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The strength of electroweak symmetry breaking may substantially differ in the early Universe
compared to the present day value. In the Standard Model, the Higgs vacuum expectation value
(vev) vanishes and electroweak symmetry gets restored at temperatures above ~ 160 GeV due to
the Higgs field interactions with the high-temperature plasma. It was however shown that new light
singlet scalar fields may change this behaviour. The key feature is the non-standard dependence on
the Higgs vev of the new particles mass which can vanish at large Higgs vev, inducing a negative
correction to the Higgs thermal mass, leading to electroweak symmetry non-restoration at high
temperature. We show that such an effect can also be induced by new singlet fermions which on
the other hand have the advantage of not producing unstable directions in the scalar potential,
nor introducing additional hierarchy problems. As temperature drops, such a high-temperature
breaking phase may continuously evolve into the zero-temperature breaking phase or the two phases
can be separated by a temporary phase of restored symmetry. We discuss how our construction can
naturally arise in motivated models of new physics, such as Composite Higgs. This is particularly
relevant for baryogenesis, as it opens a whole class of possibilities in which the baryon asymmetry can
be produced during a high temperature phase transition, while not being erased later by sphalerons.
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I. INTRODUCTION

The Standard Model (SM) predicts electroweak (EW) symmetry restoration at high temperature due to
the large positive thermal corrections to the Higgs mass parameter, coming from the Higgs boson interactions
in the hot plasma, mainly with the top quark, the electroweak gauge bosons and the Higgs boson itself. It
is however interesting to analyse the possibility of EW symmetry non-restoration (SNR) for several reasons.
In the following, we will be mostly interested in a specific type of SNR (so-called continuous SNR) in which
the EW symmetry remains broken from some high temperature (larger than ~ 160 GeV) down to T = 0.
Moreover, the value of the Higgs field remains larger than the temperature, h/T 2 1. Such a specific type
of SNR is very important for electroweak baryogenesis. In this framework, the baryon asymmetry can be
generated during a first-order phase transition in the early universe, but only if this transition results in the
growth of the Higgs vacuum expectation value (vev) to a value higher than the temperature. For instance, a
number of UV completions of the SM contain new scalars above the EW scale, which can undergo such phase
transitions, and are coupled to the Higgs field. However, if the critical typical temperature of the transition
it too high, the electroweak symmetry would remain unbroken and no baryon asymmetry can be generated,
unless the phase transition is supercooled. But in the latter case, any produced baryon asymmetry will still be
washed out by sphalerons after reheating in (B — L) conserving theories if the reheat temperature is too high.
For this reason, EW baryogenesis is generally thought to be tied to happen at T' ~ O(100) GeV, allowing for
h/T 2 1. If, on the other hand, EW symmetry is broken by some new high-temperature effects, the baryon
asymmetry produced during the high-scale phase transition can be preserved. This makes it possible to use
new sources of CP-violation without conflict with experimental bounds on electric dipole moments [1], as well
as heavier and less constrained sectors inducing the first-order EW phase transition. High-temperature EW
SNR is therefore highly relevant, although it has so far only been scarcely addressed in the literature.

High-temperature SNR was first discussed by Weinberg in the simple two-scalar model [2] (see Ref. [4]
for full list of subsequent references). Later, the idea was applied to the EW symmetry in Ref. [3-5]. In
these models, high-temperature EW SNR is driven by a new sector containing a large number of relatively
light singlet scalars interacting with the Higgs doublet. In this work, we explore the phenomenon of EW SNR
driven by new fermionic degrees of freedom. The general underlying principle for SNR driven by new particles
is fairly simple. Massless, or sufficiently light (m < T') particles coupled to the Higgs produce a dip in the
thermal Higgs effective potential of the size V' o« —T. On the other hand, heavy particles (m > T') have a
negligible contribution. Having this in mind, we will construct models which feature new singlet fermions with
a specific Higgs-dependent mass. This mass is sizeable at zero Higgs vev h = 0 and vanishes at some large h.
We then find that the plasma containing such fermions induces a correction to the Higgs potential which is
minimized at large h and is able to trigger SNR '. Such a mass dependence is opposite to the one featured
by the SM fermions, and new fermions will have to be introduced. As their effect on the Higgs field has to
remain sizeable at T' ~ 160 GeV, where the SM thermal effects would otherwise restore the EW symmetry,
the zero-T' mass of such fermions has to be of the same order, i.e. at most a few hundreds of GeV.

The fermionic- and the previously considered scalar-induced SNR have several important differences. First,
having new light fermions is a prioriless troublesome from the naturalness point of view. Second, the fermions
do not alter the tree-level scalar potential of the model. The new scalars responsible for SNR do modify it in

1 While in this paper we will concentrate on the case where the only scalar field responsible for EWSB is the Higgs field, our
construction can be straightforwardly extended to SNR due to non-zero vev of an additional scalar that is charged under the
electroweak symmetry in the spirit of Ref. [6-8]. Such a possibility was already discussed in the context of SNR with new
scalars in Ref. [5].



such a way that the potential becomes unstable at large h values, unless a severe constraint is imposed on the
number of scalars, which typically has to exceed a few hundreds. On the other hand, as we will see in Sec. I C,
fermionic SNR is generically linked to non-renormalizable operators, and therefore has an intrinsic energy and
temperature cutoff, above which the SNR effect disappears or at least the model looses perturbativity.

To show this effect, we will use a simplified model which features only the minimal number of necessary
ingredients for SNR — n copies of a singlet fermion N coupled to the Higgs through a dimension-five operator.
This model can however easily be embedded into more appealing UV completions. We discuss two such
completions — the models of Goldstone Higgs and a singlet+doublet extension of the SM. As for the former
case, high-T' SNR has already been discussed in the context of the Little Higgs models in Ref. [9]. However,
in that case, the SNR was supposed to happen only at some high T > my, with a questionable validity
of one-loop predictions [10]. An attempt to achieve a continuous SNR in CH models was reported in [11],
with no viable parameter space found. The main difference of our CH construction, which allows for a
perturbatively controlled SNR, is the presence of a large, at least O(10), number of new fermions with
sufficiently unconstrained couplings.

We will start with a general discussion of the temperature corrections to the Higgs potential in Sec. II
and identify the main ingredients needed to induce SNR with fermions, pointing to a simplified model with
singlet Dirac fermions containing a Higgs-dependent dimension-5 mass term. We dedicate Sec. III to a more
refined analysis, including the estimate of the higher-loop effects, and a numerical computation of the Higgs
vev temperature evolution. The UV completions to the simplified model are presented in Sec. IV. Sec. V
contains a detailed comparison between scalar and fermionic SNR. We summarize our results in Sec. VI. In
appendices A and B we detail the SM thermal corrections and the thermal corrections to the new fermions
mass.

II. THERMAL CORRECTIONS AND SYMMETRY NON-RESTORATION
A. One-Loop Thermal Corrections

The Standard Model Higgs doublet induces spontaneous breaking of the EW symmetry at zero temperature,
provided by a negative mass? parameter in the scalar potential

2 A
VM = —%hQ + 7 (IL.1)

where h denotes the average value of the Higgs field, p ~ 90 GeV and A ~ 0.13, with (h) = vgy = 246 GeV
and m? = 126 GeV at the VhSM minimum. The effect of the Higgs field interaction with high-temperature
plasma can be accounted for by the higher-order corrections to the Higgs potential. The leading “one-loop”
thermal corrections are given by

AV = T—4J [m?/T? AV = f@J-[mz /T?] (I1.2)
b T on2 b ) Y f .

respectively for one thermalized bosonic degree of freedom and one Dirac fermion with mass m. Their
interactions with the Higgs field are encoded in the h-dependent masses m = m(h). The thermal loop
functions are defined as

Tolz] = / dk K log [1—6* ’62“], Jfla] = / dk k? log [1+e*vk2+w]. (IL.3)
0 0
The corrections (I1.2) have minima at m? = 0 (within m? > 0 region). In the high-temperature limit

m?/T? < 1 they simplify to

274 T2y? Te2TY T2m?
AVT ~ T - AVT ~ — . L4
Ve 90 21 Vi 180 12 (IL4)

2 Mass squared should be understood whenever we mention negative scalar mass.
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FIG. 1: Sketch of the thermal correction to the Higgs potential (left panel) induced by particles in the plasma whose
mass depends on the Higgs field as shown on the right panel. At high temperature, a dip is induced in the potential
at the point where the particle mass term vanishes.

The first terms of the expansions (I1.4) define the depth of the negative correction to the Higgs potential at
m? = 0. The second terms set the size of the correction to Higgs mass in the vicinity of the minimum, which
is given by

smy(T) o< T?(m?(h))"| (I1.5)

m=0

On the other hand, for m?/T? > 1 the thermal corrections vanish. The corresponding schematic picture of
the one-loop thermal correction is shown in Fig. 1. In that figure, we assume that the particle mass gradually
decreases with h, reaches zero and then increases. Such a behaviour is easy to realize for fermionic mass terms,
which we concentrate on in this work. The plots in Fig. 1 are only partly applicable to the case of scalar
fields, as their squared mass would typically become negative after reaching zero, leading to an instability.
Now, the two most important aspects to analyse are where the m(h) = 0 point is located and how steep are
the walls around the dip, in other words, what is the size of the induced correction to the Higgs mass around
the dip.

In the Standard Model, the masses of the elementary states vanish at h = 0. Corresponding thermal
corrections have a dip around h = 0, which grows with temperature and eventually becomes a global minimum
of the potential. The resulting thermal correction to the Higgs mass in the m?/T? < 1 limit is given by

2 2 2
Sm2(T) ~ T? %t + % + 31% + % ~0.4 T2 (IL6)
where \; is the top quark Yukawa coupling and g, g’ are EW gauge couplings. This correction is dominated
by the contribution of the top quark. In this picture, the relative strength of EW symmetry breaking, h/T,
drops below 1 at T > 130 GeV and EW symmetry gets restored at T' 2 160 GeV [16].

We therefore want to investigate which type of modifications to the SM does not lead to this symmetry

restoration, using the thermal effects of fermionic fields.

B. Modified Standard Model Interactions

Following the path of gradual increase of complexity, we start by considering the case of the SM effective
field theory, i.e. the theory featuring the SM states only, but containing higher-dimensional operators. One of
the simplest ways to change the picture described above is for instance to modify the SM Yukawa interactions
to make the fermion mass vanish at some large Higgs vev, e.g.

Lyux = —Agqhq(1 — h?/f?). (I1.7)

where ), is the Yukawa coupling and f is some mass scale suppressing the dimension-six operator. In such
a case, the contribution of the ¢ quark to the Higgs thermal potential would have two minima, at the points



where my, = 0: one at h = 0 and another at h ~ f, suggesting a possibility of symmetry non-restoration. The
first subtlety here is that for h ~ f the effective field theory expansion in the powers of h/f breaks down.
To make any predictions in this regime one needs to invoke some type of UV completion for Eq. (I1.7). One
simple example would be the models with a Higgs being a pseudo Nambu-Goldstone boson (PNGB), arising
e.g. as a pion-like state of some new strongly interacting sector. We discuss this option in detail in Sec. IV A.
PNGBs can be conveniently parametrized as phases of trigonometric functions and the term responsible for
the quark mass can for instance take the form

mg ~ A f sin(h/f)cos(h/f). (IL.8)

The absolute value of the mass (we are not interested in the phase of the fermionic mass terms, as it can be
rotated away) has two minima, at h = 0 and h = 7 f/2. One should however keep in mind that both minima
are of the same depth

T4

AVT ~
Vi 180

(1I1.9)
see Eq. (IL.4). Other thermal corrections (e.g. from the SM gauge bosons) and the zero-temperature potential
typically make the h = 0 minimum deeper. Therefore SNR is not expected to occur, and we have to consider
adding new fermions instead of simply modifying the SM couplings. Nevertheless, the effect of modified
Yukawas is important, as it can facilitate SNR by reducing the SM contribution (e.g. the large correction from
the top quark) to the thermal potential at large h. Moreover, such Yukawa modifications are automatically
present in some beyond-the-Standard-Model constructions, as we will see in Sec. IV A. We should therefore
keep in mind that they play a relevant role.

C. Symmetry Non-Restoration with New Fermions

Let us now add new fermions with a Higgs-dependent mass to the model. The simplest case is a singlet
Dirac fermion N coming in n copies. The Lagrangian leading to SNR is

Ly = -m\ONN + AyNNR?/A (I.10)

where A is the scale at which our effective field theory (EFT) is UV-completed by some heavier states, Ay
is a positive coupling and my is a positive mass parameter. The dip in the thermal correction to the Higgs
potential appears at the point of vanishing N mass (see Fig. 2)

my(h) =m\) = Avh2/A=0 — h*=mPA/Ay. (IL.11)
Around the Higgs field origin, the negative correction to the Higgs mass in the my < T limit is approximately
given by
T2 m(o)
Sm3[T] ~ nﬁ(m?\[(h))” = —nAN3—XT2. (I1.12)

This negative correction to the Higgs mass, if large enough, can surpass the positive SM thermal corrections
and eventually make the Higgs field origin unstable, leading to high temperature SNR. Comparing Eq.s (I1.6)
and (I1.12), we find the necessary condition for this to happen

(0)

UsM A . my
AN 25 — lent] AN —— > 1. 11.13
n\ny > (m%?) (TeV) or, equivalently, | nAy—% 2 ( )

This SNR condition is only valid when the new fermions contribute significantly to the plasma density, i.e.

[ma(h=~0)ST.| (IL.14)
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FIG. 2: Left: Top quark mass (orange) and the N fermion mass, which is minimized at large Higgs vev (blue).
Right: Corresponding 1-loop Higgs thermal potential featuring SNR at 7' = 0.5 TeV (black solid) and its
decomposition into non-thermal part (orange solid), finite temperature corrections from the SM interactions (green
solid) and from the interactions with the N fermions (red dashed). The maximal negative correction from the N
fermions is at the point of vanishing N mass corresponding to large Higgs vev. For these plots we chose n = 10,
A=1TeV, Ay =0.6, mn(vsm) = 0.4 TeV.

Otherwise the N-induced correction is suppressed. For this reason, having SNR not only at some high
temperature, but also at the temperatures around the EW scale, requires N to be relatively light. On the
other hand, the fermion mass is also the parameter which enhances the negative Higgs mass correction (I11.12),
and therefore it cannot be too small either. Fig. 2 shows, for some choice of parameters, how the addition
of weak-scale fermions induces EW SNR behaviour at high temperature. The components of the plotted
potential

Viotal = V=0 + 6Ving + 6V (I1.15)

are discussed in the next section. The zero-temperature potential Vir—( consists of the tree-level potential (II1.1)
and one-loop corrections induced by the SM states (II1.8) and by the new fermions (III1.10). The SM thermal
correction Ve, is given in Eq. (A.1). Inclusion of the T = 0 loop correction (which decreases the Higgs
quartic) and the full thermal correction from the SM states (which tends to become flat at h > T, contrary to
the leading quadratic piece in Eq. (I1.6)), both facilitate shifting the minimum closer to large h. The thermal
correction from the N fermions 6V} is given in Eq. (I1.2) and is the dominant effect.

In Fig. 3 we present a sketch of possible temperature evolutions of the Higgs vev, depending on whether
the SNR condition (II.13) is met or not and whether the new fermions are sufficiently light compared to
the EW scale. The important variable is in fact the ratio of the Higgs vev to the temperature, which is a
measure of the ‘strength’ of EW symmetry breaking. This turns out to be a key quantity when considering
baryogenesis, because the crucial criterium for freezing in the baryon asymmetry is h/T 2 1. When this
condition is satisfied, sphalerons are not operational and any produced baryon asymmetry during the EW
phase transition cannot be washed out.

In the next section, we refine our discussion and check that our qualitative features are not altered by
higher-order corrections.

III. A MORE REFINED ANALYSIS

Our analysis of high-temperature SNR was so far limited to the discussion of the leading, one-loop thermal
corrections to the Higgs mass. However, the loop expansion in finite-temperature field theory is known for its
poor convergence in some cases. In this section, we analyse higher-loop corrections and derive the conditions
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FIG. 3: Schematic plots of h/T dependence on the temperature. Left: Behaviour found in the SM, or in a model
with new fermions where the SNR condition (II.13) is not met. Center: Model with new fermions where the SNR
condition is satisfied, but the fermions are too heavy to affect the Higgs potential at temperatures around the EW
scale. Right: Model with new fermions satisfying the SNR condition and light enough to contribute to the Higgs
potential at temperatures around the EW scale, such that the sphaleron bound h/T 2 1 is always satisfied. For both
the center and right plots, we have assumed that the position of the minimum of the thermal part of the potential
induced by the new fermions, h? = m§\(,)>A/)\N, is always greater than 72 within the plotted temperature range. This
explains why h/T exceeds 1 at high T

needed to ensure reliability of the one-loop approximation. After deriving the limits of the EFT applicability,
we test numerically the allowed parameter space.

A. Finite-Temperature Higher Order Corrections

First, we remind that the one-loop correction to the Higgs potential (diagram (1) in Fig. 4) is approximately
given by (see eq. 11.12)

6m21—100p)2 mg\?) B
and the SNR condition (II.13) then reads
a>1. (I11.2)

This means that for n > 1 the SNR condition (II1.2) can be fulfilled even for small values of coupling
An « 1/n. It is exactly this fact that allows to suppress the higher-order loop corrections as we will discuss
in the following.

The two-loop corrections to the Higgs mass are given by the diagrams (2a) and (2b) in Fig. 4. Both can be
estimated as (we suppress the numerical 3D loop factors, see Eq. (B.1), see also Appendix B 1 for the explicit
computation of the 1-loop correction to the N-mass which is equivalent to the diagram (2a))

5m(2—100p)2 T2
’LTig ~ n)\?\,p. (I11.3)

First of all, we observe that the relative size of the correction grows with temperature. Such a behaviour is
expected for the loop which is induced by a higher dimensional operator, which also shows that our theory
unavoidably looses perturbativity at high temperatures. Secondly, both corrections are oc nA\%;, which in the
AN o 1/n limit scales as 1/n. Thereby, these higher-order effects can be effectively suppressed at large n
consistently with SNR.

Let us now discuss more systematically the loop expansion in this theory. A naive guess would be that the
maximal possible loop expansion parameter is nAy7/A. Given that n comes from closed fermionic lines, the
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FIG. 4: The leading one-loop correction to the Higgs mass (1) and two-loop corrections (2a, 2b). Dashed lines
correspond to the Higgs boson and solid to N.

dominant sets of higher-order diagrams should be of the daisy type, with multiple fermionic loops attached
to an internal scalar line, so that each small coupling Ay is compensated by the multiplicity factor n

OO. = . {1+nANANTZ+ (n)\Nnj\N)2 (£>3+} = . x{l+va+1+...}.
(I11.4)

Here the gray blob can be anything, but leading contributions would be the Higgs quartic point interaction
and the fermionic loop. Such diagrams are IR divergent, hence inverse powers of my (see e.g. Ref. [15] for
the power counting in finite temperature QFT). To write the right-hand side, we used the high-temperature
expression for the Higgs mass m?(T)/T? ~ a. We find that the expansion parameter of the series is of

order one and is temperature-independent. In principle one may be able to resum such series with some
resummation technique. This is however not necessary, as the blob it is attached to has to be suppressed
itself, as we now explain.

All other possible loop series have to scale with a lower power of n: any fermionic line, which is not a loop
attached to one scalar line, has more powers of couplings for one power of n and is thus more suppressed.
The highest loop expansion parameter one can think of is e.g. that of the series

3 T2 my
O RO = O e i E R )
(I11.5)
where the alternating my factor is required to match the fermion chirality flip induced by the h?/N? vertices.

Such type of series cannot be resummed analytically. We then have to ensure its good convergence, i.e. require

T2
B=n\gm <1 (111.6)

Now, imposing this constraint we see that all the higher loop effects, starting from the two-loop diagrams
(I11.3) become suppressed. This also applies to the series of fermionic bubbles (II1.4), as they can only appear
on top of some diagrams with h loops, which are by themselves suppressed by S8 or Ap.

A more rigorous way to derive the same conclusions can be for instance by introducing an auxiliary field
o mediating the h2N? interaction through oN? and oh? vertices, analogously to what is used to analyse
large-n ¢* theories, see e.g. S. Coleman’s lectures [12], and what was also applied to scalar SNR. in Ref. [5].
It can be shown that in a transformed theory the leading loop corrections correspond to the diagrams with
the minimal possible number of o loops. The daisy diagrams (III.4), which we identified as a the leading
loop series, correspond precisely to the series with no extra o loops, while the subleading series (IT1.5) has
an increasing number of ¢ propagators with loop momenta running inside. We do not show this procedure
explicitly as it would bring no improvements to the following analysis.

To sum up, we found that the condition 8 < 1 is necessary for the perturbative expansion to hold. While
performing a scan over the model parameters, we will use this condition to define the maximal temperature



of the model applicability,

A
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We will also use a constraint T' < A, as the parameter A by definition sets the scale of new physics which is
not captured by our EFT. The presence of Tj,.x is one of the crucial differences with respect to the scalar
SNR scenarios. While the latter are built upon renormalizable interactions, the A-suppressed operator in
the fermionic SNR case results in powers of T'/A in the loop corrections, which grow with 7' and imply a
temperature cutoff.

For what concerns the higher-order SM thermal corrections, the leading ones correspond to the corrections
to the propagators of the longitudinal SM gauge bosons [17]. They are provided in Appendix A.

Thnax = (ITL.7)

B. Zero-Temperature Corrections

We complete the description of the loop effects by discussing the zero-temperature quantum corrections.
At one loop, the SM fields modify the Higgs potential by

Vrco = (-7 g2y (k) (10 [0 ] - 3 4 2y (111.8)

- 6472 mz(v)
which includes counter-terms ensuring the conditions
O (8Vr—o(v)) =0, 0?(6Vir—o(v)) = 0. (IT1.9)

F = 0(1) for bosons (fermions), g; corresponds to the number of degrees of freedom (g; = 1,4 for a singlet
real scalar and a singlet Dirac fermion respectively). Using the same renormalization conditions, we obtain
the correction induced by the N loops [19]

4n

N
6V7£:()) = 64n?

mZ(h 1 1
(mf(h) log [ /:(2 )] + 502h2 + 4C4h4> ) (IT1.10)

with ¢a, ¢4 obtained by plugging (I11.10) into (IIL.9)

! 3z’ 3 1
c2 = {(_3m +z% + xx”) log [a;] - §ﬁ + §$/2 + 23335”} ) (IIL11)
v " v
1 ' '
=5 {2 (m . xm") log [i} + gy ;mt”} ) (I11.12)
v v u v

and z = m3. Notice that in this case the non-renormalizable interaction h2N? also generates divergent

corrections to the operators oc h® h®. To obtain the expression (II1.10) we have fixed the corresponding
counter-terms by simply requiring to cancel respective one-loop corrections up to the finite logarithmic terms.
As this leaves the potential u-dependent, we fix u = A in the following.

The loop effects in the presence of new fermions can destabilize the Higgs potential at some hingtap (i-€.
the potential would drop below the SM minimum value). We will see in the following that in the parameter
space regions which lead to an efficient SNR the instability scale hi,stap is always above the cutoff scale A and
also above the h value at which the thermal corrections are minimized. A UV completion of our simplified
model at scales above A then can take care of the instability without interfering with SNR and therefore not
affecting the main results of this section.

Now let us discuss the constraints on the applicability of our EFT, caused by the presence of the non-
renormalizable interaction N2h2. The loop corrections would introduce energy-growing corrections to N2h?,
with the expansion parameter

)\?\, p?

"16r2)2 A2

(I11.13)
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FIG. 5: Left: maximal SNR temperature (colored regions, black labels) for A = 1 TeV and n = 10, in terms of the
coupling Ay and mny — zero-temperature mass of N at h = 246 GeV. Grey dotted contours show the value of
a=n\ ng\?) /A. Grey areas feature zero-temperature barriers. Center: temperature dependence of h/T, for three
combinations of my and An (corresponding to the three colored points on the left plot). The h/T lines are limited
by the perturbativity from above. Right: Higgs potential at T'= 0.1,0.3,0.4 TeV, for my = 0.4 TeV, Ax = 0.6.

where p is the typical external momentum. In order for our theory to remain adequate up to the energies
p ~ A, we need to impose

AN
\/5167r2

Importantly, the presence of new physics at the scale ~ A generically introduces corrections to the Higgs
mass of the order

<1. (I11.14)

AN MN 5

2 —_—
om; (UV) ne2 A A

(I11.15)

Further assuming nAymy /A ~ 1, as required for SNR, we get dm3 (UV) o< A2. The value of m? /A? therefore
reflects the degree of unnatural fine tuning of the Higgs potential in our model, unless some kind of dynamical
Higgs mass adjustment is assumed, e.g. in the spirit of Ref. [20].

C. Numerical Scan

We present the results of the numerical computation of the h(T') trajectory in Fig. 5, for a parameter choice
f =1TeV and n = 10. In the left panel, we show the contour plot of Tsyr — the highest temperature,
starting from which the EW symmetry remains broken with h/T > 1 down to zero temperature. Above the
maximal TsNg, either the model becomes non-perturbative and violates the constraint (II1.6), or /T is less
than 1.

One of the potentially most interesting applications of the above results is for the first-order electroweak
phase transition at temperatures higher than the electroweak scale. While we did not attempt to produce
the first-order phase transition with the help of IV fermions, this task can be achieved in a number of ways.
For a concrete example, we can refer to the Composite Higgs set-up, where the electroweak phase transition
happens when the Higgs boson is formed from a new strong-sector confinement phase transition at some
critical temperature T,.. If T, is lower than Tsngr, the Higgs will land in a symmetry breaking minimum, and
remain in the broken phase all the way to T' = 0 as a result of the N-induced thermal corrections. This
mechanism may allow to realize the electroweak baryogenesis at the electroweak phase transition even if T
is much higher than myy.

Let us now give a few comments on the behaviour of Tsng in Fig. 5. We see that Tgng grows with my at
low my, as the negative correction to the Higgs mass is proportional to it, see Eq. (II.12). However, after my
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FIG. 6: Contours of maximal T' of SNR (such that h/T > 1 down to T' = 0), as a function of A and n.

becomes too large, the corresponding thermal corrections become ineffective at 7' ~ 100 GeV. In the latter
case one can still have SNR at high temperature, but at lower T it is followed by a restoration phase, or a
phase with h/T < 1 (see blue line in h(T') plot).

Tsnr also initially grows with Ay, however after a certain point the perturbativity requirement (II1.7) starts
being a limiting factor and Tgng drops.

The grey area in the upper left and central part of the Tsyg plot shows where the one-loop zero-temperature
Higgs potential features a barrier at v < h < min[h(my = 0), A]. This area only covers the regions of a not
very efficient SNR. First of all, this means that the zero-T barrier does not affect our SNR analysis. Secondly,
the new physics, which may be needed to cure the Higgs instability after the barrier, is not expected to affect
our results either. The gray area in the upper right corner, also having no overlap with the best SNR region,
shows where the zero-temperature Higgs potential (II1.10) has a barrier at h < vgm.

In Fig. 6 we present the dependence of the maximal Tsygr on n and A, with Ay and my chosen to
maximize Tgng in each point. The shape of the contours is mostly defined by two factors. First, our theory
is not applicable at temperatures above A. This defines the horizontal contours in the lower right part of the
plot. Second, the condition to have a negative thermal mass around the origin (see Eq. (I1.13)) together with
having h > T in the minimum of the thermal correction (defined by h? ~ mg\?)A /AN), gives

Tsnr < vnmY | (111.16)

The h 2 T condition alone implies Tsnr S 4/ Amg\?) /An. The constraint (IT1.16) defines the vertical contour
lines on the plot. Importantly, the perturbativity bound (II1.7) together with the requirement to have a
negative thermal mass gives the same expression for the maximal allowed temperature, T < /nmpy. This
means that the non-perturbativity is not a limiting factor for the maximal SNR, temperature in our simple
model. On the other hand, more involved constructions, such as the one presented in Sec. V allowing for a
higher A in the minimum, cannot improve on maximal Tsngr, as the perturbativity bound remains the same.
A small distortion of the vertical contours at low n and high A is a consequence of the zero-temperature
perturbativity constraint of Eq. (II1.14). In most points Tsngr is maximized at my ~ 0.3...0.5 TeV, with
the upper limit slightly increasing with n. As we will argue in the following, these values are allowed by the
current experimental data.

One of the phenomenological constraints on our simplified model comes from the presence of stable SM
singlet fermions which interact with the SM only through the N2h? coupling. Analogous models of scalar
SNR [4, 5] were shown to be in tension with the direct dark matter detection experiments. The fixes to this
problem include allowing the SNR states to decay either to the SM particles or to a lighter dark matter state.
We will leave this topic for future studies as the corresponding modifications, if necessary, can be performed
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without affecting the SNR. The only remaining experimental signature of the model, which can be discussed
in a robust way, is a contribution to the BSM Higgs boson decay rate when my < mj/2. Corresponding
branching ratio, omitting unimportant numerical and phase-space factors is roughly

1 my\2 v2
BR ~ = (A DY) S 1117
hs NN~ o RAN == — ( )
where the parameter combination in brackets is required to be of order a few to provide SNR and I'j, is the
full Higgs boson decay width. The requirement BRj, ,xyx < 0.1 leads to n > 10%. The only reasonable way
to satisfy the experimental data is then to have my > my/2.

IV. UV COMPLETIONS AND GENERALIZATIONS

We have argued that the model of Section IIC is the minimal model realising SNR with new fermions,
and that the non-renormalizability is a necessary companion of fermionic SNR. We will now present a simple
argument in favour of this claim, showing that even in more complex constructions the SNR is always related
to higher-dimensional operators. We will also get an insight on what the (partially) UV completed theory
with SNR should look like, and present two specific examples.

Let us assume we have a theory with some number of new fermions, with the Higgs-dependent masses m;,
contributing to the Higgs thermal potential. In high-T' expansion, their effect on the scalar potential is given
by

T2 T2
SV ~ Zm —Tr Mg Maing] = —Tr[MTM] - > IMal?, (IV.1)
a,b

where Mgiag is a fermion mass matrix in the mass eigenstate basis, M is the mass matrix in the weak
eigenstate basis, and 7,a,b enumerate the fermions. In renormalizable SM extensions the matrix elements
My are either Higgs-independent or o h, so that

(5VfT x ¢1 + coh?  with c1,2 >0, (Iv.2)

which can only be minimized at h = 0, thereby leading to high-T symmetry restoration.® This conclusion can
be overcome if a) some of the fermion-Higgs interactions are of a dimension higher than four or b) mass of
some of the states entering the mass matrix is much greater than 7', so that the high-T" expansion is not valid.
In both cases the low-energy theory, at which SNR is happening, can be described by non-renormalizable
interactions, of which the simplest one is given in Section II C. We can also conclude that in both cases the
temperature at which SNR happens has to be limited from above by a) the EFT cutoff or b) by the mass of
the heavy states which UV-complete the theory to a renormalizable one.

Below we present two specific motivated UV completions to the simplified model, each satisfying one of the
two conditions mentioned above.

A. Goldstone Higgs

In our first example, we will consider the models where the Higgs is a Nambu-Goldstone (NG) boson of
some approximate symmetry. In the appropriate parametrization [26, 27], the Goldstone Higgs appears in
the Lagrangian in the form of trigonometric functions which, being expanded, can produce the needed non-
renormalizable interactions. For definiteness, in our following discussion we will refer to the composite NG

3 In the case of SNR with new scalars one trivially generates m% o (const — h2) from the dimension-four Lagrangian, which
allows to produce a maximum of the Higgs potential at h = 0.
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FIG. 7: Left: h/T evolution with a temperature, in the simplified model (Ax/A = 0.4 TeV ™!, mn(v) = 0.45 TeV,
A =2.1 TeV, n = 15) and in the respective point of the parameter space of the CH model (yr = —yr = 1,
mf = 0.1 TeV, m), = —1.6 TeV, f =1 TeV). In the CH case we plot fsin(h/f)/T instead of h/T, as EW gauge
bosons masses are o< fsin(h/f). The h/T lines are limited by the perturbativity from above. Center: mass
spectrum of the fermions producing the dominant thermal effects. Right: overall Higgs potential at 7" = 0.3 TeV
(black), zero-temperature potential (orange), thermal potential from SM degrees of freedom (green) and thermal
potential induced by N and 1 (red dashed).

Higgs models [28] with the SO(5) — SO(4) symmetry breaking pattern [29], while other realizations are also
possible.

The Composite Higgs (CH) models can feature both types of the fermionic effects on the thermal Higgs
potential discussed in Sections IIB and II C. The first effect originates from the top quark Yukawa coupling,
which generically takes the form [37)

Aef sin' TP (h/ f) cos” (h/ f)artr, (IV.3)

where in the following we will take p = 0,7 = 1 for definiteness. f is the Higgs “decay constant” which is
defined by the new strong dynamics. This type of coupling (IV.3) produces the second minimum in the top
quark contribution to the thermal potential at h = (7/2)f. It is important to mention that in the reference
PNGB Higgs models the mass of the SM gauge bosons is proportional to sin(h/f), therefore the second
minimum at h = 7f/2 indeed corresponds to the broken electroweak symmetry.

The second type of SNR effects can take place if we introduce additional fermionic states into the model.
In general, even the most minimal CH models do feature new fermionic states — so called partners of SM
fermions, and some of them, such as top partners, can be relatively light [31]. However, their quantum
numbers, couplings and masses are constrained by various requirements, such as a need to reproduce the
observed SM fermion masses, comply with the electroweak precision measurements [32] and flavour physics
constraints [33, 34], as well as with the bounds coming from the direct searches, which are particularly
stringent for the colored partners [35, 36]. For these reasons, we will not try to use SM partners for SNR, but
will rather introduce new states. This would give us freedom to choose their multiplicity, quantum numbers
and couplings. Let us take an elementary SM singlet Dirac fermion N, mixed linearly to its composite SO(4)
singlet partner . Corresponding mass Lagrangian reads

Linass = f(yLNLYR + yrNrYL + hec.) cosh/ f — miapp — my NN . (IV.4)

where yr,, yr are dimensionless mixing parameters. The determinant of the mass matrix vanishes at

cos’h/f = —“—= (IV.5)
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which sets the position of the minimum of the thermal correction. The approximate expressions for the mass
eigenvalues (taking yr f,yrf, m% < m%) are

2 2 4 .2 f2
my ~m — yLy}gf cos[h/ f]?, My m% + w cos[h/ f12. (IV.6)
my, 2m¢

Here and in the following we assume N lighter than . For completeness, we show the parametrization that
we use for the tree-level zero-temperature Higgs potential [30]

m3 f?
 8sin®(ven/f) cos?(ven/f)

where vop = farcsin(vsy/f). While we call this potential a tree-level, it is supposed to be generated by
loops of elementary and composite states. As we are here mainly interested in the general characterisation
of SNR, we will not try to model the dynamics responsible for this potential. For the same reason we will
also not consider the modifications which may be needed to solve the domain wall problem of PNGB Higgs
potentials pointed out in Ref. [11].

Using the same renormalization condition (I11.9) we derive the one-loop correction induced by the SM states
and the new fermions

Vi, =asin®h/f + Bsin*h/f with &= —23sin’(ven/f), B

IV.7)

- 2
Voo = Y07 e (mbhtog [0+ Zew(Fsin(h/ 1) + fen(Fsin/N) ) (VY
with

Coi = W{2 (fz” + fza” — 222’ (2 cot(2vcu/ f) + esc(2vcn/f))) log {52]

+3f2" + fra" — 22’ (2 cot(2ucu/ f) + CSC(QUCH/f))}, (IV.9)
2 / 1 !/
Cai = _f3cos(2vCH/f)2{2 (fz” + faa” — 2z2’ cot(2vcu/[f)) log L‘;}

+3f2? + faa' — 22’ cot(ZUCH/f)}7 (IV.10)

where = m?2. The h-dependence of the divergences induced by the SM states as well as by the new fermions
N and 1 is the same as that of the tree-level potential, hence we do not need to include further terms to
Eq. (IV.7) to cancel them.

In order to make a proper comparison with the simplified model of Section II C, let us expand the expres-
sion (IV.6) in h/f. This allows to establish the following relations

2
0 o YLYyrf AN YLYR
my «— My — mg e mg (IV.11)

The role of A is taken by the mass of the heavier state ~ m?p. Besides A, the scale f also plays role in

suppressing high-temperature corrections to the Higgs potential [10], we therefore need to impose T' < f.

In the left panel of Fig. 7 we show a comparison of the h(T) trajectories for the simplified model and the
CH model for one parameters choice. SNR in the CH case is significantly enhanced because of the effect of
the top quark. We chose n = 15 for this plot (and not some lower value, e.g. n = 10, for which the SNR
can happen in the simplified model) because it allows for lower yr r (see SNR condition (I1.13)). At such
low yr.r the T' = 0 Higgs potential does not feature any additional unneeded minima. We show the mass
spectrum of the model in the right panel of Fig. 7.

Once embedded into CH setup, the SNR mechanism can have interesting consequences for the electroweak
phase transition, allowing to realize it at higher temperature. We can expect that new viable regions of
parameter space can be opened for instance in the previously analysed models [22-25].
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FIG. 8: Left: h/T evolution with a temperature, in the simplified model (Ax = 0.02, my(v) = 0.4 TeV,
A =25 TeV, n =300) and in the respective point of the parameter space of the singlet-doublet model. Center:
mass spectrum of the fermions producing the dominant thermal effects. Right: overall Higgs potential at
T = 0.3 TeV (black), zero-temperature potential (orange), thermal potential from SM degrees of freedom (green) and
thermal potential induced by N and L (red dashed).

B. Singlet-Doublet Model

Let us now consider a weakly-coupled renormalizable completion of the simplified model. We will assume
that each of the n singlets N has a heavier Dirac SU(2)z, doublet partner L = {L°, L~}. With the hypercharge
difference between the two equal to 1, a tree-level coupling with the Higgs boson is now possible. For
concreteness, we fix EW quantum numbers to those of the right-handed neutrino and the left-handed lepton
doublet respectively. The mass Lagrangian takes the form

Lomass = —MYNN —mS LL + (1 L, HNg + yaNLH L + h.c.), (IV.12)

and the corresponding mass matrix reads

Ny, T T?LS)V —1Y2 h/\/i 0 Ngr
LY —ph/vV2  mb 0 LY |. (IV.13)
L7 0 0 mY | | Ly
The electrically-charged state has a Higgs-independent mass and does not affect the thermal Higgs potential.
The determinant of the mass matrix of the two remaining states vanishes at

0,50
mrpmy

Y1Y2

h% =2 (IV.14)
This defines the point where the thermal Higgs potential can acquire a dip. As we assume that the doublet is
heavier than the singlet, the former can be integrated out at low energies, reproducing the simplified model.
In the y1h, y2h, my < my approximation the mass eigenvalues are

Y1Yy2 h?

(yi + y3)h?
2m? '

0
4mj

my ~m — , mp ~mf + (IV.15)
Differently from the model of the previous section, the additional layer of fermions L° has a mass which grows
with h. Their effect on the thermal potential is then to shift the minimum towards the h = 0 point. The

relation between the N-L model and the simplified model is given by

AN Y1y2

my > md 1 g Ao my . (IV.16)
L



16

The renormalizable N-L model remains a viable description at energies above my, and we therefore do
not have to impose the T' < A restriction anymore*. The maximal SNR temperature is however constrained
for another reason as we will show now. First, let us write down the new finite-temperature perturbativity
constraint

nytys < 1. (IV.17)

The latter can be obtained by expressing Eq. (II1.6) using the replacement (IV.16) and accounting for the
fact that the L propagators cancel the temperature growth, so that the perturbativity condition is now
temperature-independent. Combining the rewritten negative thermal mass condition of Eq. (I1.13)

ny1y2 2 5 (mr/TeV)(v/my) (IV.18)
with the perturbativity bound (IV.17) we obtain
n > 25(mr/TeV)?(v/my)?. (Iv.19)

Using this expression we can now derive the constraint on the maximal SNR temperature, using the fact that
it cannot exceed my, /4. The reason for the last fact is that the L mass is minimized at h = 0, balancing the
N-fermion contribution to the Higgs potential and therefore shifting (together with the SM states) the global
minimum to h = 0. The L effect on the Higgs potential becomes sizeable at T' = my, /4. We thus arrive at

1
Tsnr S 3 Vinmy (IV.20)

which is smaller by a factor of 5 than the estimate for the simplified model (II1.16). This implies a significant
increase of the number of new fermions needed for SNR, compared to the PNGB model of the previous section.
In Fig. (8) we present a numerical comparison of the simplified model and the N-L model for one choice of
parameters.

Finally, we would like to point out that similar singlet-doublet extensions of the Standard Model have found
many applications in BSM model building, motivated in particular by the gauge hierarchy problem or the
baryon asymmetry (for instance in the models of electroweak baryogenesis [13, 14], cosmological relaxation of
the electroweak scale [20] or the weak gravity conjecture-based solution to the gauge hierarchy problem [21])
and therefore SNR may in principle appear as a natural byproduct of these constructions and impact their
phenomenology.

V. COMPARISON WITH SCALAR-INDUCED SYMMETRY NON-RESTORATION AND
TEMPERATURE TRACKING

The simplest realization of the electroweak symmetry nonrestoration, already analysed in the recent liter-
ature [3-5], is given by the renormalizable models with new scalar fields x; coupled to the Higgs boson. We
dedicate this section to the discussion of similarities and differences between these models and our model with
new fermions. We parametrize the new scalar fields interactions via the Lagrangian

(0)2
My 2, Mh 2,2 Ay 2.2
LD - 5 ;Xi+7;>(ih _ZiZinXja (V.1)

where the sums run over n, new scalar fields, for which we assume universal masses and couplings. The first
obvious difference is the absence of non-renormalizable interactions, which, on the other hand, are the reason

4 A large number of L fermions charged under U(1) hypercharge could introduce a Landau pole not too far from mp, which
would limit the validity of the singlet-doublet model to that scale only. Moreover, an appropriate UV completion may be
required to fix the instability of the Higgs potential induced at zero T'.
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why the fermionic SNR has an intrinsic temperature cutoff. The scalar mass m? = mg(o)z - A

Y Xhh2 is positive
at h = 0 and decreases as the Higgs vev grows, thereby adding a negative thermal correction to the Higgs
mass

2 Ny Axh 2

This correction is active up to the point of the vanishing m,, which is determined from

m2=m? -2kt =0 —  BP=m?/ A\, (V.3)
and after this point is crossed the y; = 0 vacuum becomes unstable.

For a sufficiently large n, Ay, the x correction to the Higgs mass (V.2) can exceed the SM contribution
and lead to the stabilization of the Higgs vev away from zero. This is similar to the mechanism at work in the
fermionic SNR case. One of the important differences is that the stability of the scalar potential imposes a
very strict constraint on n,,, which is absent in the fermionic case. Let us however focus on another interesting
difference. It comes from the effect of the quartic coupling A, , which has no counterpart in the fermionic SNR
model that we discussed. It induces a one-loop thermal correction to the xy mass

(ny +2)A

§m> (T) ~ 5 X2, (V.4)

So the resulting position of the mi = 0 point actually shifts towards larger h with the temperature:

m;O)Q n (ny +2)A

X712, V.5
Ak 12X, (V-5)

m2 =m0 = A\ph?+om2(T) =0 — h*=

In this way, the x-induced thermal potential tracks the temperature, and always pushes the Higgs vev to
values o< T', not being limited by any fixed value as in the discussed fermionic model.

We thus find it interesting to discuss the effect of adding four-fermion interaction to our model. It turns
out that such an interaction cannot affect the maximal temperature of a continuous SNR in a significant
way. The reason is that even the simple model without the four-fermion interaction is capable of reaching the
maximal Tgng which is allowed by perturbativity, see discussion in Sec. III C. The four-fermion interactions
can however affect the h(T') trajectory, e.g. by shifting it to higher h values. In order to do so one could add
an interaction

CN , — =
£ 5 - (RN (R, ). (V.6)
where N are new singlet fermions and j = 1...72. This gives a thermal correction to the N mass (see Ap-

pendix B 2)

CNMN 0 1Fp ~ 2 g [T k> 1
WT JF[mN/T}7 JF[x]_ 0 dk\/me\/m+l

Using the high-T expansion of this expression, and neglecting the small Higgs-induced thermal correction, we
obtain a new fermion mass minimization condition

smn(T) = 27 (V.7)

(0) h2 ’rNLCNﬁLN 2 2 m(O)A ﬁCNﬁlN 2
mpy[h,T] >~ my —)\NK—F =0 — h=-X

6 A2 Ay 6 AnA T

(V.8)
which is analogous to the scalar SNR case. Therefore maintaining h/T > 1 at high temperature requires

flCNﬁLN
— > 1. V.9
6 AnA — (V-9)

which is independent of temperature. Notice that the same effect could not be achieved with a four-fermion
interaction between only one species of fermions N. In that case dmy(T) < my and the new gap equation
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analogous to Eq.(V.8) would now admit a solution my = 0 at the same value of h as without four-fermion
interactions. Hence the thermal Higgs potential minimum would not shift to higher h as the temperature
grows®.

In summary, while they are not able to increase the maximal temperature of SNR, the four-fermion interac-
tions satisfying the condition (V.9) may substantially increase the value of the Higgs vev at high temperature,

and should therefore strengthen the SNR effect.

VI. CONCLUSIONS

The non-restoration of the electroweak symmetry at high temperature may have a significant impact on the
early evolution of our universe. It has been only scarcely studied in the literature so far. Extending the previous
works [3-5] on this subject, we have shown that it can take place due to new fermionic degrees of freedom.
Among the advantages of this scenario is that it is generally easier to arrange for light fermionic masses,
and that new fermions do not alter the Higgs potential at tree level. The intrinsic feature of our scenario
—non-renormalizability of the interactions responsible for SNR— however limits the maximal temperature at
which SNR can take place.

We have analysed the main parametric dependencies of SNR in the framework of a simplified model featuring
a single new interaction of the Higgs with a new SM singlet Dirac fermion. The perturbativity of finite-
temperature description up to the temperatures O(1) TeV leads to the requirement to have at least O(10)
new SM singlet fermions. The mass range of the fermions preferred by SNR is 0.4+0.2 TeV. We have proposed
two types of UV completions to this model: the Goldstone (composite) Higgs scenario, and a renormalizable
singlet-doublet model. In both cases, the UV completions showed a reasonable agreement with the simplified
model.

One of the most interesting implications of EW SNR is electroweak baryogenesis, a theory of baryogenesis
that uses SM baryon-number violation only and relies on a first-order electroweak phase transition. The
baryon asymmetry is produced in the symmetric phase in front of expanding Higgs bubbles though some
CP-violating charge transport mechanism and gets frozen as the universe is converted into the broken phase
where EW sphalerons are inactive if h/T 2 1. While it is relatively easy to trigger a first-order EW phase
transition by adding an extra scalar field beyond the SM, the difficulty is that the temperature at which
sphalerons freeze-out inside the Higgs bubble is usually around 130 GeV. This imposes EW baryogenesis
to take place at relatively low scales, which means that the new CP-violating sources needed for successful
baryogenesis are typically in conflict with experimental bounds from electric dipole moments [1]. If, on the
other hand, one is able to freeze sphalerons much earlier, at higher temperatures, this enables the possibility to
realise baryogenesis at higher scales, taking advantages of new CP-violating sources which are less constrained
experimentally.

There are a number of well-motivated extensions of the SM which feature a first-order phase transition at
temperatures above the EW scale, up to the TeV scale, involving an extra scalar field. Often, EW symmetry
does not get broken during such phase transition despite the coupling between the new scalar and the Higgs
field, as the temperature of the universe is too high. Such conclusion will be changed by involving the
mechanism we have discussed in this paper. An EW phase transition may now be naturally induced by the
dynamics of the extra scalar field, happening at temperatures of several hundreds of GeV. EW baryogenesis
could then successfully happen. This motivates to revisit such classes of theories. EW baryogenesis was
in particular previously discussed in the context of both types of UV completions that we analysed, see
e.g. Ref. [22-24, 41] for EW baryogenesis in composite Higgs models, and [25, 38-40] for other studies of
the EW phase transition in composite Higgs models, and [13, 14] for EW baryogenesis in minimal singlet-
doublet fermionic extensions of the SM. In [23, 24], the main prediction for successful baryogenesis in minimal

5 It can still shift to lower values for the negative cy. We have checked that the four-fermion operators induced in the two
presented UV completions are not dangerous in this respect.
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composite Higgs models was a light dilaton, below 700 GeV. We expect such a bound to be significantly
relaxed when adding singlet fermions in the model, largely opening the relevant region of parameter space.
These results will be presented in a separate article [42].

SNR is also generally relevant for models of cold baryogenesis, which are constrained by reheating, such
as baryogenesis using strong CP-violation from the QCD axion [43]. It may also be interesting to connect
this to neutrino mass models with EW scale right-handed neutrino, whose role is played by one of our singlet
fermion N. Finally, we stress that SNR may impact the phenomenology of recent proposals to address the
gauge hierarchy problem such as cosmological relaxation of the electroweak scale [20, 44, 45] or weak gravity
conjecture-based solutions [21]), both based on singlet-doublet extensions of the Standard Model similar to
the ones we discussed in Section IV B. It would be important to find out whether there are other scenarios of
new physics which naturally contain the new states leading to SNR, with one potentially interesting candidate
being the Twin Higgs models [46].
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Appendix A: Standard Model Thermal Corrections

Thermal corrections to the Higgs potential arising in the standard model at one loop level are given by

2T A2h? T4 —2u2 4+ 3\h2 T4 —2u% 4+ Ah?
Vi = 35T | | + =y | | 43— | ———
h 2 f[2T2]+27r2b{ T2 }+27r2b[ T2 ]
T4 g2h2 T4 (92 +g/2)h2
6=y | o | + 3oy | Al
+27r2b[4T2]+27r2b[ AT? } (A1)

where the third term includes the contribution of three Goldstone modes. The resulting correction to the
Higgs mass in the high-T" limit is given by (see Ref [17])

A2\ 3g7 g’2] (A2)

1
Vi, D —hPT? | 2L 4 2 4 22 2
n23 [4+2+16+16
The leading NLO correction to the one-loop result comes from the daisy diagrams. Their main effect can be
captured by plugging the thermally corrected masses of the longitudinal EW gauge bosons into the analytic
expression for the thermal one-loop Higgs potential (A.1). The mass corrections are

11 11
(5M5V)longit. = 792T27 (6M%)longit. = 7(92 +g/2)T2' (A3)

6 6

Appendix B: Temperature Corrections to the Fermion Mass

In Sec. IIT A we performed the power counting of higher-order diagrams, leaving implicit the naive loop
suppression factors, which we report here for completeness. Every power of Ay has to be accompanied by a
factor

7k9] 1
/ @)~ 2> B0

which we additionally multiply by 4 for the loops of Dirac fermions N.
We now compute explicitly two types of one-loop corrections to the N mass.
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1. h2N? Interaction

Following Ref. [15], the N fermion self-energy induced by the interaction

Av

EDA

NNh? (B.2)

at finite temperature is given in the imaginary time formalism by

- N dp i

n=—oo

where p* = {2ninT,p} and p? = —4n?72T? — 52. We now use an identity

> Y T 1
- - B.4
n;oo @Rty 2 T o1 (B4)
which leads to
) IAN Bp |1 1 1 1
—iNNy = —— - + . B.5
N A (27T)3 2\/]§2+m2 \/ﬁ2+m2 e\/ﬁ2+’m2/T_1 ( )

The first term reproduces the zero-temperature one-loop correction, which can be completely absorbed into

/OO dz 1 i’ (B.6)

oo 2 —2? +Ww? —de 2w

the bare N mass. Using

it can be rewritten in the more familiar form

iy = AN ‘ —. (B.7)

Remembering that the correction to the fermion mass is given by 6 M = X, we find that the rest of Eq. (B.5)
corresponds to a thermal correction

ANT? o k2 1
T _ AN Fr, 2 /m2 Frog_
MYy =~ IEmt T e = [ ke (B.3)
For positive arguments, the JE function is positive, with a maximal value J5[0] = 72/6. Also,
JEx] =20,J5(x]. (B.9)

2. N* Interaction.

Let us now consider the one-loop self-energy correction of the fermion N induced by the four-fermion
interactions

£ N (NN)N,N)), (B.10)

with ¢ = 1...n. The correction is

) _icn . > d°p 7
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where p* = {(2n + 1)inT,p} and p* = —(2n + 1)?72T? — p2. This expression includes a (—1) factor coming
from the fermionic loop. Taking the trace we obtain

. . _CNMN = d3p 1
_lZN = —Z4n/\2Tn_E_OO/ (271_)3 p2 — m?v (B12)
After applying the equality
= Y s 1
e B.1
n:z_:oo @nr1)?+y? 2 ewil (B.13)

the correction reads

) . _CNTN dBp |1 1 1 1
— XN = i4n - — , B.14
v A2 / (2m)3 [2 VIR +m2 PR m2 VP m /T ( )

where the first term is the zero-temperature correction

4 ;
while the second term gives a thermal correction to the mass
SME = 2 NN g2 7%, TE (2] = i L (B.16)
T2A2 0 VEZ +xeVFte 41
where JE[0] = 72/12 and
JEx] = =20, Jr|x]. (B.17)

[1] V. Andreev et al. [ACME Collaboration], Nature 562, no. 7727, 355 (2018).
[2] S. Weinberg, Phys. Rev. D 9, 3357 (1974).
[3] P. Meade and H. Ramani, Phys. Rev. Lett. 122, no. 4, 041802 (2019) [arXiv:1807.07578 [hep-ph]].
[4] 1. Baldes and G. Servant, JHEP 1810, 053 (2018) [arXiv:1807.08770 [hep-ph]].
[5] A. Glioti, R. Rattazzi and L. Vecchi, JHEP 1904, 027 (2019) [arXiv:1811.11740 [hep-ph]].
[6] H. H. Patel and M. J. Ramsey-Musolf, Phys. Rev. D 88, 035013 (2013) [arXiv:1212.5652 [hep-ph]].
[7] N. Blinov, J. Kozaczuk, D. E. Morrissey and C. Tamarit, Phys. Rev. D 92, no. 3, 035012 (2015) [arXiv:1504.05195
[hep-ph]].
[8] S. Inoue, G. Ovanesyan and M. J. Ramsey-Musolf, Phys. Rev. D 93, 015013 (2016) [arXiv:1508.05404 [hep-ph]].
[9] J. R. Espinosa, M. Losada and A. Riotto, Phys. Rev. D 72, 043520 (2005) [hep-ph/0409070)].
[10] A. Ahriche, arXiv:1003.5045 [hep-ph].
[11] L. Di Luzio, M. Redi, A. Strumia and D. Teresi, JHEP 1906, 110 (2019) [arXiv:1902.05933 [hep-ph]].
[12] S. Coleman, “Aspects of Symmetry : Selected Erice Lectures,”
[13] D. Egana-Ugrinovic, JHEP 1712, 064 (2017) [arXiv:1707.02306 [hep-ph]].
[14] A. Angelescu and P. Huang, Phys. Rev. D 99, no. 5, 055023 (2019) [arXiv:1812.08293 [hep-ph]].
[15] M. Quiros, Helv. Phys. Acta 67, 451 (1994).
[16] M. D’Onofrio, K. Rummukainen and A. Tranberg, Phys. Rev. Lett. 113, no. 14, 141602 (2014) [arXiv:1404.3565
[hep-ph]].
[17] A. Katz and M. Perelstein, JHEP 1407, 108 (2014) [arXiv:1401.1827 [hep-ph]].
[18] C. Delaunay, C. Grojean and J. D. Wells, JHEP 0804, 029 (2008) [arXiv:0711.2511 [hep-ph]].
[19] M. Carena, A. Megevand, M. Quiros and C. E. M. Wagner, Nucl. Phys. B 716, 319 (2005) [hep-ph/0410352].
[20] P. W. Graham, D. E. Kaplan and S. Rajendran, Phys. Rev. Lett. 115, no. 22, 221801 (2015) [arXiv:1504.07551
[hep-ph]].


http://arxiv.org/abs/1807.07578
http://arxiv.org/abs/1807.08770
http://arxiv.org/abs/1811.11740
http://arxiv.org/abs/1212.5652
http://arxiv.org/abs/1504.05195
http://arxiv.org/abs/1508.05404
http://arxiv.org/abs/hep-ph/0409070
http://arxiv.org/abs/1003.5045
http://arxiv.org/abs/1902.05933
http://arxiv.org/abs/1707.02306
http://arxiv.org/abs/1812.08293
http://arxiv.org/abs/1404.3565
http://arxiv.org/abs/1401.1827
http://arxiv.org/abs/0711.2511
http://arxiv.org/abs/hep-ph/0410352
http://arxiv.org/abs/1504.07551

22

[21] N. Craig, I. Garcia Garcia and S. Koren, JHEP 1909, 081 (2019) [arXiv:1904.08426 [hep-ph]].

[22] J. R. Espinosa, B. Gripaios, T. Konstandin and F. Riva, JCAP 1201, 012 (2012) [arXiv:1110.2876 [hep-ph]].

[23] S. Bruggisser, B. Von Harling, O. Matsedonskyi and G. Servant, Phys. Rev. Lett. 121, no. 13, 131801 (2018)
[arXiv:1803.08546 [hep-ph]].

[24] S. Bruggisser, B. Von Harling, O. Matsedonskyi and G. Servant, JHEP 1812, 099 (2018) [arXiv:1804.07314
[hep-ph]].

25] S. De Curtis, L. Delle Rose and G. Panico, JHEP 1912, 149 (2019) [arXiv:1909.07894 [hep-ph]].

[

[26] S. R. Coleman, J. Wess and B. Zumino, Phys. Rev. 177, 2239 (1969).

[27] C. G. Callan, Jr., S. R. Coleman, J. Wess and B. Zumino, Phys. Rev. 177 (1969) 2247.

[28] G. Panico and A. Wulzer, Lect. Notes Phys. 913, pp.1 (2016) [arXiv:1506.01961 [hep-ph]].

[29] K. Agashe, R. Contino and A. Pomarol, Nucl. Phys. B 719, 165 (2005) [hep-ph/0412089].

[30] G. Panico, M. Redi, A. Tesi and A. Wulzer, JHEP 1303, 051 (2013) [arXiv:1210.7114 [hep-ph]].

[31] O. Matsedonskyi, G. Panico and A. Wulzer, JHEP 1301, 164 (2013) [arXiv:1204.6333 [hep-ph]].

[32] C. Grojean, O. Matsedonskyi and G. Panico, JHEP 1310, 160 (2013) [arXiv:1306.4655 [hep-ph]].

[33] R. Barbieri, D. Buttazzo, F. Sala, D. M. Straub and A. Tesi, JHEP 1305, 069 (2013) [arXiv:1211.5085 [hep-ph]].
[34] O. Matsedonskyi, JHEP 1502, 154 (2015) [arXiv:1411.4638 [hep-ph]].

[35] O. Matsedonskyi, G. Panico and A. Wulzer, JHEP 1604, 003 (2016) [arXiv:1512.04356 [hep-ph]].

[36] A. M. Sirunyan et al. [CMS Collaboration], Phys. Rev. D 100, no. 7, 072001 (2019) [arXiv:1906.11903 [hep-ex]].
[37] A. Pomarol and F. Riva, JHEP 1208, 135 (2012) [arXiv:1205.6434 [hep-ph]].

[38] C. Grojean, G. Servant and J. D. Wells, Phys. Rev. D 71, 036001 (2005) [hep-ph/0407019].

[39] C. Delaunay, C. Grojean and J. D. Wells, JHEP 0804, 029 (2008) [arXiv:0711.2511 [hep-ph]].

[40] B. Grinstein and M. Trott, Phys. Rev. D 78, 075022 (2008) [arXiv:0806.1971 [hep-ph]].

[41] M. Chala, G. Nardini and I. Sobolev, Phys. Rev. D 94, no. 5, 055006 (2016) [arXiv:1605.08663 [hep-ph]].
[42] S. Bruggisser, B. Von Harling, O. Matsedonskyi and G. Servant, in preparation.

[43] G. Servant, Phys. Rev. Lett. 113, no. 17, 171803 (2014) [arXiv:1407.0030 [hep-ph]].

[44] K. Choi, H. Kim and T. Sekiguchi, Phys. Rev. D 95, no. 7, 075008 (2017) [arXiv:1611.08569 [hep-ph]].
[45] A. Banerjee, H. Kim and G. Perez, Phys. Rev. D 100, no. 11, 115026 (2019) [arXiv:1810.01889 [hep-ph]].
[46] Z. Chacko, H. S. Goh and R. Harnik, Phys. Rev. Lett. 96, 231802 (2006) [hep-ph/0506256].


http://arxiv.org/abs/1904.08426
http://arxiv.org/abs/1110.2876
http://arxiv.org/abs/1803.08546
http://arxiv.org/abs/1804.07314
http://arxiv.org/abs/1909.07894
http://arxiv.org/abs/1506.01961
http://arxiv.org/abs/hep-ph/0412089
http://arxiv.org/abs/1210.7114
http://arxiv.org/abs/1204.6333
http://arxiv.org/abs/1306.4655
http://arxiv.org/abs/1211.5085
http://arxiv.org/abs/1411.4638
http://arxiv.org/abs/1512.04356
http://arxiv.org/abs/1906.11903
http://arxiv.org/abs/1205.6434
http://arxiv.org/abs/hep-ph/0407019
http://arxiv.org/abs/0711.2511
http://arxiv.org/abs/0806.1971
http://arxiv.org/abs/1605.08663
http://arxiv.org/abs/1407.0030
http://arxiv.org/abs/1611.08569
http://arxiv.org/abs/1810.01889
http://arxiv.org/abs/hep-ph/0506256

	 Contents
	I Introduction
	II Thermal Corrections and Symmetry Non-Restoration
	A One-Loop Thermal Corrections
	B Modified Standard Model Interactions
	C Symmetry Non-Restoration with New Fermions

	III A More Refined Analysis
	A Finite-Temperature Higher Order Corrections
	B Zero-Temperature Corrections
	C Numerical Scan

	IV UV completions and Generalizations
	A Goldstone Higgs
	B Singlet-Doublet Model

	V Comparison with Scalar-Induced Symmetry Non-Restoration and Temperature Tracking
	VI Conclusions
	A Standard Model Thermal Corrections
	B Temperature Corrections to the Fermion Mass
	1 h2 N2 Interaction
	2 N4 Interaction.

	 References

