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1 Introduction

Electroweak baryon number violation in association with a strongly first-order phase tran-
sition provides a compelling scenario for explaining the observed baryon asymmetry of the
Universe [1] (see, for example, ref. [2] for a comprehensive review). However, the robust
bound on the Higgs mass needed to ensure a first-order finite-temperature electroweak



phase transition [3] is incompatible with the experimental value of my ~ 125GeV.! In ad-
dition, despite initial optimism [4-6], it is now generally believed that the Standard Model
does not provide enough CP violation to obtain the observed baryon number [7-10].

Nevertheless, the idea of electroweak baryogenesis is natural and attractive, and it is
known that new physics which couples to the Higgs sector can easily induce a first-order
transition [11-20]. Specific models for this new physics have been proposed, but there is
a very large model space and individual models are constrained by Large Hadron Collider
(LHC) data and other observables (see for instance [18, 19, 21-25]).

It would clearly be advantageous if one could go one level of abstraction higher, and
view all possible extensions of the Standard Model capable of producing the required
first-order phase transition in a unified way. Effective Field Theory (EFT) is a univer-
sal language which holds the promise of deriving just such a model-independent bound
on electroweak baryogenesis. In this approach, physics beyond the Standard Model is
parametrized through a systematic expansion in higher dimension operators that are sup-
pressed by the new energy scale. Indeed, baryogenesis in the context of effective theory
has already been explored [26-31].

Effective field theories expand low energy physics, characterized by an energy scale
E, in powers of the ratio /A where A is the cutoff of the effective theory. Therefore,
the conclusions of any EFT analysis can only be expected to be valid when E/A <« 1
and when the relevant physical processes are consistent with this perturbative expansion.
In the context of an EFT approach to baryogenesis, we must therefore first investigate
whether these conditions hold, taking into account that thermal effects and a change of
vacuum structure are phenomena that we must expect to play important roles.

In this paper, we investigate the validity of an effective approach to electroweak baryo-
genesis in the Standard Model augmented by dimension-six operators with cutoffs of order
a few TeV. We compare the phase transition structure in the effective model with a specific
model of new physics, namely a singlet scalar field that couples only to the Higgs field of the
Standard Model. We observe that the separation of scales is not necessarily large enough
to prevent phase transitions from occurring in which the new physics scalar makes a transi-
tion. Moreover, the domain of validity of the effective theory covers a comparatively small
fraction of the parameter space of the full singlet model (see also a recent analysis by [32]).
Consequently, the predictions of an EFT analysis of baryogenesis need to be treated with
some caution.

We have organized our paper as follows. We open in section 2 by discussing our
candidate model for physics above a few TeV: the Standard Model coupled to a single
scalar field. We integrate the singlet out and match parameters to our effective theory,
which is simply the Standard Model extended by two dimension-six operators. In section 3
we compute the one-loop finite temperature effective potential of this EFT, and identify
regions in parameter space corresponding to first and second order phase transition. In
section 4 we perform the same finite temperature analysis in the singlet-extended Standard
Model. Finally, in section 5 we compare the predictions of the effective theory and the full

'We will take the Higgs mass to be my = 125.7 GeV below for concreteness.



singlet model in the region of parameter space where we expect the EFT to be reliable.
We conclude in section 6. Several technical details of the calculations are relegated to the
appendices.

2 The singlet extension of the Standard Model: matching to the effective
Standard Model

We begin by discussing the singlet extension of the Standard Model with one additional
real scalar field S. The scalar is a singlet under all gauge symmetries and it couples
to the Standard Model only through the Higgs portal, where for generality all possible
renormalizable couplings are included. The relevant part of the Higgs-singlet Lagrangian
is then

1
L= (D,H)'D'H + 5(aﬂsf - V(H,S), (2.1)
where D, is the usual covariant derivative and H denotes the Standard Model Higgs

doublet. The zero-temperature potential V(H, S) can be parametrized in terms of 8 real
parameters Vo, m2, \, 61, 62, Ko, k3 and Ky:

2
V(H,S) = Vo + %(HTH) + %(HTH)2 + %(HTH)S + %(HTH)SZ’
(51m2 K2 2 K3 3 K4 4
+o S S8+ st st (2.2)

The coefficient of the term linear in S has been chosen to ensure that S has zero vacuum
expectation value at tree level. Note that this choice is not a constraint: one may always
redefine S by a finite shift to achieve this. Since we have chosen (S) = 0 in the vacuum,
the coupling 05 does not provide any mixing at zero temperature, although it may do so at
finite temperature. Meanwhile, the parameter §; does not vanish in general, and the S and
Higgs particles may therefore mix at zero temperature. This phenomenon could provide
an experimental signal of the existence of such a singlet.

The theory has two mass eigenstates, one of which must, of course, correspond to the
observed state at roughly 125.7 GeV, which we denote by &;,. In view of the current success
of the Standard Model description of this state, we assume that the 125.7 GeV state is
mostly Higgs. As in ref. [18], we are mostly interested in the situation where the other
mass eigenstate, denoted by g (“mostly S”) is heavier than the observed Higgs particle.
If effective field theory is to be a good description for such a situation, this heavier state
must eventually decouple, leaving as its only trace higher dimensional Higgs operators
suppressed by the large mass scale. To determine how this occurs, it is useful to explicitly
diagonalise the mass matrix. We choose unitary gauge and expand the remaining single
real component of the Higgs doublet about

H(z) = —=(¢+ h(x)), (2.3)

1
2

S



where, in the vacuum,

_2m2

(p+h)=v = T (2.4)
The mass matrix is read off from
Vinass = % <u%h2 + uS?% + W%) , (2.5)
with coefficients
R . L L S T A MY

The two mass eigenstates &, and &, therefore have masses given by

2 2 2 2
SO terd S e W)

2 2
2 2 2 9
mg = PhTES MM 1, (2.7)

where © = p3 o /(u3 — p?) sets the strength of mixing. Following the notation of ref. [18],
we define the mixing angle 6 through

&s =cosf s —sinf h, (2.8)
&n =sinf s+ cosb h, (2.9)

where the mixing angle is determined by

tanf = (2.10)

x
1+V1 422
Thus, as us — oo, for fixed pps and pp, the mixing angle goes to zero, and the two
states decouple. As expected, this mixing is therefore not an obstacle towards performing
a large mass expansion (in 1/ug) and deriving the corresponding effective field theory.
Nevertheless, in detail the mixing does introduce a few subtleties that we will describe
below.

For our purposes, it is convenient to go to the large ug region by taking ko large.
Provided that ko is the only large mass scale, we see that the physical mass (squared) of
the mostly S scalar is m% ™ Ko ,u%. To compare with the effective theory, we expand
both the &, mass and its cos # mixing factor. The relevant expressions are

4 2 4 4,2
2 o Mas |, 02V g = 2ty pty 0 1
= — — 2.11
Mh = Hh 4ko + 82 + K3 ) (2.11)
4

1
cosf =1— Hh; +0 <3> : (2.12)

8k3 K5

In the k9 — oo limit, the mixing angle goes to zero and m% — u%, as expected.



2.1 Integrating out the singlet at tree level

Let us now integrate out the S field? and find the effective action for the H field. For
simplicity, we concentrate on the case where k3 and k4 vanish. The action is then quadratic
in the S, and we can integrate it out exactly. We write this S part of the Lagrangian as

. ]_ 2 (51 T U2 ]. T 2

Working at tree level, integrating out replaces the S Lagrangian with

(5% t ’U2 1 + ’U2
Ls—— |H'H— — 5 HH—-—, (2.14)
8k 2)1+Z + L6HH 2

where we understand the differential operator in the denominator by its perturbative ex-

pansion. Expanding to leading order in 1/k2, and performing one partial integration, the
Lagrangian becomes

52 526, 62 v2\? 526, 02\ °

e S HHE o (HTH) - 1 _ LY (g - A% gty — 2

Ls = 8k3 On ( ) g ( ) <16/£%v? 8ko 2 + 8k3 2
(2.15)

Thus, integrating the S out (at tree level) leads to the addition of two dimension 6 operators

to the effective H Lagrangian, in addition to shifting the quartic coupling of the H. It is
straightforward to determine the effects of the terms %353 + %45’4 in the S potential; these
operators lead to additional terms in the effective action which are suppressed by higher
powers of ky. We will take ko large, and discard terms throughout which are subleading
in 1/ko.

2.2 Integrating out the singlet at one-loop order

The tree-level contributions to the effective Lagrangian, eq. (2.15), are expected to be
dominant in most situations. However, if one imposes a Z; symmetry S — —S on the
model, then §; = 0. In that case, these tree contributions vanish. Since we will be interested
in the Zy symmetric case below, we compute one-loop corrections to the effective action
in the Z case. To find the one-loop contribution to the operators (HTH)? two equivalent
approaches are available: one may either compute the full Coleman-Weinberg contribution
to the effective potential and expand it to the appropriate order, or one may perform the
actual loop integral. The coefficient of 9,(HTH)0*(HTH) is also easily found using the
second option. The result can be phrased as contributions to the effective action, and reads

2 3
0Tt = / d%[M(f;)zmau(HTH)@“(HTH)] - / d'z {12(53)2@(1{%)3 . (2.16)

2.3 The dimension-6 extended Standard Model

Given the results of the previous sections, we can now map the singlet-extended Standard
Model to an effective field theory, consisting of the Standard Model augmented by any

%Note that we do not integrate out the mass eigenstate &g, but the field S.



higher dimension operators that are allowed by symmetry. Truncating at dimension-six
operators, we can take the Higgs field part of the effective field theory action to be

c—otorH+ 22y (H'H)o*(HTH) — M <HTH - ”2)2 _2e (HTH — ”2)3 (2.17)
. v2 4 2 A2 2 )

in terms of two new parameters 67 and Ag. We have chosen the coefficient of the § Z-term to
simplify the formulae in what follows. The last term, of scaling dimension six, is suppressed
by 1/A? (and will be power-counted accordingly). The trade-off in scales is incorporated
into 0Z. We will throughout take A to be 1 TeV. Of course, there are many more dimension-
six operators, but the ones shown are those relevant for the effective potential in the H-field
and those we need to analyze in order to search for phase transitions.

Comparing directly to (2.15), we find at tree level

0Z _ 8 X _0ids (2.18)
v2  8k3’ A2 8k3T ’

Meanwhile, working at one-loop order in the Z5 symmetric case, we find using eq. (2.16)

57 52 X6 53
o7y 72 e ™ S 2.1
2t N T Ran)e (2.19)

We have arranged the Lagrangian in eq. (2.17) such that the physical scalar mass is in-
dependent of A\g. We will use this fact below to determine A4 in terms of the measured
125.7 GeV scalar mass. In a similar way, there is an implicit matching of the coefficient of
H'YH, absorbed in the requirement that v should have the correct value.

These expressions allow us to relate the parameter space in the singlet model to the
parameter space in the effective model. As usual, the relation between the full singlet model
and the EFT can be thought of as a projection. For example, to the order we work at, all
values of k34 are mapped to the same values of §Z and Ag, which are in turn expressions
in three parameters d1,d2 and Ko.

Expanding the Higgs doublet in unitary gauge we see that because of the effective
derivative term (proportional to §Z), the combination

h=(1402)h, (2.20)

is the canonically normalized field, rather than h itself. Thus, there is a mixing factor
(1 —6Z) at all h interaction vertices. The pole mass of the h-field is

~ 92 )\4?)2
m- =

g (1-202) = ms, (2.21)

and this is the physical mass (125.7 GeV) of the state that is the Higgs particle. We will
use this relation to eliminate A4 in the effective theory.
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Figure 1. Examples of the order parameter dependence on temperature for the effective model.
On the left, a second order transition (7. ~ 160 GeV). On the right a first order transition (T¢ =~
105 GeV).

3 The phase diagram of the effective theory
The Higgs potential at finite temperature can be written:
Van(T) =V + Vew + Ve + Vi (T), (3.1)

where V' is the tree-level (classical) potential, Vow is the Coleman-Weinberg potential
encoding the zero-temperature radiative corrections, V¢ are the finite parts of the coun-
terterms that renormalize the theory, and Vr are the corrections due to finite-temperature
effects. Appendix A contains more explicit expressions for these objects.

We fix the finite counterterms of V¢ in such a way that at T' = 0, the minimum of the
potential and the mass in the minimum agree with the tree-level values,

O(Ver + Vew)
OHT

82(‘/& + Vew)

=0, OHOHT

= 0. (3.2)

v

Hence, choosing a set of parameters my, v (or A, m?) and 6Z, g, the complete potential
at T' = 0 has the physical vacuum expectation value and physical Higgs mass. Note that
no counterterms for 7 and \g are required at this loop order.

For a given such set of parameters, the task is then to compute the global minimum of
the effective finite temperature potential. This defines the finite temperature ground state,
and hence the value of the expectation value v(T"), which we take to be the order parameter
of the phase transition. In figure 1 (right) we see an example where v(T') changes from
v = 0 at high temperature to v = 246 GeV at zero temperature. The curve is continuous
but not differentiable at a point, characteristic of a second order phase transition. The
critical temperature T, is defined to be at this cusp. In figure 1 (left), we see an example
of a discontinuous temperature dependence, and hence a first order phase transition. The
specific parameters of these examples are

0Z =0.1, X6 = 0.5, (Second order), (3.3)
02 =0.1, Aeé = 3.0, (First order).
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Figure 2. Scan of the effective model parameter space (§Z, A\g), identifying 1st order (red) and
2nd order (blue) regions.

If the discontinuous “jump” Aw at the critical temperature T, satisfies

Av
— > 0.5 3.5
Tc > 7 ( )

we define the transition to be “strong enough” to provide for baryogenesis [33-35]. This
is the case for the first order example in the figure, for which this ratio is roughy 1.85.
Clearly, such an extension of the Standard Model with effective operators does provide
strong transitions, even when fixing the Higgs mass to the physical value.

In figure 2 we show a scan of a broad parameter range of the effective model. Blue
points correspond to second order transitions. Red points are first order transitions. We
see that there is a well-defined wedge-shaped region of first order transitions, which is
clearly separated from the pure Standard Model point at (0,0) (which is blue). For values
of 87 less than —0.5 and larger than 0.5, pathological behaviour sets in, corresponding to
couplings becoming negative (see for instance eq. (2.21)). There seems to be no reason to
proceed to sample further negative values of Ag. It is possible to proceed to larger values
of 7, but then the dimension six term is no longer a perturbation to the Standard Model.
A similar argument applies to larger values of Ag.

We have tested relaxing the criterion of strength of the phase transition to 0.3 and
even down to 0.1, leading to only a small shift in the phase boundary. Having determined
the region in this effective field theory where first order phase transitions can take place,
let us move on to address the same questions in the context of the full singlet model.



4 The phase diagram of the singlet model

In a completely analogous way, we now proceed to calculate the finite-temperature effective
potential in what we take to be the fundamental (UV) theory: the singlet-extended Stan-
dard Model. The singlet only couples to the Higgs field and itself as already described in
section 2. Going to unitary gauge and writing H = %(qﬁ + h) and trivially setting S = s,
we have

1 1 1 1
V =Vo+-m?(p+h)?+ E)\(qﬁ +h)* + Zél(qs +h)%s + Zéz(qb + h)?s?

4
om? 1 1 1
+ 127; 5+ 5%252 + §m353 + Z/-ﬁ484. (4.1)

We again introduce the vacuum expectation values

—2m2
N\

(p+h)=v= (s) =0, (4.2)

where the second equation follows from our definition of s. At zero temperature,

av av

d7¢|v,0 - E‘U,O =0. (43)

The mass matrix in that minimum reads

&2V PV 2 pE, 2 5
dh? dhds Hp =~ —-m 2V
Min = ( S) = 2 = ( 5 ) (4.4)

&2V &PV 9 53,2
dsdh ds2 / lv0 —5> Mg 7V K2+ U

as in (2.5). The eigenvalues m? and m% of this mass matrix correspond to the mostly
Higgs and mostly singlet mass eigenstates. This defines an 7-dimensional parameter space

{U;M%:M%hw%ﬁ%/‘%,fﬂ}; (45)

these determine values for A\, m?, ko and ;. Since we know one of the mass eigenvalues
and the Higgs vacuum expectation value, let us instead use the equivalent parameters

{v,ms,0,mp, 02, K3, ka}, (4.6)
where 6 is the mixing angle. From experiment, we set
myp = 125.7GeV, v =246 GeV, (4.7)
leaving
{mg, 0,09, k3, K4} (4.8)

to be scanned over.
The scalar field potential at finite temperature reads

V(T)=V + Vew + Voo + Vp(T), (4.9)
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Figure 3. Examples of the order parameter dependence on temperature for the singlet extended
model with Z; symmetry. On the left, a second order transition (7, ~ 168 GeV). On the right a
first order transition (T, ~ 155 GeV).

where the three remaining components Vow, Vit and Vp are written out explicitly in
appendix B. We fix the finite parts of the counterterms so that all first, second, third and
fourth derivatives of the effective potential in the zero temperature minimum match the
tree-level potential. For simplicity, we will restrict our sweep to the parameter ranges

0 < {mg,r3} <4 TeV, 0 <sinf < 1, 0 < {02, kq4} < 2. (4.10)

In particular, we can specialize to a Z symmetric potential (S <> —S is a symmetry),
in which case sinf) = k3 = 0 (§; = 0), leaving only mg, dy and k4. Note that we do not
allow for spontaneous symmetry breaking of S, hence (S) = 0 always when Zs symmetry
is imposed, even at finite temperature.

4.1 Identifying first and second order transitions in the singlet-extended
model

In the Z5 symmetric case, the order parameter is the Higgs expectation value, and the phase
transition may be identified exactly as in the EFT case. Figure 3 shows again examples
of first and second order transitions in terms of the temperature dependence of the Higgs
expectation value v(7"). The specific parameters of these example points are

mg = 2544 GeV, d2 = 6.06, kg = 3.04, (Second order), (4.11)
mg = 378 GeV, d2 = 5.36, ka = 4.95, (First order). (4.12)

o(l)

that this point is a candidate for baryogenesis.

The first order transition has = 0.75, so we consider the transition to be strong enough

When not imposing Zs symmetry, the singlet field also picks up an expectation value
s(T) at finite temperature, as shown in figure 4. A single order parameter could be chosen
to be the combination \/s?(T") + v?(T'), but we will simply consider the two separately and
retain only those phase transitions for which the discontinuity in the Higgs-only potential
satisfies % > 0.5.

It turns out that quite a number of parameter sets, although they do have a local
minimum at (s) = 0, (¢ + h) = v as specified by the renormalisation conditions, in fact

~10 -
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Figure 4. Examples of the Higgs (top) and singlet (bottom) finite temperature expectation value
for the singlet extended model. On the left, a second order transition (7, ~ 163 GeV). On the right,
a first order transition (T ~ 165 GeV).

have a global minimum at (¢ + h) = 0, (s) = w # 0. As discussed previously, one may
always shift the field s so that the singlet vacuum expectation value vanishes, but not
that of the Higgs field (shifting the singlet s — w + § changes the parameters in such
way that the coefficient of HTH is positive around the global minimum). Since the global
minimum has no Higgs vacuum expectation value, we take the corresponding parameter
set to be unphysical (or rather, ruled out by the experimental observation of a non-zero
Higgs vacuum expectation value).

In figure 4 we see examples of first and second order transitions for general parame-
ter sets

mg = 1084 GeV, 62 =1.68, 6 =0.092, k3 =454GeV, k4 =195 (Second order),
mg = 2063 GeV, 02 =4.63, 6 =0.146, k3 =1847GeV, k4 =3.08, (First order).
(4.13)

u(Te)
Te

baryogenesis. Therefore, adding a singlet to the Standard Model may provide a strong first

Again, since the first order transition has

= 0.96, we take it to be strong enough for

order transition, with or without Zs-symmetry.

Several parameters are required for fully specifying a point in the singlet-model param-
eter space. This makes a description of the region which admits strongly first-order phase
transitions somewhat involved. For simplicity, we show the region in figure 5 by projecting
onto the values of the singlet mass and the factor sin @ which measures how strongly the
singlet couples to the Standard Model. We sample homogeneously in mg, d2, K3, K4, and
f, but note that we actually plot versus sin @, not 6 itself.

- 11 -
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Figure 5. The two classes of phase transitions in the full singlet model. First order phase transitions
are shown with red points, while second order transitions correspond to blue points.

Some features of figure 5 are worth discussing. First, for large singlet masses (larger
than about 1500 GeV) and intermediate values of sin @, there is clearly a large region (the
white region on the right) completely devoid of physical parameter sets. This was also
observed in [18]. In that region, there are (at least) two minima, and the Standard Model
minimum is not the global one. For smaller mixing angles (sinf < 0.4), there is a clear
band of red first-order points running along the lower edge of the white region. In this case,
there are again two minima, and the Standard Model one is the global minimum at zero
temperature. As the temperature increases, the relative heights of the minima change and
there is a first-order phase transition. For convenience, we will call this region of first order
phase transitions the “arm”. Below this band is a region of blue second order transition
points, where the potential may or may not have more than one minimum, but the global
minimum at zero temperature is the Standard Model vacuum.

The “arm” of strongly first-order phase transitions, also observed in [18], seems sur-
prising at first. It seems to stretch to arbitrarily large mg, violating the expectation that
for large enough mg the behaviour of the singlet model should be the same as the Standard
Model, so that there should only be second order phase transitions. To understand this
phenomenon in more detail, we now compare the singlet model more carefully with the
effective theory.

5 Comparing singlet and effective models

Our interest now focuses on the following question: to what extent does the effective the-
ory calculation give the correct determination of the order and strength of the transition
in the singlet-extended model? That is, under what circumstances does the effective the-
ory provide a reliable estimate of the physics of the phase transition in the singlet model
which we take to be the UV completion? To investigate this question, we take a param-
eter set in the singlet model, and match it to onto the associated effective model using

- 12 —



egs. (2.18), (2.19). Then we read off from figure 2 whether this parameter set is expected
to be first or second order, and compare this to the “correct” results from the computations
in the UV-completed theory, the singlet-extended model.

5.1 Zs symmetry not present

First, we examine the situation where there is no S — —5 Z symmetry. To do so, we
must first restrict to points in the singlet model which admit the effective theory: that is,
they must have the property that ko is the only large mass scale in the theory so that our
matching relations are valid. We wish to be generous about our choice of region in which we
expect the EFT to be valid to gain as broad a coverage as possible, although the cost will
be to allow some points in the singlet model parameter space which are somewhat outside
the precise scope of the effective theory. Thus, we allow for a violation of the matching
relations by a factor of 2:

1
5 <2 162] /6 < 2, (5.1)
L[ o (o fhe 920, = 2407 1
— - — Chs <. 5.2
m% [mh <'uh 4ko * 82 2 (52)

Further, we require that the quantum mechanical (one loop) corrections to the matching
relations are not too large. To achieve this, it is sufficient to impose

i %

1
21 ) 5.3
8k3 T 212(47)2ke (53)

The final condition we impose is designed to ensure decoupling between the heavy, mostly S
state, and the lighter Higgs-like particle. Decoupling requires that interactions between the
heavy and light degrees of freedom do not scale with mass of the heavier particle. Again,
to be conservative in our choice we allow coupling constants in the Lagrangian which carry
dimension of mass to be smaller than 2/%/ 2,

Points in singlet model parameter space which pass these tests will have perturbative
effective field theories which are weakly coupled and can be truncated at dimension 6 to a
reasonable approximation. Phase transitions in such singlet models are shown in figure 6.
We project again onto the mg-sin #-plane, corresponding to the two quantities most likely
to be experimentally accessible.

Only three points in our scan of singlet model parameter space satisfy our inequalities
while generating strongly first-order phase transitions; these are the red points in figure 6.
As one would expect, these points have relatively light mg < 1 TeV. These points also have
a strong coupling between the lighter Higgs sector of the theory and the S, with mixing
angles such that sin 6 = 0.3. Indeed, if we require that massive couplings in the scalar theory
satisfy the more stringent requirement that they are smaller than H;/ 2 (rather than 2/%/ 2)
these points are removed. This confirms the expectation that one requires strong coupling
and/or a light new scalar state to change the nature of the Standard Model electroweak
phase transition. The “arm” we observed in our scan of the full scalar parameter space,
figure 5, corresponds to very large values of the coupling between the Higgs and the 5,
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Figure 6. The two classes of phase transitions in the full singlet model, looking only at points
where the SM extended by the two dimension 6 operators is a valid description of low-energy physics.
First order phase transitions are shown with red points. Second order transitions correspond to
the purple and orange points. The EFT correctly identifies the phase-transition order of the purple
points while it incorrectly identifies the order of the phase transition of the orange points.

in particular large values of d;. Indeed, one needs such large values of §; such that the
mixing angle between the Higgs and the .S remains comparatively large sinf ~ 0.2 on
the “arm” for mg = 4 TeV. Although nothing prohibits such large dimensionful couplings
that scale with the mass of the heavy state, one can view these cases (and hence the
entire “arm” of figure 5) as a region of rather fine-tuned parameters. We have probed the
region beyond mg = 4 TeV and seen the “arm” continue; we take 4 TeV to approximately
represent the likely range of the LHC. We note that sin 6§ is already strongly constrained
(see for instance [18]).

The three strongly-first order points which pass our inequalities defining the region
where the EFT is approximately valid have the property that both the full singlet theory
and its EF'T truncation agree on the nature of the phase transition. That is, these points are
known to have strongly first-order transitions from an analysis of the full theory. One can
construct an EFT for each of these three points, using the matching relations, eq. (2.18).
Then it is straightforward for us to determine the order of the phase transition predicted by
the EFT, using our analysis of the EF'T phase transition structure as described in section 3.
We find that the EFT predicts all three points have strongly first-order phase transitions,
in agreement with the full singlet model.

Agreement between the effective and full analyses is not guaranteed in our analysis
because we have been generous with our definition of the region of validity of the EFT (so
that complete agreement is not to be expected). In particular, thermal corrections due to
the heavy new physics are taken into account in the full singlet model, while in the EFT,
they are not. By being generous about the region of validity of the EFT, we are including
regions where the hierarchy of scales defining the EFT is not particularly large, and where
coupling are comparatively strong. So deviations are to be expected. Indeed, we find that
the two theories disagree on the nature of the phase transition of a selection of points which
the full theory determines have second order phase transitions. Therefore, in figure 6, we
color-code points which have second order phase transitions such that purple points have
second order transitions according to both the effective and full analyses (agreement).
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Figure 7. Same as figure 6, except we have reduced the allowed values of dimensionful couplings
so that they are less than ﬂé/ 2 (rather than 2/<;é/ 2). Notice that only second order phase transitions
exists in this region, and furthermore there is more full agreement between the singlet model and
the EFT.

Meanwhile, the EFT disagrees with the full analysis in the case of the orange points in
parameter space. Disagreement between the EFT and the full theory (orange points) occur
in the region mg < 2TeV and are associated with larger couplings between the heavier
and lighter states as evidenced by the substantial mixing angles of orange points. More
insight into this region of disagreement can be obtained by strengthening our restriction

1/2

on values of dimensionful couplings so that they are now smaller than x, ~ rather than
2/1;/ 2 (figure 7). As the figure shows, we obtain more detailed agreement between the EFT
and the full singlet model in this region, at the expense of completely cutting out strongly
first-order phase transitions. Meanwhile, examination of figures 6 and 7 shows that there
is full agreement between the full singlet model and the effective theory for small mixing
and large scalar mass, as we would expect.

In view of the fact that the first-order phase transitions which we find within our EFT
region of validity are at the boundary of this region, and are surrounded by points where
the full and effective models disagree, we interpret these points as being outside the strict
region of validity of the EFT. The agreement between the full and effective theories for
these points is presumably coincidental.

Finally, to further establish the region of validity of the EFT treatment, we repeat

/2

the analysis with dimensionful couplings up to 4/% , shown in figure 8. We show the

points identified as second order by the singlet model in the left-hand plot, and the points

/% s clearly beyond

identified as first order in the right-hand plot. Relaxing the cut to 4&5
where we expect EFT to be reliable, and we indeed see that many additional second order
points are now orange (and therefore incorrectly identified by EFT). We also see that a
large portion of the “arm” of first order points is now included, and is also badly reproduced
by EFT. This is as expected, since as we argued the “arm” and the white region beyond
correspond to the emergence of a more complicated vacuum structure, as well as large
values of dimensionful couplings.

Thus we learn that our effective analysis is only reliable when there is a large separation
of scales (including dimensionful couplings). If one relaxes these requirements, then a richer

set of possibilities is present, but a detailed understanding of the physics requires use of
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Figure 8. As for figures 6, 7 but only restricting dimensionful couplings to be smaller than 4x'/2

(way beyond the expected validity of EFT). On the left, the points identified as second order in the
singlet model; on the right, the points identified as first order in the singlet model. Purple points
again refer to where EFT identifies the order correctly. Orange points where it does not. We see
the first order “arm” appearing, which clearly is beyond reach of the EFT treatment.

0 1000 2000 3000 4000

Figure 9. The singlet extended model parameter sets, when imposing Zs-symmetry. We find that
the red points in parameter space have first order phase transitions, while the blue points have
second order transitions.

the full theory. The effective analysis opens a window only on a relatively small part of the
singlet model’s parameter space; it is also a region of singlet model parameter space which is
less interesting from the point of view of baryogenesis. In particular, the “arm” of strongly
first-order phase transitions is associated with a large coupling with mass dimension 1.
Allowing such a large coupling may seem unnatural, but in view of the fine tuning which is
apparently already present in the Standard Model, one should be cautious about a priori
discarding such cases.

5.2 Zs-symmetric theory

Having discussed the more generic situation, let us return to the case where we impose a
Zy S — —S symmetry on the full singlet theory. In this situation, we choose a slightly
different presentation of the parameter space in view of the fact that the mixing angle
is exactly zero. In figure 9, we project the singlet parameter space {02, mg, 4} onto the
{85, mg}-plane.® Points in figure 9 which are coloured red have strongly first-order phase
transitions, while the points coloured blue have second order phase transitions. Notice that
the region in parameter space with first-order transitions occurs for fairly small values of

3The matching relations are independent of x4 to our order of approximation.

~16 —



Figure 10. The singlet extended model parameter sets, when imposing Zs-symmetry. On the left,
transitions in the singlet model, restricting to the approximate region in parameter space where the
effective theory is valid. On the right, we colour the same points according to whether the EFT
theory predicts first order (red) or second order (blue) phase transitions.

mg, below around 500 GeV with larger values of mg available for large values of d2. This
suggests that the region will be outside the domain of validity of our effective analysis,
which requires kg > mi. Furthermore, our truncation to the first order of perturbation
theory requires not too large values of d;. (Notice that we do not impose an analogue of
eq. (5.3) on the Zy symmetric theory.)

To compare the full and effective theories in more detail, we restrict the parameter
2 > 500 GeV, so that there is a reasonable hierarchy between the
light and heavy mass scales. Again, this is a generous definition of the region of validity of

space by requiring Iﬁ};

the EFT. We then determine the nature of the phase transition predicted by the effective
theory. Our result is shown in figure 10. In the left-hand plot, we show the parameter
sets that give rise to second order transitions (blue points) and the ones that give rise to
first order transitions (red points). In the right-hand plot, we show the same parameter
sets, but now we color-code them according to whether their matching EFT parameter set
predicts a second order transition (blue points) or a first order transition (red points).

In the region where we expect the effective theory to be a good description of the
physics, the full singlet model predicts only second order phase transitions. In a small
corner of the parameter space, at the lower range of ko and larger do, the effective theory
predicts first order phase transitions. In view of the location of this region, we interpret this
as a signal that higher order corrections in the EFT have become important. Therefore,
once again, we see that the EFT and full singlet models agree, except on the boundary of
the region where we expect the EFT to be valid. Moreover, in the core region where the
EFT is a good description of the physics, only second-order phase transitions are present.

6 Conclusions

It is very tempting to apply EFT to understand the nature of the electroweak phase tran-
sition in the context of physics beyond the Standard Model. In this way, one would remain
agnostic about the underlying theory but acquire knowledge systematically order-by-order
of what this underlying theory could be. To test this approach, we performed a direct
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comparison between phase transitions in the singlet model and an effective description of
the model. This is an important issue since it can teach us the extent to which we can
trust EFT predictions regarding electroweak baryogenesis.

One difficulty with the effective approach is the comparatively slow decoupling of
thermal effects due to the modest hierarchy between the electroweak scale and the relevant
range of singlet scalar masses. This phenomenon occurs for example in our analysis of
second order phase transitions, shown in figure 6. For 500 GeV < mg < 2000 GeV and
mixing angles 2 0.1, our EFT description of the phase transition structure is incorrect,
in that there is a mismatch with the phase transition structure of the full singlet model.
This is surprising at first, since the separation between physical states is almost an order
of magnitude. However, couplings in this region are fairly large, and the exponential
Boltzmann suppression does not yet dominate.

For larger masses mg > 2TeV or smaller mixing angles, there is a match between the
effective and singlet models. This is the decoupling region in accordance with expectation.
However, the full singlet model has a much richer structure of phase transitions which are
associated with stronger couplings between the light (mostly Higgs) sector and the heavy
new physics sector as seen in figure 5. While the coupling between Higgs and S is quite
large, for example on the “arm” of strongly first-order phase transitions, it does not appear
to be ruled out by any issue of principle. The singlet theory itself is still perturbatively
coupled in this region. But there is no decoupling between the light and heavy modes
due to a large dimensionful coupling. Therefore, the effective analysis is limited to a fairly
small region of singlet model parameter space, which also happens to be a region which is
less interesting from the point of view of baryogenesis. We have discussed the extent to
which this particular region of parameter space can be dismissed as fine-tuned.

We further investigated imposing a Z symmetry on the model. In this case, we find
that within the domain of validity of the EFT there is broad agreement between the full
and effective analysis of the phase transitions. In this region, phase transitions are second
order. One needs to couple the new physics more strongly to the Higgs sector in order to
generate strongly first-order phase transitions.

Thus we conclude that an effective analysis of baryogenesis must be treated with some
caution. A modest hierarchy of scales can lead to situations in which an EFT analysis
disagrees with a more detailed analysis in the full UV completion. Moreover, detailed
UV theories can easily contain strongly first-order phase transitions which are far away in
parameter space from the region covered by effective theory.

Acknowledgments

We thank Richard Ball, Simon Badger, Arjun Berera and Michael Trott for useful dis-
cussions. AT acknowledges support from the Villum Foundation. PHD and DOC thank
the KITP at Santa Barbara for hospitality while this work was being completed. This re-
search has been partly supported by the National Science Foundation under Grant No. NSF
PHY11-25915, the STFC consolidated grant “Particle Physics at the Higgs Centre”, and
by the Marie Curie FP7 grant 631370.

~ 18 —



A Effective potential contributions, effective theory

A.1 EFT: tree-level potential V'

The classical potential of the EFT model is
2\ 2 2\ 3
V(H) = - <HTH - “) _ 2 (HTH - ”) . (A1)

Keeping in mind the presence of the kinetic dimension 6 operator, we write again
H = %((i) + h), where ¢ is a constant background field and h the fluctuations around ¢,

we define h" = h™(1 —ndZ). Then h is canonically normalized.
We have

V(¢,h) = V(e) + Vy(, h) =
/\41)2 37}4)‘6 2 )\4 3)\61)2 4 )\6 6
_<8 _8A2>¢+<16 8A2>¢+8A2¢

+1=02)( 360~ %) + Tial6" + oo 220" )

+(1-262) @4(3& —0?) + 25 (15¢* + 302 18v2¢2)> R

8A2

+(1—362) < - 2A2 S (542 — )¢> R’

+1-102) (G + SRa(60% - o))

3>\6¢
4A2

A ;

+(1-562) el v S

5+ (1-602)

(A.2)

where the first line is the classical potential V' and the last two terms are constants that
have no consequence for the location for the potential minimum. By differentiation with
respect to ¢, we find that v is the minimum of the potential, as required. By differentiation
with respect to h twice, we identify the pole mass at ¢ = v for the degree of freedom h to
be m? = (1 — 2(5Z))“*T”2 (see also eq. (2.21)). From higher derivatives with respect to h we
find the 3-, 4-, 5-, and 6-point vertices to be

g — (1-362) <A4” + X6 Az> (A.3)
% — (1-462) <1A6 + 326 X2> (A4)
% = (1- 552)%5;’, (A.5)
G =0- aaz)Aﬁf. (A.6)
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A.2 EFT: the Coleman-Weinberg potential Vow

After divergences have been subtracted, the zero-temperature contribution at one-loop
order to the effective potential has the form
M ()

1
Vew = Z @NzM;((ﬁ) [log 12 - Cz} ) (A7)

i
where p is an arbitrary scale, ¢ sums over particle species in the Standard Model and

Nt,c,u,d,s,b = —12, Nw =6, Nz =3, (AS)
Ny =1, Ne=3,  Neprwewesn = —4.

We have ignored the photon and the gluons, since they do not couple directly to the Higgs
field. Their contribution would therefore only be a constant as a function of ¢, and hence is
irrelevant to the location of the minimum. We have split the four Higgs degrees of freedom
into the massive mode h and the three massless modes G. C; is 5/6 for gauge bosons, 3/2
for the rest. u is a renormalization scale which we take to be m;.

The zero temperature masses as a function of the Higgs and singlet fields are:

¢

Mt,C,’U/,d,S,b,WZ,E,M,T,Vg,l/u,,l/q— (¢) = mt,c,u,d,s,b,I/V,Z,e,u,T,Ve,1/“,1/7- E' (A'g)

The ¢-dependent mass eigenvalue of the Higgs field fluctuations is the second derivative of
V(e, iL) with respect to h:

M2 (p) = (1 —262) (14(3& — %) + %(5@1)4 + v? — 6v2¢2)>. (A.10)

The ¢-dependent mass of the massless modes follows from inserting the doublet of fluctu-
ations

+1
X1 T X2 ) 7 (A.11)

H
%<;§<¢+h>+z‘><3

canonically normalized into the Lagrangian. The ¢-dependent mass is now given by the
second derivative with respect to x123. These are all the same and read

ME(6) = (1= 202) (3167 - ) + el - 7). (A12)

The mass of transverse (Goldstone) modes vanishes in the zero temperature vacuum ¢ = v,
as it must.

A.3 EFT: counterterms V¢

In order to make the one-loop contribution finite, we introduce counterterms,

1 1
Ver = 6V + 5<5m2HUer + Z(SA(HTH)Z. (A.13)
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These cancel all divergences and we fix their finite parts by imposing three renormalization
conditions.

O(Ver + Vew)
OHt

aQ(VCt + Vew)

(‘/Ct"i_VCW)‘U 207 8H8HT

=0,

v

=0. (A.14)

The renormalization conditions amount to enforcing that the position and depth of the
minimum and the mass at one-loop order are the same as they are at tree-level. In the
renormalisation procedure, we have ignored the “Goldstone” contributions, as their deriva-
tives are badly behaved. Since the contribution to the potential vanishes in the vacuum
(their mass is zero) and is small near the minimum, computing the counter terms without,
and then computing the potential with, amounts to a very small error [37].

A.4 EFT: finite-temperature contribution Vr

At one-loop order we write the finite-temperature contribution as
Vi(, T) = V6, T) + Vi"(6,T). (A.15)

The first component is the one-loop expression

1 T o2
Vi(p,T) = 22Ni/ dxx® log
n 0

[ o MZ(s)
R ] (A.16)

where N; is as above and M;(¢) is the zero-temperature field-dependent mass. The =+ refers

to fermions and bosons respectively. Expanding this for small % yields [38]:

1
const. + ﬂNiMZZ(gb)TQ - Nngf’(qﬁ) +O(M}), (bosons) (A.17)
7r
const. + iNZ-J\JZ?((;ﬁ)TQ +O(M}), (fermions). (A.18)

48

There are now two procedures for including thermal corrections to the effective masses.
One is to follow [39] by simply replacing

ME(¢) = M (6,T), (A-19)
in (A.16). The other follows [38, 40] and involves making the exchange
MP(¢) = M (9,T), (A.20)

in (A.17). This amounts to the daisy resummation, and only involves bosonic degrees of
freedom. To leading order, we have

VEHOT) = 3 13N M 0) - a0, T)| (A21)

Note that this effectively swaps the cubic mass term from the above expansion with a
thermally dependent one. For either implementation, we need the thermally corrected
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masses M;(¢p,T) for each bosonic degree of freedom. Here both the Higgs and Goldstone
(the 3 Higgs-field modes orthogonal to ¢) modes contribute, and we have a contribution
from the gauge-bosons. We have for Goldstone modes

3
Mg(6,T) = Mé(@) + | 169° +Eg + Z Y2+— Y v+ )\ T2. (A.22)

quarks leptons

Note that at v = 0 the first term vanishes and at T' = 0 the second term vanishes. This
reflects that the Goldstone modes acquire mass from two separate mechanisms. One cor-
responds to the Higgs field taking expectation values other than the electroweak minimum
and the other from thermal corrections. For the massive Higgs mode

3 1 1 1 1
M6 T) = MA@ + | 150" + 1597 T (7 2o Yot gg 2o Y +h || 17 (A23)

quarks leptons

where we have defined the Yukawa coupling constants as:

YOV =YY Y2+ Y+ Y, (A.24)
quarks

YOV =VIHY AV Y Y Y

leptons

For the gauge bosons we revert to the original gauge field basis, and write the mass matrix

M?(¢,T)=M?(¢)+Mz(T)

g*¢*/4 0 0 0 qg2T? 0 0 0
0 g*¢*/4 0 0 0 U270 0
N 0 0 G? /4 —gg'd? /4 i 0 0 g7 0
0 0 —gg'd?/4 g2¢?/4 0 0 0 ig?7?
(A.25)
and here the trace in (A.21) becomes relevant
Te[M?(¢) — M(,T)°] = Te[M?(¢)] — Tx[M?(¢, T)]
= Tr[D}; ) = Te[DFy ) (A.26)

Note that diagonalizing D%/[( ) is the same as in the Standard Model, but when diagonal-
izing D%( 6T’ the Z and v mixes because of the photons thermal mass. This correction
makes the longitudinal parts of the gauge-boson fields temperature dependent. It does not
correct the transverse parts.

B Effective potential contributions, singlet extended model

B.1 Singlet model: Coleman-Weinberg potential Vow

When including the singlet field the one-loop zero-temperature contributions are similar

VCW:ZM —N;M}(¢,s) |log (¢’ )—Ci : (B.1)
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where, again, y is an arbitrary scale while ¢ now sums over particle species in the Standard
Model plus the singlet, and

Nt,c,u,d,s,b = —12, Nw =6, Nz =3, (B2)
Ns,h = 17 NG = 37 NE,M,T,Ve,lIH,VT = _47

and we have once more ignored the photon and the gluons. We have split the four Higgs

degrees of freedom into the massive mode h and the three Goldstone modes G. Cj is 5/6

for gauge bosons, 3/2 for the rest. @ is a renormalization scale which we take to be m.
The zero temperature masses as a function of the Higgs and singlet fields are

M cu,d,s,p,W,Z,epi,mve v (D3 8) = Mt udos b, W, Z,e, e v e %, (B.3)
and the field dependent eigenvalues of the Higgs-singlet mass matrix
M?(¢,5) = <N§+?¢2+%5+%52 5 A >
R+ da5¢ Ko + 2@ + 2k35 + 3K4s?
and the Goldstone modes
Mg(¢) = ”;2 + %ﬁz + %s + %82- (B.4)

B.2 Singlet model: counterterms V.

In order to make the one-loop contribution finite, we introduce a set of counterterms.
I - 1 . t 1 9
1 2 7t 1 3, 1 4
+ 15525 H'H + 6rk15 + §5H35 + 15H4S , (B.5)

and we may again insert H = %(qﬁ + h). These counterterms cancel all divergences and
we fix their finite parts by imposing a set of 9 renormalization conditions. We again ignore
the contributions to Vow from the Goldstone modes.

O(Vew + Vi) O(Vew + Vi)

1% ct)v,0 = — 7, - =Y, B.
(Vew + Vet)v,0 9 o 95 oo 0 (B.6)
PVow +Ver)  _ P(Vow +Ve) _ P(Vow+Ver)  _ (B.7)

Oh? v,0 0s? 0,0 OhOs v,0 ’ )
*(Vew + Ver) _ P (Vew + Ver) _ I*(Vew + Vi) —0 (B.8)

052042 0s3 ,0 dst w0 '

We note that this is explicitly different from the approach in [18, 36], where the renormal-
isation conditions are a mixture of constraints in the broken and symmetric phase. This
leads to either divergent counterterms in the Zs-symmetric limit, or an explicit breaking of
Z5 symmetry through the renormalisation conditions, even when sin § = k3 = k1 = §; = 0.
hence our renormalised theory is quite different form the one presented there.
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B.3 Singlet model: finite temperature contribution Vr

The finite temperature contribution are
Vr(d,s,T) = V6,5, T) + V" (6,5,T). (B.9)

The first component is the one-loop expression
1 T > 2 v/ 22+ M? T2
Vi(o,s,T) = 27r2Ni/0 dx z° log [1 + " VTHMIS9)/ ] . (B.10)

where M;(¢,s) is the zero-temperature masses already defined. The sign =+ refers to
fermions and bosons respectively.
Again we have the daisy resummation:

VETS(6,5,T) = 3 oo NiT [M(6,5) — M} (6,5,T)] (B.11)

i

where M?(¢,s,T) refers to the thermally corrected masses, for the 3 Goldstone modes,

ME(,5,T) = ME(S)+ | ~g? + =g + Z Y2+— Y vz /\ T2, (B.12)

16 16 quarks leptons
and for the Higgs and singlet modes
M?(¢,8,T) = M?(,5) (B.13)
+< [1%92"'%9/24’(%2%“5 +15 2 leptons Y5 +3 A)} 0 )7
0 (8 +12X)T?

where we have defined the Yukawa coupling constants as:

S V=RV YAV VEHYE, (B.14)
quarks

N YP=Y24YIAYPHY Y2 Y

leptons

There is also a contribution to ijng from the gauge bosons, and for this we have to revert
to the original gauge field basis, and write the mass matrix

g2¢2/4 0 0 0 %921—’2 0 0 0
2 0 g2¢*/4 0 0 0 FgT* 0 0
M (¢757T): + 11 22 ’
0 0 ¢*¢*/4 —gg'¢?/4 0 0 F9 1% 0
0 0 g9'¢?/4 g?¢?*/4 0 0 0 Hg*T?

(B.15)
and here the trace in (B.11) becomes relevant.
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