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Abstract

In this letter, we explore the nature of the electroweak phase transition (EWPT)
with both particle colliders and gravitational wave (GW) detection. With the
observed Higgs mass, the shape of the Higgs potential is fully determined within
the standard model (SM) of particle physics. However, it could be changed if
there exists new physics beyond the SM. Working with the effective field theory,
we show that a modified Higgs potential with a sextic term included can keep
the observed 125 GeV Higgs mass but behave different when compared with the
SM case. Furthermore, this potential can produce a strong first order phase
transition (SFOPT) for the electroweak baryogenesis and interestingly predict
new phenomena in the Higgs sector, which can be tested at colliders such as
the Large Hadron Collider (LHC) and the planning Circular Electron Positron
Collider (CEPC). We point out this SFOPT can lead to detectable signals for
the GW interferometers , such as eLISA, DECIGO and BBO. Our present study
on the EWPT bridges the particle physics at colliders with the astrophysics and
cosmology in the early universe.
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In this Letter, we explore the nature of the electroweak phase transition (EWPT)
through both particle colliders and gravitational wave (GW) detection. With
the observed Higgs mass, the shape of the Higgs potential is fully determined
within the Standard Model (SM) of particle physics. However, it could be altered
if new physics beyond the SM exists. Working within the effective field theory
framework, we demonstrate that a modified Higgs potential including a sextic
term can maintain the observed 125 GeV Higgs mass while exhibiting different
behavior compared to the SM case. Furthermore, this potential can produce a
strong first-order phase transition (SFOPT) for electroweak baryogenesis and,
interestingly, predicts new phenomena in the Higgs sector that can be tested
at colliders such as the Large Hadron Collider (LHC) and the planned Circular
Electron Positron Collider (CEPC). We point out that this SFOPT can lead
to detectable signals for GW interferometers such as eLISA, DECIGO, and
BBO. Our present study on the EWPT bridges particle physics at colliders
with astrophysics and cosmology in the early universe.

Introduction

One scientific target in fundamental physics after the discovery of the Higgs bo-
son [?, ?] is to explore the nature of the electroweak phase transition (EWPT)
[?, ?]. This issue is closely related to the details of the Higgs potential be-
yond the Standard Model (SM) of particle physics. So far, current data from
particle colliders can only provide very limited information about the Higgs po-
tential. Except for the quadratic oscillations around the vacuum expectation
value (vev) v which have determined the 125 GeV mass, our knowledge about
the Higgs potential remains scarce. For example, without the help of new ob-
servational approaches, we cannot tell whether the Higgs potential in reality

might be V; ..(h) = gizh® rather than the regular case Vi .. (h) = %M%Q + 3nt
in the SM, as sketched in Fig.~1 [Figure 1: see original paper]. Theoreti-
cally, the Higgs scenario including a sextic term has been shown to produce

the strong first-order phase transition (SFOPT) for electroweak baryogenesis
(2, 2,2,2,2,2,2,2,2,2,2,2,2,2,7].

In this Letter, we study new predictions of this model for collider physics and
gravitational wave (GW) detection. Our results show that new physics associ-
ated with the modified trilinear Higgs coupling can be tested at the LHC and
CEPC [?]. Furthermore, associated with the SFOPT, large anisotropic fluctu-
ations can be produced in the stress-energy tensor and hence lead to unique
patterns in GW spectra [?, ?, 7, 7, ?], which can be detected by GW detectors
such as eLISA [?], DECIGO [?, ?, 7], and BBO [?].
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The Effective Potential and Collider Signals of EWPT

To investigate the EWPT, we begin with the following tree-level Higgs potential
[?, 7]

A 1
ht 4+ —5hC.

_onr A
Krcc(h) =K + 4 8A2

Accordingly, the finite-temperature effective potential up to one-loop level can
be written as Vog(h, T') = Viyee(h) + Vi (h) + AV (h, T') [?], where Vi_o(h)
is the one-loop Coleman-Weinberg potential at 7' = 0, and AV (h,T') is the
thermal contribution with the daisy resummation. In our case, the dominant
contribution for the EWPT is from the tree-level barrier, and accordingly, the
effective potential with finite temperature effects is approximated as

A 1
% ~ (12 2\ 1,2 4 6
eﬂ‘(h,T)N(u +CT)h +Zh +8A2h,
with ¢ = — (39’2 + 3¢% + 4y?). The complete one-loop effective potential

4872V
was given in Ref.~[?]. To fix the observed Higgs mass m; = 125 GeV and the

vev v, the model parameters A and p? are shifted to:

A? A?
with A, = /3kv%/my,. The coefficients ¢’ and g are the U(1)y and SU(2),,

gauge couplings, respectively, and y, is the top quark Yukawa coupling in the
SM.

Following EWPT /baryogenesis analysis, the critical temperature T, and the
washout parameter v(7,)/T. are approximated as follows:

A2A2 — 4kp?
T, |2 SR
K2 [my,
[A2A2 — 4kp?

The condition T, > 0 gives a lower bound A,;, = A,,./v2. For m;, = 125
GeV, one gets A, ;, ~ 480 /k GeV. One also expects p? + cT? > 0 to stabilize
the false vacuum, A < 0 to produce a tree-level potential barrier, and then a
positive A% term to stabilize the true vacuum. Therefore, the negative A can
yield an upper bound on A, namely, A < A, .. ~ 840,/k GeV. In addition, from
the requirement of perturbativity, x < 4m. If one chooses a larger x, however, a
larger bound A, ., may be achieved.

max
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For 480 GeV < A/\/k < 840 GeV, the washout factor v(7T,)/T, is larger than
one, which means the SFOPT can be achieved. An interesting consequence is
that the requirement of the SFOPT can lead to an obvious modification of the
trilinear Higgs coupling as

1
Lpph = _6(1 +0,) A0,

with A, = 3m3? /v being the trilinear Higgs coupling in the SM and 4, =
2A%. /A%, In our model §, varies from 2/3 to 2. Based on this property, we
can test this EWPT scenario by measuring the deviation of the trilinear Higgs
coupling at colliders. For the LHC, the deviation of the trilinear Higgs coupling
leads to different invariant mass distribution of the Higgs boson pair from the
SM case. Due to the challenge of suppressing the large backgrounds at hadron
colliders, the trilinear Higgs coupling is difficult to be completely pinned down
at the 14 TeV LHC. However, at lepton colliders such as the International Lin-
ear Collider (ILC) and CEPC, the trilinear Higgs coupling could be measured

precisely.

At the CEPC with /s = 240 GeV, the dominant one-loop contribution to the
hZ cross section (0},,) beyond the SM is given by the modified trilinear Higgs
coupling [?], which leads to the deviation of o}, [?]. Such a deviation is defined
as 80, = 0),,/03% — 1, which is approximately proportional to d, as §o;,, =~
1.6% 6, at /s = 240 GeV. Thus, for k = 1, one gets do,,,, ~ 7514.17 GeVZ/AQ.
For the future CEPC with an integrated luminosity of 10 ab=!, the precision of
oy, can reach 0.4% [?], which corresponds to |0,] ~ 25% [?]. In our scenario,

0, € (2/3,2), and hence, the associated signals are of observable interest at the
CEPC.

GW Signals of EWPT

For a first-order EWPT, there exists a potential barrier between the metastable
false vacuum and the true one. When the EWPT is strong enough, true vac-
uum bubbles are nucleated via quantum tunneling. The temperature goes
down with the expansion of the universe, and the nucleation probability of one
bubble per horizon volume becomes larger and larger. The EWPT completes
when the probability is of O(1) at the transition temperature, i.e., T'(T,) =~
H* and then, we obtain S3(7,)/T, = 41In(T,/100 GeV) + 137, in which S; =
[ & [5(VRh)? + Vg(h,T)] is the three-dimensional Euclidean action.

The properties of the EWPT and of the bubbles are determined by two key
parameters « and 5. Note that « is defined by

e(T,)
Prad (T*)

(67
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at the transition temperature T,, which depicts the ratio of the false vacuum

energy density €(T") (the latent heat where €(7},) = [T d‘ﬁfm } e ) to the plasma

*

thermal energy density p,,q(T) (which is equal to g—; g.(T)T*) in the symmetric
phase. Moreover, one has

_ 5

T

t=t,

where Sg(T) =~ S5(T)/T, and T' = T'y(T) exp[—Sg(T)] represents the variation
of the bubble nucleation rate with T'y(T) o« T%. The parameter a gives a
measure of the strength of the EWPT, namely, a larger value for a corresponds
to a stronger EWPT. Furthermore, 3! corresponds to the typical time scale of
the EWPT and its product with the bubble wall velocity 5~ 'v,(a) represents
the size of the bubble.

The collisions of the Higgs vacuum bubbles and their turbulence with plasma are
the two distinct mechanisms to generate stochastic GWs. The peak frequency
produced by bubble collisions is given by

1/6

_ B T g. \V/°
~ 6 4 9s
Jeo 52510 HZ(H* (100GeV) (100)

and the corresponding GW intensity is calculated as

2 2 3

Qco(fco>h2 2062 <H*> ( o ) (024+vb> <100>

B 1+« 0.24 g

with ¢ = 1.1 x 1076 [?]. The coefficient € (which characterizes the fraction of the
latent heat that is transformed into fluid kinetic energy), the bubble velocity vy,
and the turbulent fluid velocity u, are functions of « [?]. Here, g, (= ¢.(T,))
is the total number of degrees of freedom at T,. It is interesting to notice that,
in the low frequency regime the spectrum ., (f)h? increases as f*3, but in
the high frequency regime it decreases as f~1 [?]. In this regard, the EWPT
has predicted particular patterns of the intensity spectrum which could serve as
observational signals in GW surveys.

On the other side, the GW signals produced by turbulence interaction have a
peak frequency at about

1/6

_ B ( T, ) g. \M¢
~34x10%H — x
Jou > 3410 ZUS(H* 100 GeV (100)

with the intensity
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2 1/3
Qo (fo)h? =~ 1.4 x 10743 (%) <100) .
[’m

2

Again, in the low frequency regime the spectrum ., (f)h? increases as f2, but

in the high frequency regime it decreases as f=3- [?].

The two characteristic parameters a and 3 can be evaluated by solving the Higgs
bubble profile from the following equation

P 2dh Vg

w2t rar T on

dh 0.

with the boundary conditions h(r — oo) = 0, W‘rzo =

Using the overshoot/undershoot method, one can numerically determine the
exact profile of the Higgs bubble after fixing the model parameters x and A.
As a demonstration, we present one numerical solution in Fig.~2 [Figure 2: see
original paper]| for the specific case of kK = 1 and A = 600 GeV. It is worth
noting, however, that the bubble wall runs away if A becomes smaller than 590
GeV [?, ?]. Once the Higgs profile has been found, all associated parameters
can be derived, and accordingly, the predicted GW spectra can be calculated as
shown in Fig.~3 [Figure 3: see original paper].

Results and Discussions

In Fig.~3 [Figure 3: see original paper], the GW spectra h?Qqy and the hZ cross
section deviations 0o}, are presented by taking different values of the cutoff
scale A (590 GeV, 600 GeV, 650 GeV, and 700 GeV) with x being fixed to unity
in the Higgs scenario under consideration. For instance, the red curve in the
figure depicts the GW signals for A = 590 GeV predicted by our model, which
also predicts a collider signature of the cross section deviation doy,, =~ 2.2%
(the corresponding deviation of the trilinear Higgs coupling d;,, is 1.32) which
is expected to be tested at the CEPC. In addition, we numerically present
the theoretical curves for the cases of 600 GeV, 650 GeV, and 700 GeV, as
shown by the blue, green, and black lines, respectively. These curves correspond
respectively to the values of 2.1%, 1.8%, and 1.5% for doy, ;.

From our result, it is obvious that the amplitude of the GW spectrum is more
significant for smaller cutoff scales. This fact can be naturally explained by the
observation that in the potential a smaller A yields a larger contribution of the
sextic operator which then leads to a stronger EWPT. Moreover, it can be found
that the GW signals are peaked around 10~* Hz, which lies in the detectable
range of satellite-based GW experiments. The colored regions in Fig.~3 show
the expected experimental sensitivities of future GW interferometers including
eLISA [?], SKA, BBO, DECIGO [?], and Ultimate-DECIGO (U-DECIGO) [?].
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The eLISA C1 and C4 in the figure are two representative configurations stud-
ied in Ref~[?]. From Fig.~3, one can explicitly see that eLISA, BBO, and
U-DECIGO are all capable of detecting the GW signals generated from the
EWPT at low cutoff scales described by our model.

As a result, the collider experiments in particle physics and the GW experiments
are naturally related to each other through the exploration of the nature of the
EWPT, i.e., there is a strong correlation between the strength of the GWs and
the deviation of the trilinear Higgs coupling. As shown in Fig.~3, each line
relates the GW signals to the associated collider signals with the same cutoff
scale. To obtain a global picture of this correlation, we present the observational
abilities of different experiments in Fig.~4 [Figure 4: see original paper|. For
the CEPC with /s = 240 GeV, the sensitive region is A/\/k < 1357.65 GeV; for
the LHC, it corresponds to A/y/k < 280 GeV; the theoretical condition for the
SFOPT roughly requires 480 GeV < A//k < 840 GeV; and the detectable re-
gion of GW interferometers reads 590 GeV < A/y/k < 650 GeV. Consequently,
we can find that, in order to probe the physics of the EWPT, the detectable abil-
ity of the LHC is weak, but the future CEPC and the GW detections are very
promising in precisely detecting or even measuring the predicted signals. For
example, for the cutoff scale A = 590 GeV, the deviation of the trilinear Higgs
coupling is 1.32, which cannot be tested at the LHC. However, the GW experi-
ments could indirectly measure this trilinear Higgs coupling, which corresponds
to the red line in Fig.~3.

We conclude that the GW interferometers can provide a complementary ap-
proach to explore the nature of the EWPT beyond terrestrial colliders, and vice
versa.

Conclusion

After the discovery of the 125 GeV Higgs boson, it becomes an urgent problem to
unravel the nature of the EWPT. If the EWPT is a strong first-order process,
it will naturally relate to the mechanism of spontaneous symmetry breaking,
electroweak baryogenesis, and GW physics. We have studied the EWPT in
the framework of effective field theory and investigated its predicted signals
at colliders, i.e., the deviation of the trilinear Higgs coupling from the SM.
Moreover, we put forward a complementary approach to exploring the nature of
the EWPT by analyzing its GW signals generated in the early universe. From
our calculation, the GW spectrum produced via bubble collisions and turbulence
with the plasma during the first-order EWPT can be significant enough to be
detected by forthcoming GW experiments. The study performed in this Letter
will help us to deeply understand the nature of the EWPT, which may open
a new window in particle physics, and it highlights the interactions between
particle physics and cosmology.
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