar representations.

out that for any scalar representation, the relative difference between the sphaleron energy
with Oy # 0 and Oy = 0 is always less than 1% and remains constant for different values
of scalar vev. However, when considering the U(1) x gauge field effect on the dipole energy
eq. (3.5), it becomes closer to the exact difference.

Now we present the sphaleron energy eq. (2.17) as a function of the scalar vev for
different scalar representations as shown in figure 4.

In figure 4 we can see that the sphaleron energy depends on the scalar vev with a slope
that depends on scalar isospin J and hypercharge X (or J3). This allows us the write the
scaling law as

Eapn(v, J,X) = Z(J, X) v, (3.6)

where the function Z(J, X) represents the slope in figure 4.

4 Sphaleron decoupling condition

Before the electroweak phase transition T' > T, the classical background scalar field, ¢.,
is zero and the Universe is in the symmetric phase. In this phase, the sphaleron processes?
are in full thermal equilibrium and are given as [39-42]

Caym ~ a2 T In(1/av,), (4.1)

with ay, = g2/47 is the weak coupling. Therefore any generated baryon asymmetry due to
the sphaleron processes will be erased by the inverse process. Once the temperature drops
below the critical one T' < T, bubbles of true vacuum (¢, # 0) start to nucleate where the
rate is suppressed as I' ~ exp (—Egon /7).

The sphaleron decoupling condition indicates that the rate of baryon number violation
must be much smaller than the the Hubble parameter [8, 9, 43, 44] and therefore, the

2The term “sphaleron processes” is used in the literature to refer to the baryon number violating processes
which also have the CP violating feature.
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condition on the sphaleron rate is [10, 15, 45, 46]

1 dB _ 13N; w_

C Bdt 1282 aT“MTNmte_ES"h/ T < H(T), (4.2)

where B is the baryon number density, the factors Ny and N,.,; come from the zero mode
normalization, w_ is the eigenvalue of the negative mode [47]. The factor  is the functional
determinant associated with fluctuations around the sphaleron [13]. It has been estimated
to be in the range: 107* < x < 107! [18, 48, 49]. The Hubble parameter is given as

H(T) ~ 1.66+/g.(T)T* /My, (4.3)

where M, and g, are the Planck mass and the effective number of degrees of freedom that
are in thermal equilibrium.

It was shown in [23] for the doublet case (J, X) = (1/2,1/2) that the sphaleron energy
at a given temperature can be well approximated by the following relation

ESPh(U(T)7T) _ Esph(v(])
v(T) vo

(4.4)

where v(T) is the vev of the scalar field at temperature 7" and vy is its zero temperature
value. Eq. (4.4) shows that a straightforward estimation of the sphaleron energy at finite
temperature is possible by determining its energy at zero temperature. This means that
the scaling law eq. (3.6) is valid also at finite temperature case, where the function Z(J, X)
is temperature-independent. Because of similar linear scaling shown by higher scalar rep-
resentations in figure 4, we can use the scaling law eq. (3.6) for other representations.
Hence, for general scalar representation, the decoupling of baryon number violation
eq. (4.2) implies the following relation [45, 46]
1 Gx

T 1 B
v(Te) 42.97 + In(kNyNyor) +In —— — =1

> ~ 91
T. ~ Z(J,X) mw 2 106.75

(&

" 100 Gev |- (D)
Most of the parameters in the r.h.s. of eq. (4.5) are logarithmically model-dependent and
therefore one can safely use the SM values. In the case of SM, we have N N;.or ~ 80.13 [10]
and for A\/g% = 1, w? ~ 2.3m?%, [15, 18, 47]. It can be noted that the contributions of model
dependent quantities in v(7')/T are smaller than Z(J, X), for example, in the SM [45, 46]
zero mode contribution is around 10% and the contributions from the negative mode,
relativistic degrees of freedom and critical temperature are about 1%. For this reason we
can consider the dominant contribution is coming from Z(J, X). In conjunction, using
k=101 (or 107%), g ~ 106.75 and T, ~ 100 GeV, we have from eq. (4.5),

v(Te)
T.

> NJX s (4.6)
where 77 x is given for each scalar representation in table-1.

It is clear that as the representation becomes larger, the strong first order phase transi-
tion criterion gets relaxed. Generally, the case of x = 107% is the commonly used criterion
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J X Z(JX) nx(k=1071)  ngux(k=1071)
1/2 1/2  36.37 1.0601 1.2500
10 4464 0.8639 1.0186

1 4537 0.8500 1.0023
3/2 1/2 50.89 0.7577 0.8934

3/2  50.42 0.7648 0.9018
2 0 5358 0.7197 0.8486

1 5522 0.6984 0.8235

2 53.80 0.7167 0.8451

Table 1. The values for the parameters Z(J, X) and 7 x for different scalar representations.

in the literature. In a general case of a multi-scalars model with representations (.J(*), X)),
the criterion eq. (4.6) can be generalized as

O(Tz)
1 4.
7. - b (4.7)
with )
) Tc
@(Tc)z = 1; ( ) ) (48)
i 77J(i>,x(i)

with v;(T') is the temperature dependent scalar vev of the multiplet Q). In order to check
the criterion eq. (4.8), we consider the case of a model with two scalar representations and
estimate the ratio Egpp, /O for different values of Ji, Ja, X1, Xo, v1 and v while keep the W
gauge boson mass constant. The ratio Egy,/© versus the ratio vg/vq is shown in figure 5.

From figure 5, it is clear that the sphaleron energy scales like © for different repre-
sentations and vevs within the error less than 5.7 %; and if the values of the two vevs are
comparable, this error is reduced to 2.7 %. Therefore, one can safely use eq. (4.8) as a
criterion for a strong first order phase transition in any model with multiscalars.

5 Conclusion

We have constructed the energy functional and relevant variational equations of the
sphaleron for general scalar representation charged under SU(2) x U(1)x gauge group
and shown that the sphaleron energy increases with the size of the multiplet. Furthermore,
it has been shown that at a fixed value of the vev, the sphaleron energy is large for larger
representation and for each representation, it linearly scales with the vev. As the energy
of the sphaleron increases with the size of the scalar representation, the criterion for the
strong first order phase transition is relaxed for larger representation. We have presented
a representation dependent criterion for strong phase transition which is relevant for the
electroweak baryogenesis.

We have also found that the dipole approximation (with or without consider-
ing a; in the U(1)x current, j;) does not correspond exactly the energy difference
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Figure 5. The sphaleron energy versus the scalar vev for different scalar representations. The self
quartic couplings of scalar multiplet Q1 (J1, X1) (Q2(J2, X2)) is set to 0.12 (0.06) while the mixing
quartic coupling is set to 0.02.

Egn(9" # 0) — Egpn(¢’ = 0) and that is less than 2% for any scalar representation. In
this case the U(1)x field profile is just a deviation from unity and therefore just playing
a relaxing role similar to singlet seen in [26].

However, as we have seen in figure 3 that the dipole contribution to the sphaleron
energy is negative, its coupling with the external magnetic field produced in the bubbles of
first order phase transition through the dipole moment would lower the sphaleron energy
and thus strengthen the sphaleron transition inside the bubble and wash out the baryon
asymmetry more efficiently as pointed out in [50]. A more careful analysis on this aspect
for the sphaleron with higher scalar representation will be carried out in [38].

We have presented in eq. (4.8) a general criterion for the strong first order phase
transition in a model with multiple scalars of different representations (J, X)) and we have
shown that this approximate criterion is valid with an error less than 5%.
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A Asymptotic solutions

To capture the dependence of solutions on (J, X), in this section we have included the
analytical estimates of solutions for the asymptotic region & — 0 and & — oco. For the
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energy functional eq. (2.17) to be finite, the profile functions should be f(§) — 0, f3(£) — 0,
fo(€§) — 1 and h(§) — 0. Therefore, at £ ~ 0, the equations eq. (2.19) are reduced into

Ef" —Af 4+ 2f3 + af?h? =0, (A1)
Ef4 — 6fs +4f + BER* =0, (A.2)
I\ 2
1o~ fo) - (gg) ) (A.3)
E2n" + 2¢h — S?mh =0, (A.4)
where
QQ
m = U—2(2oz + 0). (A.5)

The solution of eq. (A.4) which leads to finite energy of the sphaleron is

h(g) ~ Ag207P), (A.6)

/ 32

Now at £ ~ 0, f(&) ~ f3(£), so using this approximation, from eq. (A.1) we have,

with

4Aa§%(3+p)

~ 2 st
HO~ B~ g

(A.8)
On the other hand, we have considered f(§) as a perturbation in eq. (A.2). Therefore, we
have

f3(6) ~ CE + BE — Kex ), (A.9)

Here, K is defined as follows

_ 3A{3a(3p — 8m + 3) + 8mfB(4m —9)}

K
dm(4m — 9)(8m + 3p — 15)

. (A.10)

Finally from eq. (A.3), we have

3A3912£%(3+p)

2
fol€) ~ 14 DE e

(A.11)

and A, B, C' and D are integration constants.

On the other hand, for asymptotic region, £ ~ oo, all the profile functions must
approach unity to have finite energy of the sphaleron. So we consider the functions to be the
small perturbation to unity as follows. Taking, f(§) = 14+0f(&), f3(§) = 1+ f3(&), fo(§) =
14df0(&) and h(§) = 14 dh(§) and keeping only the linear terms of the variation, we have

5" —abf =0,
6fs + B(0fo—df3) =0,

,15,



g/2
ofy — ?5(5]’0 —0f3) =0,

2
Mg’p £26h = 0. (A.12)

§25h" — 2£6h — 3
g

The asymptotic solutions at & ~ oo are,

J(€) ~ 14 Ee Ve,
f3(€) ~ 1 4 Fe VP,
fo(&) ~ 1+ Ge V¢,

_ 3>\U£

He 99

é— )
where F, F, G and H are again integration constants. The constants from A to H
depend on (J, X) and couplings and they are determined by matching the corresponding

asymptotic solutions and their first derivatives at & = 0. Therefore after the matching,
the integration constants are,v; and vo

h(€) ~ 1+ (A.13)

3(p—ea”
sp+ 1)+ gn’

va ~
E=__°¢ (2+(2A0‘(1 P) ) Bo14Bevay _dda

G R G- 0G5
_ —va 4Aa _ e <_ T )
B 1t B s s F=pa( 348 56-pK).

_ P 3A8ni(1 - p)
- VB+2203p+8m —3)’

C=1+Fe VP _B+K,

3ABn?

D:Ge_‘/g—i7
3p+8m—3

(A.14)

where n = v/3\/g, where A is the scalar quartic coupling.
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