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ABSTRACT: The electroweak phase transition can be made first order by extending the
Standard Model (SM) Higgs sector with extra scalars. The same new physics can explain
the matter-antimatter asymmetry of the universe by supplying an extra source of CP
violation and sphaleron processes. In this paper we study the existence of strong first
order electroweak phase transition (SFOEWPT) in the type-I and type-1I two Higgs doublet
models (2HDM). We focus on how the SFOEWPT requirements constraint the spectrum
of non-SM Higgs. Through the parameter space scan, we find that SFOEWPT suggests
an upper limit on the masses of heavy Higgs m,,p/ g+, which is around 1TeV. High
temperature expansion and Higgs vacuum uplifting is used for an analytical understanding
of our results. After taking into account the probe ability on SFOEWPT from theoretical
constraints, Higgs and Z-pole precision measurements up to the one-loop level at future
Higgs & Z factories, sizeable loop corrections require my g+ — mpy € (100,250) GeV to
meet SFOEWPT condition for Type-IT 2HDM, and [my, g+ — mu| € (100,350) GeV or
ima —mpy g+| € (100,350) GeV for Type-1 2HDM.
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1 Introduction

The discovery of the Higgs boson in 2012 completes the Standard Model (SM) [1, 2],
yet there remain observations that cannot be explained by it. One of the most famous
puzzles is the baryon asymmetry of the universe (BAU), which sees the visible matter in
our universe being dominated by baryons whilst the amount of anti-baryons is negligible.
Particle physics models that can successfully explain the BAU need to satisfy the three
Sakharov conditions [3]. The SM was once considered as a candidate model [4-6], since
baryon number conservation can be broken by an electroweak sphaleron process [4, 7, §],
the CKM matrix provides CP violation, and the electroweak phase transition can induce a
departure from equilibrium if the Higgs boson is light enough. However, such an electroweak
baryogenesis (EWBG) mechanism in the SM framework turns out to fail, since the CP
violation present in the CKM matrix is too small [9] and the measured Higgs mass is
too heavy to trigger a strong first order electroweak phase transition (SFOEWPT) [10, 11].



Thus for a successful baryogenesis, new physics beyond the SM (BSM) is required to supply
a new source of CP violation and a strong out-of-equilibrium process [12, 13]. In this work
we focus on the latter issue.

In order to obtain a SFOEWPT, generally we need to extend the scalar sector of
the SM. Additional parameters in the scalar sector help to change the shape of Higgs
potential whilst leaving the Higgs vacuum expectation value (VEV) and the mass of Higgs
same. Simple SM extensions include the addition of a SU(2) singlet [14-31], an extra
doublet [32-69], an extra triplet [70-73], or extra higher dimensional operators [74-79].
Consideration of the hierarchy problem leads to further solutions such as embedding the
Higgs boson in a Composite Higgs model [80-82] or a supersymmetric model [83-98] to
obtain a SFOEWPT. For a SFOEWPT in other models see [99-102]. In this work we
study the existence of a SFOEWPT in the type-I and type-II 2HDMs [103, 104]. These
models are attractive to study because the number of new parameters is relatively small.
In addition, both Higgs doublets in 2HDM models are charged under SU(2) x U(1) and
couple to SM fermions. This gives a greater range of observations that can probe the
models relative to models that are extended by SM singlet scalars.

It is well known that, compared with other baryogenesis mechanisms, e.g. leptogene-
sis [105] or the Affleck-Dine mechanism [106], EWBG can be detected at the electroweak
scale and part of the parameter space can be covered by current or expected collider exper-
iments. In 2HDMSs, in addition to the SM-like Higgs boson h, there are three non-SM Higgs
bosons, H/A/H*. H/A/H? couple to h and help to build an energy barrier between the
symmetric phase and the SU(2) x U(1) broken phase when the temperature of the universe
is around the electroweak scale. Then the phase transition, which is tunneling through
the energy barrier, can be first order and strong enough. In our study, we will show that,
in order for this strong first order phase transition to occur, the masses of H, A and H*
bosons should all be smaller than about 1 TeV, and generally there needs to be a relatively
large mass splitting between the heavy Higgs bosons H, A and HT.

H, A, and H* bosons with a mass lighter than 1 TeV can be directly produced at the
current LHC or future hadron colliders like the HE-LHC [107] or the SPPC [108, 109].
Channels like A/H — tt/bb/77, H* — tb, or A — HZ [110-113] can be used for detection
or exclusion. Besides, through mixing and loop effects, the non-SM Higgs bosons also
change the predicted value of the oblique parameters S, T and U, and reduce the Higgs
couplings #; = gpii?MPM /g,ii5M relative to the SM expectation. Future ete™ colliders
like the ILC [114], FCC-ee [115, 116] and CEPC [108, 109] will copiously produce Z and
Higgs bosons, and thus those observables (especially the hZZ coupling) can be measured
with unprecedented precision. In this work, we perform a global fit to obtain the parameter
space of 2HDMs that simultaneously satisfies a SFOEWPT and the expected measurement
precision at future Z and Higgs factories.

The structure of this paper is as follows. In section 2 we briefly introduce our 2HDM
models and calculation methods. In section 3 we list all relevant measurements that can be
used to constrain the parameter space of the type-I and type-II 2HDMs. Section 4 starts
with an analytic analysis which helps readers to understand the features of the electroweak
phase transition in 2HDMs. Then we study three simplified typical cases, and present the
most general scan result. We conclude this work in section 5.



2 The electroweak phase transition in 2HDMs

2.1 Two Higgs doublet models

2HDMs without a Zo symmetry generally induce dangerous flavour-violating couplings at
tree level. In this work we therefore consider 2HDMs with a soft Zo symmetry breaking.
The tree-level scalar potential for a 2HDM can be written as:

VO(@1,®5) =m3, @] @) + md, @58y — m3, (9], + hoe) + % (@}®)) + % (2}@,)’
+ g (0]1) (@10,) + Ay (@]®,) (D)) + % [(@}@2)2 + h.c.] . (21)
2

We consider a CP-conserving case, in which all mass parameters m;; and quartic couplings

A; are real. After electroweak symmetry breaking (EWSB), the two SU(2);, Higgs doublets
®; obtain VEVs v;, and they can be expanded in the component real scalar fields:

o — 2 By — 2] (2.2)
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with v? 4+ v3 = v? ~ (246 GeV)2. We further define the ratio of VEVs as tan 8 = vy /v;.

2 . . o
Two of the three mj; can be replaced by other parameters by imposing conditions that

result from minimising the Higgs potential

9 o V2 U v3
ML= My 5)\1 - 50\3 + A+ As) (2.3)
v 'U2 'U2
m3y = m%zv*; - 52)\2 - 51(/\3 + A1+ As). (2.4)

Thus the squared mass matrices of the CP-even, CP-odd, and charged Higgs are:

M2 — miztan B+ Mo —mi; +v1v2)ass (2.5)
even —m2y +v1v9A3g5  m3y/tan B+ Aov3 |’
tanf —1
2 _ (2
MGaa = (m12 U102/\5) ( 1 1/tan5> ; (2.6)
1 tanf —1
Mzharged = (m%2 - 5”1”2 <)‘4 + )\5)) ( 1 1/'6&115) . (27)

Here A3q5 = A3 + Ag + A5. After diagonalization, the mass eigenstates are related to the
original fields by the rotation matrices:

H\ cosa sina hy

<h>—<—sinacosa> <h2>’ (2.8)
GY [ cosB sinf ay

<A>—<—Sinﬂcos,6’> <a2>’ (2.9)

G\ [ cosB singf o
(Hi>_<—sinﬂcos,8) (qbQi (2.10)



We choose our input parameters to be:
COS(/B - Oé), tanﬁ7 m%Za mpg, ma, Mg+. (211)

The mass of the SM-like Higgs boson my, is fixed to the current central measured value
125.09 GeV [117]. Then the A; can be re-expressed in terms of these input parameters.
Considering the theoretical constraints, including vacuum stability, perturbativity, and
unitarity, we introduce

A2 = m2 miy
vo="ma sin B cos B’

following the notation in [118]. Under the assumption of degenerate heavy Higgs masses

(2.12)

mpy =ma = my+, there is no theoretical restriction on the tan 8 range when vAv2 = 0.

Type-I and Type-II 2HDMs have different Zo parity assignments, and thus the cou-
plings between scalar and other particles have a different dependence on tan / and the
mixing angle o. The main difference between the Type I and Type II models is the de-
pendence of the couplings Aff and Hff on the value of tan 8. Couplings between A/H
and down-type fermions are suppressed by ﬁ in the Type I model, but are enhanced
by tan 5 in the Type II model. Thus the Type II model is generally more constrained by
experiments than the Type I model when tan g is large.

Here we need to emphasize that in the 2HDM we can set the mass of the non-SM Higgs
bosons A/H/H?* to an arbitrarily high scale. This is because of the presence of m%1,12,227
with m?, breaking Zo symmetry in eq. (2.1). As can be seen from eq. (2.5) to eq. (2.7), the
squared masses of A/H/H? arise from two types of contribution. One of them involves
terms of the form A;vjvy, which are bounded by perturbative unitarity and thus cannot be
too large. Upper-limits on these terms are roughly given by 4mv? ~ (870 GeV)?2. Another
part of Higgs mass squares come from m%Q (m%1 /20 ATE transformed through eq. (2.3) and
eq. (2.4)), and these terms can in principle be set to any value without violating theoretical
requirements. This makes the search for evidence of 2HDMs an endless game: you can never
completely falsify a New Physics model containing hypothetical particles which have no
upper limits on their mass.

However, in the following part of this work we will show that the requirement of a
SFOEWPT imposes upper limits on the masses of the A/H/H* bosons, making it possible
to fully verify or falsify the idea of EWBG in 2HDMSs in the near future.

2.2 Thermal effective potential

To study the phase transition in the early universe, we need to study the dependence of
the free energy density on the order parameter. In our case, the free energy density is the
thermal effective potential, and the order parameter is the homogeneous scalar VEV [119)].
The thermal effective potential V(¢1, ¢2,T) at temperature T' is composed of four parts:

V(p1, 62, T) = Vo1, h2) + VWV (1, 2) + VET (61, 02) + VT (1, 62, T). (2.13)

Here VO is the tree-level potential of our model, VW is one-loop Coleman-Weinberg po-

VCT

tential, is the counter term, and V7T is the thermal correction.



The tree-level potential V°(¢1, ¢2) is obtained by replacing the field operators D4 (x)
and ®y(x) in VO(®q, ®y) with the homogeneous field values %(07 #1)T and ( L p2) T

1 1 1
VO(h1,d2) = m11¢1 + m22¢>2 MisP10a + = Md] + =g + ~ A3a50103. (2.14)
8 8 4

The one-loop Coleman-Weinberg potential VCW (g1, ¢2) is given in the MS renormal-
ization scheme by [120]:

VOV (1, o) =

642

m2
Zm (61, 02) l i(i;’ ¢2) _ Ci‘| 7 (2.15)

with the index ¢ running over all massive particles. n; is the degrees of freedom of particle
i multiplied by (—1)2* (s is the spin of particle 7), which is -12, -4, 6, 3, 2, 1, 2 and 1 for
quarks, leptons, W+, Z, H* G°, G*, and neutral scalars, respectively. ¢; is % for gauge
bosons, and % for other particles. m?(qﬁl, ¢2) is the mass square of particle ¢ with v; and v
in its expression being replaced by scalar field value ¢ and ¢2. The renormalization scale
1 is set to the zero temperature VEV wv.

In eq. (2.11) we choose the scalar masses, mixing angle, and VEV ratio as our input
parameters. These parameters are considered as physical parameters. It means that the
VEVs are determined by the position of the minimum of the scalar potential, and squared
masses are given by the second order partial derivatives of the scalar potential with respect
to the scalar fields at the position of the minimum. Adding the Coleman-Weinberg correc-
tion will shift both the position of the minimum and the second order partial derivatives
of the tree-level potential.

Thus, in order to offset the modification, counter terms VT (@1, ®5) need to be added
to the Lagrangian. For a CP-conserving 2HDM, VCT (1, ®5) can be expressed as [52]:

VT (@1, ) = dmd; @] b1+ 5m3y 0l Dy — mi, (@] Byt hc.) +% (@{@1)2+ ‘5;2 <(I)T(I)2>
+0g (@101 (@10, ) +02s (@] ®,) (D1 + 5;5 [(qﬂ%) +h.c}
+8t1¢1+0tags. (216)

Coeflicients of counter terms, those ds, need to be fixed by “on-shell” conditions:
Dy, (VCT(‘IH, ®y) + VOV (@, ‘1’2)) =0
Dy, O; (VT (D1, @2) + VOV (@1, 85)) =0, (2.17)

with 1; denoting all of the component scalar fields of ®; and ®». These conditions are eval-
uated at the minimum of the scalar potential at zero temperature, where ®; = %(0, v)T

and ®5 = %(O,vg)T.1 After adding these counter terms, our input parameters can be
treated as physical parameters which are directly connected to observables.

1Second order derivatives of VEW suffer from an infrared divergence originating from the massless
Goldstone boson when 7' = 0. This problem can be solved by introducing an IR cut-off mass [50].



The thermal correction with ring resummation included is [121, 122]:

VT(p1,2,T) =53 ZmJB ( ¢1’¢2 ) ZnJJF< (¢1’¢2)> (2.18)

o (01,00, 1)\ (m01,6))’
127Tknk T2 T2 .

Here, the index ¢ denotes all gauge bosons and scalars, j denotes leptons and quarks, and
k denotes scalars and the longitudinal component of gauge bosons. The functions Jp r are
two integrals which come from the scalar and fermion thermal corrections respectively:

Tn(z) = /OOO dk K In [1 — exp(—V/R2 + 2)] (2.19)
Jr(z) = /OOO dk k*In {1 + exp(—Vk?Z+ x)} . (2.20)

The second line in (2.19) comes from ring resummation, which is used to avoid the in-
frared divergence that occurs when the scalar mass is much smaller than the temperature.
m2(p1,¢2,T) is the thermal Debye mass, an expression for which can be found in the
literature [52, 122].

2.3 Numerical analysis method

An electroweak phase transition is considered to be strong enough only if the net baryon
number generated around the bubble wall is not significantly washed out by the sphaleron
process inside the bubble. This condition can be converted to the requirement on the value
of “wash out” parameter [123]:

&= % > 0.9 (2.21)

Here T, is the critical temperature where a second minimum of V(¢1, ¢2,T) that breaks

SU(2)xU(1) appears, and v, = \/ 2(T..) + v3(T.) reflects the scale of electroweak symmetry
breaking. Here v1(T;) and ve(T¢) are the scalar field values which minimize V (¢1, 2, T¢.).

The calculation of £, suffers from theoretical uncertainties. The first problem is that the
& induced by V(¢1,¢2,T) is not gauge independent by itself [124-126]. Missing higher-
order quantum corrections also induce a theoretical uncertainty [127]. For a concrete
model, one can use lattice simulations to obtain a reliable value of &. [63], but such a non-
perturbative calculation is very computationally expensive. Being aware of the theoretical
uncertainty in the calculation of &., in this work we relax the criterion of a SFOEWPT to
& = % > 0.9. On the other hand, for a first order phase transition to really happen in
the universe, the bubble nucleation rate should be larger than the Hubble expansion rate
at the nucleation temperature [33, 128]. This requirement can be considered as a further
constraint on the 2HDM parameter space. For a conservative estimate, in this work we
will not consider a requirement on the bubble nucleation rate.



Analytically, T, and v. can be obtained by solving the following equations:

V(0,0,T¢) = V(vi(Te), v2(Te), Te), (2.22)

0
%V(@', 2, Te)

=0((ti=1,2), 2.23
p1=v1(Te),p2=v2(Tc) ( ) ( )

(;)IV(qbi,qﬁg,Tc) 0(i=1,2). (2.24)

¢

¢1=0,¢2=0 N

To make (0,0) and (v1(7%), v2(1¢)) as local minimum points of V' (¢;, ¢2, T¢), Hessian matrix
of V(¢i, P2, Tc) at (0,0) and (v1(Te),v2(T%)) also need to be positive definite. However,
due to the complicated form of V(¢1, 2, T), solving these equations analytically is quite
difficult. Instead, one can search for the critical temperature using a numerical method.
There are already public packages which can be used for numerical thermal phase transition
analysis, such as CosmoTransitions [129], BSMPT [61], and PhaseTracer [130]. We choose
BSMPT for our numerical analysis, since the 2HDM has been implemented in BSMPT as a
benchmark model, and BSMPT is written in C++ which helps to save numerical calculation
time. In BSMPT, the search for T, is started from a high temperature (the default value
is 300 GeV), where the minimum position of V(¢1,¢2,T) is (0,0). Then BSMPT traces
the minimum position of V(¢1, 2, T) with decreasing temperature. If BSMPT detects a
minimum position jumping (0,0) = (v1(7”),v2(T")) at a certain temperature 7", the search
stops and the output 7" is the desired critical temperature T,..

The full thermal phase transition history of the 2HDM could be complicated [59]. Mul-
tiple phase transition processes are possible. For baryogenesis, however, only the phase
transition that transfers (0,0) = (v1(T),v2(T)) is relevant. This is because a success-
ful baryogenesis requires the sphaleron rate to be very fast outside the bubble wall, i.e.
sph~ (aw T )4, While in the electroweak symmetry breaking phase, the sphaleron rate
will be strongly suppressed as I'spn o< exp (—Egpn(Te)/Te). Here the sphaleron energy
Espn(Te) ~10TeV x %. Thus another phase transition (vi(17"), v2(T")) = (w1 (T"), w2 (T"))
has nothing to do with baryogenesis, because the sphaleron rate outside the bubble will
be too low to generate baryon number.? We will therefore not take this kind of phase
transition into account in this work.

3 Current and expected bounds

2HDMs are constrained by various theoretical considerations and experimental measure-
ments, such as vacuum stability, perturbativity and unitarity, as well as heavy flavor ob-
servations [131], electroweak precision measurements, and LHC Higgs measurements and
non-SM Higgs searches [132]. We briefly summarize below the constraints we adopt in the
following sections.

2Strictly speaking, phase transition (vi(T”),v2(T")) = (w1 (T"), w2(T")) may produce enough baryon
number if 4/v2(T") + v2(T") is very small and this phase transition is strong first order. But the possibility
to obtain such a parameter point is very low in a random scan. So we ignore this case.
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Figure 1. The impact of theoretical constraints in the my — Am (left), my — tan (mid-

dle), Av? — tan 3 (right) planes. In the left panel, the allowed region is under the lines with
tan 8 = 3,cos(8 — @) = 0. In the middle panel, VA2 = 0GeV, and the allowed region is to the left
of the corresponding lines. In the right panel, my is fixed at 700 GeV, and the allowed region is
inside of the boundary line. See text for full details.

3.1 Theoretical constraints
o Vacuum stability.
In order to make the vacuum stable, the scalar potential should be bounded from

below [133-136]:

AM >0, Ao >0, A3 > —vV A, A3+ A\ — ‘)\5| > —/ Ao (31)

o Perturbativity and unitarity.

We adopt a general perturbativity condition of |\;| < 4w, and for the unitarity
bound [137-141]:

’3()\1 +A2) £ /900 — A2)2 4203 + M2 <16, (3.2)

’(/\1 +A0) £ /(0 — Ae)? + 4N < 167, (33)

’(Al F o) £ /(= he)?+ 42 < 167, (34)

D3+ 20 £30s] <87, st <8T, AL As| <8 (3.5)

To provide some general insights into the impact of these theoretical constraints, we
show in figure 1 the allowed regions in the my — Am (left), my — tan 8 (middle), and
Av? —tan 3 (right) planes, for various fixed values of the other parameters. In the left panel,
we take tan 8 = 3, cos(f—a) = 0, fixing m4 = my=. Here VAo = 0,150, 300, 220, 230 GeV
are represented by the red, blue, green, purple, and orange lines, and the region under
the lines is allowed by the theoretical constraints. Generally, a larger heavy Higgs mass
myr corresponds to a smaller allowed mass splitting Am for any specific V2. The al-
lowed Am also gets smaller when Vw2 gets larger, and here there is no region left for
Vv? > 232 GeV.



In the middle panel with vVAv2 = 0GeV, we explore the effect of the parameter
cos(f — «). Here, based on the allowed |cos(f — «)| at the current LHC Run-II [142],
we take cos(f — o) = £0.005 (dashed lines), and cos(f — «) = £0.02 (solid lines) and
show the allowed region, which is to the left of the corresponding lines. We fix the mass
splitting Am = my, g+ — mpyg = 200 GeV.? Under cos(f —a) = 0, mg < 820 GeV is
allowed, independently of tan 5. If cos(8 — «) # 0, such as the 0.005 region shown by the
dashed lines, the allowed regions are reduced. As discussed in [118], the allowed regions
for opposite-sign cos(8 — «) are symmetric around the line tan 5 = 1.

In the right panel, my is fixed at 700 GeV, and Am =my g+ —mpg = 0, 100, 200 and
230 are shown. The allowed region is inside of the boundary line. Larger Am leads to a
smaller allowed \v? range, and Am > 230 GeV is no longer allowed. For v Av2 = 0, there
is no restriction on tan .

3.2 Direct searches at LHC Run-II

We take into account the latest heavy Higgs searches at LHC Run-II, including
A/H — pp [143, 144), A/H — bb [145, 146], A/H — 77 [147-149], A/H — ~~ [150-154],
A/H = tt [155], H — ZZ [156, 157], H — WW [158, 159], A — hZ — bbll [160-163],
A = hZ — 7700 [162, 164, 165], H — hh [166-169], and A/H — HZ/AZ [170, 171]. To
investigate the impact on the 2HDM parameter space of the published null results in these
searches, we take the cross section times branching fraction limits, o x BR, from the LHC
studies and reinterpret them for our 2HDM model points using the SusHi package [172] to
calculate the production cross-section at NNLO level, and the 2HDMC [173] code for Higgs
decay branching fractions at tree level.

As a first example, taking the benchmark point cos(3 — a) = 0, m3, = m% cos Bsin 3
and my = myg+ = my + 200 GeV, we show the current collider limits in the my — tan g3
plane in figure 2, for both the Type I and Type II models. The various channels include
H/A — bb (red), H/A — 77 (dotted orange), H/A — pp (dot-dashed cyan), H/A — v
(dashed brown), H/A — tt (dot-dashed magenta) and 4t production (dashed purple), as
well as the exotic decay channel A — HZ (blue). Other decays such as A — Zh and
H — hh will only contribute if cos(8 — «) deviates from zero at tree level [174].

For the Type-I model (left panel of figure 2), the exotic decay A — HZ channel cov-
ers myg < 2myg,tan B < b5 totally, and can reach to tan = 10. Top quarks searches,
4t + AJ/H — tt, cover mp < 800 GeV for tan 8 < 0.3, and my < 650 GeV for tan f < 1.1
A/H — 77,77 then exclude the region m < 350 GeV,tan 8 < 1 Generally because of the
cot f-enhanced Yukawa coupling in Type-I model, only the small tan 8 region can be ex-
plored [132]. In the Type-II 2HDM (right panel), the top quark and H/A — ~ constraints
are similar to those for the Type-I model, while the fermionic decays A/H — bb, 77, uu
could exclude mpy to 800 GeV when tan § > 10 generally. Since the Hbb, and H77 cou-
plings are tan S-enhanced, the A — HZ decay contributes a lot at medium and large tan g3
regions, tan 3 > 0.5,my < 2m; and tanf > 15, my < 600 GeV Thus mpy < 2my is
totally excluded by all channels together in Type-II model, and only 1.5 < tanf < 10
is allowed for mpy < 650 GeV, which is important for our later study of the electroweak
phase transition.

3In our notation, when we use M4 g+, it indicates ma = mpy=+.
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Figure 2. Direct search constraints for the heavy Higgs mass spectrum my4 = myg+ = my +
200 GeV. We show the 95% C.L. exclusion region in the my — tan 8 plane for the Type-I 2HDM
(left) and Type-II 2HDM (right) with cos(8 — a) = 0. The various heavy Higgs decays include
i) the conventional search results on H/A — bb (red), H/A — 77 (dotted orange), H/A — puu
(dot-dashed cyan), H/A — ~v (dashed brown), H/A — tt (dot-dashed magenta) and 4¢ production
(dashed purple), and ii) exotic decay channels A — HZ (blue). Other considered decays such as
A — Zh, H — hh are not relevant since their couplings are proportional to cos(8 — «).

3.3 Higgs and Z pole precision measurements

The SM has been tested with high precision via observables measured at the Z-pole from
LEP-I [175] and the LHC [176]. Future lepton colliders will further improve the precision
of measurements in the Higgs sector, and we therefore include hypothetical future lepton
collider results in our study. In ref. [177], it was shown that the precision reached by several
future eTe~ machines, including the CEPC program with an integrated luminosity of 5.6
ab~! [108, 109], the FCC-ee program with 5 ab~! of integrated luminosity [115, 116], and
the ILC with various center-of-mass energies [114], is similar. Thus, following the approach
adopted in refs. [177, 178], we will explore the CEPC proposals in detail.

In our analyses, we take the S, T, U data at 95% Confidence Level (C.L.) from table 2
of ref. [177], and the Higgs precision measurements from table 3 in the same reference. We
use a x? profile-likelihood fit,

) Z R 1 . H (MZHDM N MQbs)Q
X =Y (X — Xi)(0?); (X - X)) + ) - s (3.6)
ij i Hi

with X;=(AS, AT, AU)ozpy being the 2HDM predicted values, and X; = (AS, AT, AU)
being the current best-fit central value for current measurements, and 0 for future measure-

ments at the first term for Z sector. The o;; are the error matrix, 01-2]- = oip;joj with o; and

correlation matrix p;; given in [177]. For the second term about Higgs sector, Higgs preci-
2HDM _ (Uz' ><]_3)1,1_)2HDM/( )SM

sion measurements are used to perform global fit with p; o X Br;
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is the signal strength for various Higgs search channels, o, is the estimated error for each
process. The studies [177, 178] show that one-loop level electroweak corrections to SM
Higgs couplings have probe ability to heavy Higgs with Higgs precision measurements, and
thus our study of

S are set to be unity in the current analyses, as-

For future colliders, the various g
suming no deviations from the SM observables.

In the following analyses, the overall x? is calculated, and use to determine the allowed
parameter region at the 95% C.L. For the one-, and two-parameter fits, the corresponding

Ax? = % — X2, values at the 95% C.L. are 3.84, and 5.99 respectively.

3.4 Flavour constraints

The charged Higgs H* boson couples to up and down type fermions, and thus observations
from flavor physics put strong bounds on its mass and couplings [179]. Among various
flavor observations, measurements related to B physics provide the most stringent limits
on tan S and my+. For example, my+ < 580 GeV in the Type-I1 2HDM has been excluded
by the measurement of BR(B — Xv) [180]. AMp, and BR(Bs; — ptu~) further exclude
mpy+ < 1TeV in the Type-II 2HDM when tan § < 0.7. The region with tan 5 < 1 and
mpg+ < 1TeV in the Type-I 2HDM has been excluded by B — Xy [180]. In our study,
we take these constraints into account.

4 Study results

Based on the diverse constraints above, in this section we will discuss their effects on the
SFOEWPT in Type-I and Type-I11 2HDMs.

4.1 The phase transition of 2HDM

To get a better understanding of the electroweak phase transition in 2HDMs, we will first
discuss it in the context of some approximate or limiting cases, focusing on the relationship
between the phase transition and the Higgs vacuum uplifting. Then we will consider several
benchmark cases, varying one or two parameters to dig into the effects of constraints as
well as features of the Higgs potential. Our general results will follow these specific cases.

4.1.1 High temperature expansion

Due to the complicated form of the thermal effective potential eq. (2.13) and its intricate
thermal evolution history, it is difficult to tell whether a specific point can successfully
trigger a SFOEWPT in the early universe through a simple formula or argument. To
simplify the analysis of the phase transition, people generally use a high temperature
expansion, limited to the leading terms of the thermal correction functions Jp and Jp.
Then the thermal effective potential can be simplified to a polynomial function of the
Higgs field value:

V(o T) ~ (DT* — y?)&}, — ETd} + 64 (11)
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Here ¢}, = cosS¢1 + sin S is the scalar field that breaks the SU(2) x U(1) symmetry
at zero temperature. Due to the simple form of eq. (4.1), we can use the minimization
condition and V' (0,7,) = V (v, I¢) to directly calculate the wash-out parameter:

Ve 2F
= n (+2)

At tree-level, the coefficients p? and X in eq. (4.1) are:

The coefficients D and E are induced from the leading thermal corrections:

T4 2 | 1

reRle (mT(fh)> = _W90 ﬂTz *(¢n) — oL (m 2(fn))* 2+ (4.4)
T 2(¢ 7Tt 1

92 F (mT(Zh)> = +87T90 L CORSE (4.5)

Here m?(¢y) is the mass square of a massive particle with v? in it being replaced by gzﬁfl

2
(For example, m3,(¢n) = rZ—‘quS,QL) Considering the most massive particles in the 2HDM,
D and F can be expressed as:

1 m2 m2 mz 2 m2, — M2 m2 — M2 in—M2
D= 6—" 3—2 —h 6 i A 9—H 4.6
7 [ + + h 4 2 + 2 + 2 (4.6)
1| miy my  m
FE = Ton [6 +37+73 +E(H/A/Hj:)

In the expression for F, the term E(f;4/p+) denotes the contributions from the non-SM
Higgs bosons. We cannot explicitly write out the expression for Ey/4,/p+) because, as we
said in section 2.1, the mass of the H/A/H* bosons come from two sources. Schematically,
the ¢p-dependent non-SM Higgs squared masses can be expressed as:

mZ(¢n) = M* + Xad} (4.7)

2
Here M? = Sin?;}j)s 5 Is the scale at which the Zy symmetry is broken. « can be A, H, or

H*, and ), is a linear combination of the Ai(i =1,2,3,4,5) parameters. In the alignment
limit cos( — a) = 0, the expressions for A\, are:

At = (A1 + A2 — 2A345)(sin® B cos® B) (4.8)
)\A = _)\5 )
1
Ags = —5()\4 +X5) (4.10)

So the non-SM Higgs bosons provide a term in V (¢, 7") which is not exactly propor-
tional to ng%:

=L P2 ()Y = — e T(M2 4 AadR)? (4.11)

127 127
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We can simplify the above expression in two limiting cases:

3/2
L ys | TERN G M? < Mot}
_ ET(M + Ao 07)° " & T 1s3 3 Aad? 9 0 (4.12)
T —mM 1+§ M2 5 M >>Aa¢h
And so in these two limiting cases:
133/2 _ 1 md 3r2 2
By~ 4 e = 1m o8 M < Aad (4.13)
0, M= > \oo3

The above expression needs to be multiplied by 2 if a is H*.

Although expression (4.13) is obtained in a limiting case, it helps us to understand
which of the input parameters are particularly relevant for a SPOEWPT. When the non-
SM Higgs masses are dominated by M?, the spectrum tends to be degenerate, and the phase
transition strength tends to be reduced as the non-SM Higgs boson masses increase. When
the non-SM Higgs masses are dominated by A\,v?2, the spectrum tends to be split, and the
phase transition strength tends to be increased as the non-SM Higgs boson masses increase.

4.1.2 Higgs vacuum uplifting

Another method that can help us to understand which parameters are important for
SFOEWPT, is to calculate the depth of the zero temperature Higgs potential [55]. For
a shallow Higgs potential, it is easier to develop an energy barrier between the symmetric
phase and the broken phase than for a deep Higgs potential, when the temperature is high.
Thus generally speaking, there is an inverse relation between the phase transition strength
and the depth of the vacuum energy. We follow the notation at ref. [55] and define the SM
vacuum energy density as ]-"g’M. The value of ]-'OSM is about —1.25 x 108GeV?. The vacuum
energy density of the 2HDM is denoted by Fy3. We can further define a dimensionless
parameter:

Fo — FgM

0

(4.14)
AFo/|FSM| > 0 means that the 2HDM vacuum energy is uplifted from the SM value, whilst
AFo/|FSM| cannot exceed 1, otherwise the zero temperature vacuum will be unstable.
The numerical results in [55] show a positive correlation between &. and the parameter
AFo/|FSM|. However, we find that the relationship is only valid for mg < 500 GeV, the
range ref. [55] explored, and the parameters may become negatively-correlated for large
myr. To illustrate this, here we refine their analysis by considering a benchmark case:

tan 8 = 3.0, cos(B —a) =0, mpg € (200,1000) GeV,  (4.15)
V2 =0, Am =my g+ —mpy = 200 GeV.

2
All parameters are fixed except my, and Av? = m? T2 7= 0 (to meet the theoretical

H ™ sinfBcos
constraints, as in the right panel of figure 1).
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Figure 3. Zero temperature Higgs potential and its connection with the electroweak phase tran-
sition. (left): the zero temperature Higgs potential along the ¢ = cos S¢1 + sin Spa direction
with different my. (right): vacuum energy uplifting AF,/|F5M| and wash-out parameter &, as
functions of mpg.

The one-loop level Higgs vacuum uplifting in the alignment limit cos(5 — a) = 0 has

)

(mi +mi + meqi) + (m% — 2M2) (mi +m2 + Qm%ﬁ) ] (4.16)

been given in ref. [55]:

1 2 (3 1 4mAmHm2 +
AFy= —— | (m2 —2M2) (2 4 = log | ATH
0= G4r2 [<mh ) (2 Toos l(m}% —2M2)?

_l’_

N | =

To illustrate the idea underlying Higgs vacuum uplifting, here we display the whole
shape of the zero temperature Higgs potential. In the left panel of figure 3, we present
the zero temperature Higgs potential along the ¢ = cos B¢y + sin S¢o direction, with
my = 200, 400, 600, 800 GeV represented by red, orange, green and blue lines respectively.
The SM Higgs potential is also shown with black dashed line for comparison. It is clear
that as mpy increases, the height of the minimum point of the Higgs potential continues
to rise, and the shape of the Higgs potential becomes shallower. For large mpy, Fo > 0,
generating an unstable vacuum. Thus for a stable vacuum mpg cannot be too large.

To find the relationship between &, and AFy/|F§M|, in the right panel of figure 3 we
present both AFy/|FSM| and &, as functions of my. In the plot, the left y axis is for
AFo/|FSM| with the red dashed line representing the relationship with mg. While &, the
right y axis, is shown by the solid green line. Here &, is calculated numerically from the
package BSMPT.

As the red dashed line, it is clear that there is a linear relationship between AFy/|F§M|
and myy, similar as the left panel. But as the green line shows, £, is not monotonically
dependent on mj and gets the maximum value around myg = 500 GeV. This result can be
understood by our high temperature expansion analysis. Generally as mp, equal to M?
in our scenario to meet theoretical constraints, becomes too large, the non-SM Higgs mass
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is dominated by M? and E(g/a/n+) get smaller as eq. (4.13). Thus the phase transition
strength becomes weaker as my increases from eq. (4.6) and eq. (4.1).

Since AFo/|FSM| always gets larger when my grows, while & gets larger at first
(mpg < 500 GeV here), and then gets smaller, we can conclude AFy/|F§M| is not mono-
tonically correlated with &.. This conclusion is different to the previous study [46].

In order to get a more robust relationship between AFy/|F5M| and &, as well as
exploring the mass splitting effects Am = my, g+ — mpy, we extend the benchmark case
by including different mass splittings between the non-SM Higgs bosons:

tan 8 = 3.0, cos(f —a) =0, mp € (200,1000) GeV , (4.17)
VavZ =0, Am =my g+ —my € (0,300) GeV.

The reason for us to consider different mass splittings is that the mass splitting between
different non-SM Higgs bosons is roughly proportional to the size of the couplings ;.
Generally speaking, the greater the couplings A;, the easier it is for the non-SM Higgs
bosons to change the shape of the Higgs thermal potential from eq. (4.13) and eq. (4.18).
However, as can be seen from eq. (4.16), a large mass splitting tends to be more limited
by vacuum stability considerations, since too large mass splitting and vacuum uplifting
AFy can result to AFo/|FSM| > 1. In the left panel of figure 4, we present AFo/|FgM|
as a function of my under different mass splittings Am = my g+ — mpy = 50 (red), 150
(orange), 200 (green), 250 (cyan), and 300 (blue) GeV. It is clear that the curves with
the largest mass splittings quickly reach the unstable limit AFy = |F§M| as mp increases.
In the right panel of figure 4, we present our scan results in the plane of AFy/|FyM|-E..
Points with different mass splittings are tagged by different colors, with mp indicated by
black dotted lines.

To understand our scan results, we need to invoke the analysis we performed in the
last subsection. In our scenario, we have the following relationships between different
parameters:

)\A/H:l:’l)Q = (Am)? + 2myAm (4.18)

with Am = my/y+ —mp, m?%, = M?. Thus, following the discussion we presented in the
last subsection, if the value of Am is fixed and mpg is not too large, the phase transition
strength will increase as my and AFy/|F5M| increase. But if my becomes too large and
dominates m g+, the phase transition strength will decrease as mp increases, until the
vacuum becomes unstable, i.e. AFy = |FSM|. In the right panel of figure 4, we therefore
observe that &, first rises as AFy = |F§™M| increases (equivalent to my increasing), and
then &, decreases as AFy = | F5M| (and my) continues to increase.

For the right panel of figure 4, depending on the mass splitting and the phase transition
features, we can divide the parameter space into three regions:

1. The small mass splitting region, with mass splitting Am < 160GeV. In this case, the
Higgs vacuum energy cannot be uplifted too high, which means that these points are
safe from vacuum stability bounds, and my can vary from 200GeV to 1TeV. Due to
the small value of Am, however, Ay /p+ v? is too small to satisfy the requirement of
a SFOEWPT.

~15 —



Type-ll:tanf=3

Type-ll:tanB=3 3.0

=
[N)

-
=}

o o
o ©
MaH= — My

N
=
[N

AF/|FM|

Am

o
IS

0.2

Am=50GeV

0.
90 300 400 500 600 700 800 900 1000
my [GeV] AFo/|FEM|

Figure 4. (left): AF,/|FSM| as functions of my, with different mass splitting. (right): scan result
projected in the AFy/|F5M|-€. plane. Points with different mass splitting are tagged by different
colors, and the dotted lines mark the CP-even Higgs mass my.

2. The medium mass splitting region, with mass splitting Am € [160GeV, 230GeV]. In
this case, most of the parameter space is still safe from the vacuum stability con-
straint. When mg is not too large, it helps to enhance the phase transition strength.
As mp grows to dominate the mass expression of my, =+, § rapidly decreases. We
also observe that . rises firstly and then falls as AFy/|F5M| increases. The middle
region of AFy/|F5M| is favored by the existence of a SFOEWPT.

3. The large mass splitting region, with mass splitting Am > 230GeV. In this region
AFo/|FSM| starts from a value that is larger than 0.4, and quickly touches the vacuum
stability bound AFy/|FSM| = 1 as my increases. This means that, before mpy
has increased to be able to dominate m 4+, the vacuum is already unstable. We
therefore observe that £, increases nearly monotonically as AFy/|F5M| increasing.

Through the above discussion, it is clear that the upper limits on the non-SM Higgs
boson masses in the 2HDM come from vacuum stability (when the mass splitting is large),
or the SFOEWPT requirement (when the mass splitting is medium-large). Without the
SFOEWPT requirement, the non-SM Higgs bosons can be arbitrarily heavy without vio-
lating vacuum stability, provided the mass splitting between them is small enough.

On the other hand, the black dotted lines in the right panel of figure 4 clearly show the
relationship between &, and mpy. We found that &, is a monotonically increasing function
of AFy/|FSM| when my < 500 GeV, such as my = 250,450 GeV in the right panel of
figure 4. But with larger mass, the phase transition strength £. gets smaller, and when
my > 850 GeV, &, can no longer reach 0.9. To avoid the unstable vacuum, larger my needs
smaller Am as in figure 3. Therefore, a too large mpy will result in a too small Ay /p+ v?,
which could not generate a SFOEWPT. In table 1 we present the range of Am and
AFo/|FSM| for different values of my. This clearly shows that the SFOEWPT-satisfied
region keeps shrinking as my gets larger and larger.
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mp( GeV) 250 450 650 700 850
Am( GeV) | (170, 280) | (160, 280) | (150, 230) | (155, 210) | (160, 165)
AFo/|FSM| | (0.18, 0.83) | (0.25, 0.95) | (0.28, 0.73) | (0.3,0.7) | (0.38,0.42)

Table 1. The parameter space for which a SFOEWPT is obtained, with tanf = 3,
Am =my g+ —mpy in the Type-II 2HDM, similar to figure 4.

4.2 Casel: alignment limit with m4,g+ — mg = 200 GeV

Following the previous approximate analysis of the electroweak phase transition, we now
investigate a series of benchmark cases, starting with,

tan 3 € (0.2,50), my € (200,1000) GeV,
cos(8 —a) =0, Va2 =0,  Am=myge —mg=200GeV.  (4.19)

Here we take vV Av2 = 0 to allow for the largest range of tan 8 as shown in the second
and third panel of figure 1. To explore the dependence on my, we fix the mass splitting
Am = 200 GeV, and assume the tree-level alignment limit cos(8 — &) = 0. The parameter
space is the same as the right panel of figure 2, where there are important constraints
from direct non-SM Higgs boson searches at LHC Run-1II including H/A — 77 (orange
region with dotted line boundary, providing an upper boound), A — HZ (blue region,
constraining the small mass region), and A/H — tt (red region with dash-dotted line
boundary) and 4¢ (purple region with dashed line boundary), which constrain the small
tan 8 region. For the Type-II 2HDM, there are important constraints on the mass of the
charged Higgs boson from B physics, which are represented by the hatched cyan dashed
line. B physics observables also give effective constraints at small tan 3. The hatched black
line indicates the theoretical constraints, as discussed in figure 1, requiring my < 835 GeV
for cos(f — a) = 0.

After these theoretical and experimental constraints, the allowed parameter region is
approximately located around mpy € (380,830) GeV, and tan € (1,10). The colored
region my € (380,700) GeV shows the parameter space which can generate a SFOEWPT,
with dashed lines indicating the phase transition strength £.. We can see that, generally,
the strength &, gets its maximal value around mpy = 500 GeV, which is discussed in the
right panel of figure 3. The green dash-dotted lines show AFy/|FSM| = 0.42,0.53,0.63,
which grows with larger my and is independent of tan 8. We can therefore again conclude
that the SFOEWPT strength is not monotonically dependent on mg or AFy/|FSM].

Finally there is a black band region round myg = 700 GeV, which means that the phase
transition strength &, < 0.9. Beside the black band region, there is a grey region which is
allowed by various constraints, but &, in this region has no value. This is because the phase
transition in this region is not first order, and thus we can not find the critical temperature
and calculate &.. We have also checked that Higgs and Z-pole precision measurements give
no constraints in this case since cos(f — o) = 0 and Am = 200 GeV.
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Figure 5. Electroweak phase transition and other constraints analyzed in the plane of mpy—m 4/ p=,
with cos(f — @) = 0 and tan§ = 3, for the Type-II 2HDM. Of the various heavy Higgs search
channels, only A — HZ gives visible constraints, shown by the blue region. Again the hatched
cyan dashed line shows the B-physics constraints, and the hatched black lines are for theoretical
constraints. The allowed regions are divided into three parts, the colorful region with &. > 0.9, the
light grey region (mostly above the colorful region) with &, < 0.9, and the dark grey region in which
a SFOEWPT cannot occur.

4.3 Case2: alignment limit with m4 = mg+

Based on the results in figure 4, here we show our second benchmark case, the alignment
limit with fixed tan 3,

M € (500,1200) GV, mir € (200,1000) GeV,
cos(ff —a) =0, v2 =0, tan 3 = 3. (4.20)

ﬁ

Again here VAv2 = 0 is set to avoid the constraints on the parameter tan 5. In figure 5,
we show the constraints arising from the requirement of a SFOEWPT and other observables
in the my — my, g+ plane of the Type-II 2HDM. For the various heavy Higgs search
channels, only A — HZ gives a visible constraint (shown by the blue region), which can
exclude the region with mpg < 350 GeV,m 4, g+ < 800 GeV. B-physics constraints, shown
by the hatched cyan dashed line, exclude mg+ < 580 GeV. Since here we have my = my+
and cos(f — ) = 0, the Higgs and Z-pole precision constraints are satisfied automatically.
On the other hand, the theoretical constraints, indicated by hatched black lines, give a
strong limit on the mass splitting range, roughly Am = my, g+ —my € (—50,200) GeV.

The allowed regions are divided into three parts, the colorful region with
& > 0.9, the light grey region which is mostly above the colorful region with
Am =my g+ —mpy ~ 200 GeV.) with & < 0.9, and the dark grey region in which a
phase transition cannot occur. From the colored region, we find that, both a too large or
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Figure 6. Electroweak phase transition and other constraints analyzed in the plane of m 4 —my+,
with cos(f — @) = 0 and tan 8 = 3, in the Type-II 2HDM. For the various new physics search
channels, only the oblique constraints make an important contribution, represented by the hatched
blue dashed lines. Theoretical constraints are shown by the hatched black lines. The allowed regions
are divided into three parts, the colorful region with &. > 0.9, the light grey region (mostly above
the colorful region) with £, < 0.9, and the dark grey region where a first order phase transition
does not occur. We also show green dash-dotted lines for AFy/|FSM|.

too small Am will not allow for a SFOEWPT. As discussed in figure 4, for a too small Am,
the Higgs vacuum energy cannot be uplifted high enough to generate a phase transition,
while too large a value of Am will result in an unstable potential Fo = |F5™M|, where the
potential at second EW minimal is higher than the it at the origin. This is also responsible
for the upper limit on mp, as the analysis around eq. (4.18) shows, since too small a value
of myAm cannot generate a proper barrier for a SFOEWPT.

4.4 Cased: alignment limit with myg = 700 GeV

In our previous case studies, we always had the simple assumption of m4 = mp+ to satisfy
the oblique constraints from Z-pole measurements, and also to simplify the parameter
space. Here to study the general mass splitting region, we take another benchmark case,

ma € (500,1200) GeV, my+ € (500,1200) GeV,
my = 700 GeV, cos( —a) =0, VA2 =0, tanf =3.

VA2 = 0 is once more set to avoid the constraints on the parameter tan 3, and we
take my = 700 GeV as an example. In figure 6, we show the electroweak phase transition
and other constraints in the plane of m4 — mg+ in the Type-II 2HDM. The theoretical
constraints are now particularly important, as the region with hatched black lines acts as
a boundary on the allowed parameter space. The lower limits on both m4 and mpy+ are
approximately 670 GeV, while the upper limits are 970 and 930 GeV respectively. This is
because, once there is a large mass splitting, A;j_5 will be enlarged [178]. For the various
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new physics search channels, only the oblique constraints make an effect here. As the
hatched blue dashed lines show, the allowed regions are around either my = mpg+ or
my+ = mpg = 700 GeV.

The allowed regions are divided into three parts, the colorful region with & > 0.9 al-
lowing a SFOEWPT, the light grey region (mostly above the colorful region) with &. < 0.9,
and the dark grey region without a first order phase transition. To understand the fea-
tures here, we also have green dash-dotted lines for AFy/|FSM|, which gets large when
ma, my+ increases. We also note that, to get a proper vacuum energy uplifting, at least
one of m 4 or my= should be large. For instance, Fo/|F3™| = 0.4 requires my= = 900 GeV
when ma = my, or myg = 950 GeV when myg = mpy+, or ma ~ myg+ ~ 870 GeV. The
region with & > 0.9 is located at Fo/|F5M| € (0.37,0.63). The large mass limit comes
from Fo/|FSM| — 1, where the vacuum is not stable, while the small mass limit comes

from eq. (4.18), where there is only limited vacuum uplifting and a barrier to generating a
SFOEWPT.

4.5 General results

During the last section, we presented three benchmark cases to discuss the effects of the
heavy Higgs masses on the existence of a SFOEWPT in the alignment limit, as well as
the influence of a variety of theoretical and current experimental constraints up to the
one-loop level.

In this section, we present a more general study of Type-I and Type-II 2HDMs. At
the same time, we will explore the impact of future results from Higgs factories, presented
in section 3.3, taking the CEPC precision measurements as an example.

Our parameter scan regions for both Type-I and Type-II are:

la| < g, tan 5 € (0.2,50), m4 € (10,1500) GeV, mpy+ € (10,1500) GeV ,
miy € (0,1500%) GeV?, my, = 125.1 GeV, mp € (130,1500) GeV. (4.21)

We perform a random parameter scan in the above parameter region, with the total number
of samples exceeding 1 billion, for both Type-I and Type-II models.

In figure 8 we show the scan results for the Type-II 2HDM. The grey scatter points
are the regions allowed by B physics, theoretical constraints, heavy Higgs direct searches
and SM Higgs precision measurements at the current LHC Run-II, and constraints from
EW oblique operators. The green points are a subset of the grey ones, which can generate
a SFOEWPT, and the red points are further required to meet the constraints from future
Higgs precision measurements at CEPC. Compared to Case 1 (figure 7), which assumed
the alignment limit and set mpg+ = m 4, here we could divide the whole allowed region into
4 classes,

e C(lass A: regions with my < 350 GeV. Here the region has my+ ~ m4 > myg, and
the mass splitting is about (300,500) GeV to meet the constraint my+ > 580 GeV.
Generally VAvZ & 0 to allow for such a large mass splitting and tan 3 is within
the region selected by the theoretical constraints shown in figure 1. This region
can also be divided into two subgroups based on sign(kp). When sign(xp) = +,
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Figure 7. Electroweak phase transition and other constraints analyzed in the plane of my — tan 8
for the Type-II 2HDD. Here we fix Am = my g+ —mg = 200 GeV and assume the tree-level
alignment limit cos(f—a) = 0, which is same as the right panel of figure 2. The central colored region
is allowed after all constraints. The null results of H/A — 77 searches (orange region with dotted
line boundary) provide an upper bound on tan 3 for a given my, the A — HZ results (blue region)
constrain the small mass region, and the A/H — tt (red region with dash-dotted line boundary)
and 4t (purple region with dashed line boundary) channels constrain the small tan 8 region. The
hatched cyan dashed line show the constraints from B physics observables, and the hatched black
line indicates the theoretical constraints. The gradient-filled regions show the parameter space that
can generate a SFOEWPT, with the black dashed lines indicating the phase transition strength &..
The black region means there is an electroweak phase transition with £, < 0.9. The grey regions are
allowed by various constraints,but there is no first order phase transition. We also show AFy/|F5M|
by green dash-dotted lines.

mp < 200 GeV,tan 3 € (5,10) can escape the constraints from the H — 77 chan-
nel as in the right panel of figure 2. At the same time, the large mass splitting
ma —mpg > 450 GeV weakens the constraint from the A — HZ channel [132]. An-
other subgroup is sign(kp) = —, the so-called wrong-sign Yukawa coupling region
with cos(8 — a)) =~ 2/ tan . Here mpy can reach 350 GeV, cos(f — «a) € (0.2,0.4), and
LHC direct searches require tan 8 < 10 [142]. Because of the large mass splitting in
this region, AFy/|FSM| is too large to produce a stable vacuum.

e (Class B: regions with 5 < tanf < 12 for myg =~ 450GeV. This region is also a
wrong-sign Yukawa coupling region with sign(k,) = —. Generally VA2 &~ 0 to
meet theoretical constraints, and mg+ ~ mg = my + 140 GeV with tanf < 12
to meet constraints from the A — HZ and A/H — 77 channels (see figure 2).
my/p+ —mpy > 140 GeV to meet B physics constraints, while a larger mass splitting
is not allowed by theoretical constraints even though VAvZ ~ 0. As the right panel
of figure 4 shows, because my = 450 GeV and Am = 140 GeV, AF,/|FsM| < 0.2 is
too small, thus the vacuum uplifting is too small, and there is no SFOEWPT here.
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Figure 8. The allowed parameter space in the plane of my — tan 8 (left), Ama — Ame (right).
The grey points survive all theoretical and current experimental constraints. The green ones are

able to provide a SFOEWPT, while the red ones are allowed by future precision measurements
from CEPC.

e C(lass C: regions with 5 < tan 8 < 45 for 600 < myg < 700 GeV. Here mpy+ = my
with ma < mp = 125GeV. Again it is a wrong-sign Yukawa coupling region with
VA2 & 0. The lower limit of my comes from B physics and EW oblique constraints,
and the upper limit comes from theoretical constraints mg — m4 < 650 GeV. In the
region, AFo/|F5M| < 0, thus there is no chance to generate a SFOEWPT.

e Class D: the main allowed region with my > 350 GeV. The region is similar to
the white allowed region in the right panel of figure 2. Compared to Case I with
mg+ = my = mpg = 200GeV in the alignment limit, here the allowed grey region
by current LHC Run-II has no upper limit on my anymore from theoretical con-
straints when all parameters are free. When mg < 900GeV, 1 < tanf < 10 is
required to satisfy the constraints from H/A — 77, top searches and B physics.
When my > 900 GeV, tan S can take a larger value as the constraining power of the
H/A — 77 channel gets weaker. In this region, there are a number of points with
& > 0.9, as shown by green points. We can see the green parameter space has an
upper limit of about 900 GeV. For points that also satisfy CEPC constraints as the
red points, the parameter space has an upper limit of about 800 GeV.

The right panel of figure 8 shows the scan results in the plane of Am4 = mag — mpy
and Am¢c = mg — my=+, allowing us to analyze the Class D parameter space. Here the
general structure is Amo ~ Amy or Amg = 0 because of Z-pole oblique constraints.

For the green points from Class D that satisfy LHC Run-II constraints
whilst producing a SFOEWPT, there are mainly three regions. For Class D1,
Ame =~ Amy € (100,350) GeV. The region has my € (350,600) GeV, VA2 ~ 0,
tanS € (1,5), and the features are similar to Case 3 results in section 4.4. For

- 29 —



300 TYPE Class D, AFo/|F§"| contours, M? = (650GeV)?

200 8.3

e —————e —_— . b\.
100 0.200 — ~.

my+ —my (GeV)
°
$
]
~N
o
o
[a]
[}
<
/
/
7

L
5
s
§
&
2
-

-300

Amc
|
)
S
3
DLCVO
s
/
e
4 -
4 e
Vv

-300 -200 -100 0 100 200 300
Amy =mp —my (GeV)

Figure 9. A}‘O|}-§M| contours in the plane of Amy — m¢g to explore Class D. Here
2
M? = 712 — (650 GeV)?, my = 900 GeV (solid lines), 700 GeV (dashed lines).

sinfBcosfB

Class D2, Am¢c ~ Amy € (—200,—50) GeV. The region has myg € (750,900) GeV,
M? = % ~ (650 GeV)?, tan 3 ~ 1. In the left panel of figure 9, we show the
AFy|FSM| contours in the plane of Amy — mc. We can see that when mpg = 900 GeV
and M = 650 GeV, Am¢g ~ Amya € (—200,—-50) GeV, which results in AFo|F5M| €
(0.37,0.6). This is one of the essential conditions for a SFOEWPT. In this region,
VA2 € (500, 600) GeV, thus theoretical constraints impose tan § ~ 1 as shown in figure 1.
For Class D3, Am¢ =~ 0,Am4 € (50,200) GeV. The region has my € (650,750) GeV,
M2 = M~ (650 GeV)2, tan§ &~ 1,V/A0% € (450,550) GoV. Similarly in the left
panel of figure 9, we show the AFy|F§M| contours for my = 700 GeV with dash-dotted
lines. Class D2 and Class D3, which are allowed by current LHC indirect Higgs preci-

sion measurements and direct heavy Higgs searches, will be excluded by Higgs precision

observables at the CEPC. This is because both the Higgs precision measurements study
at one-loop level and Z-pole study constrain the heavy Higgs mass splitting with siz-
able large Vw2 , and the combinations give both the upper and lower limit on Am¢ and
Amy [118, 177, 178]. Here the two regions have large one-loop level corrections to the
SM-like Higgs couplings, and large mass splittings around tan 5 = 1 are not allowed by
precise measurements of the Higgs couplings.

We show our general scan results for the Type-I 2HDM in figure 10. The allowed
grey, green and red points here cover a larger area than for the Type-II model, which
mainly comes from heavy Higgs direct search constraints on the large tan S region. As
the benchmark case shown in figure 2 shows, there is no constraint on tan > 2 when
mp > 2my in the Type-I 2HDM because all H f f couplings are reduced as tan  increases.

At the same time, there is also a larger range for cos(5 — «) at tan 8 > 2 compared
to the Type-II 2HDM [142]. Thus terms involving cos(f — «) will also become important,
and from ref. [55] we can get,

1 . 1
AFolgeneral = A—7:0|cos(ﬁ—oc):0 + 12872 cos(f — a)sin(8 — a) (tanﬁ - tanﬁ)

(m3 —m3)(2m3%+ + 2m% + 5m3; — 6M?) + O(cos? (8 — a)), (4.22)
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Figure 10. Allowed parameter space in the plane of my —tan 8 (left), Am 4 — Ame (right). Same
as figure 8, but for the Type-I model.

here M? = % Because of this additional term, once there is sizable tan /3, cos(5 —«),
the allowed Am 4, Amc to generate the proper AFy/|F§M| range will be a little different
to that in the Type-II case. In other words, the allowed parameter space in the Type-I
model is larger than that in the Type-II model.

Generally speaking, compared to the Type-II 2HDM, the upper limit of mg allowed
by a SFOEWPT in the Type-I model can still reach to 900 GeV. In the Type-II model,
such points have Amyc < 0, and are excluded by Higgs and Z-pole precision mea-
surements. But larger tan S values allow larger mass splittings between the heavy Higgs
bosons [177, 178], and thus in the Type-I model my — 900 GeV still satisfy these precision
measurements. Similarly the regions with Amg ~ 0,Am4 < 0 or Amg =~ 0,Amy > 0
which are not allowed in the Type-II model can still generate a SFOEWPT in the Type-I
model.

5 Conclusion

In this work, we have revisited the existence of a strong first order electroweak phase
transition (SFOEWPT) in the Type-I and Type-II 2HDMs Using both numerical and
analytical analysis methods, we pointed out that AFy/|F5M| is not monotonically related
to & as shown in figure 3 and figure 4. &. grows (decreases) with larger AFy/|F5M| for small
(large) heavy mass splittings. This conclusion is different to that of a previous study [46].

We also found, SFOEWPT suggests the non-SM Higgs bosons, H/A/H*, have upper
limits on their mass as our benchmark Case 1 figure 7 and general scan results figure 8
and figure 10. This limits comes from the combined requirements of vacuum stability at
zero temperature and A4/ p=v? corrections term at high temperature. Through Case
2 figure 5 and Case 3 figure 6, we analysed the effects of heavy Higgs mass splitting.

— 24 —



After combining current bounds from LHC direct and indirect Higgs searches, current
electroweak precision measurements, flavour physics, and anticipated precision measure-
ments at the future CEPC Z and Higgs factory, the requirement of SFOEWPT puts strong
constraints on the mass spectrum of H/A/H?* with the allowed region:

Type-I2HDM:
200GeV < myg,ma,mg+ S 1TeV, (5.1)
Ima g+ —mu| € (150,350) GeV or [ma — mp p+| € (150, 350) GeV
Type-II2HDM:
400 GeV S mu,ma,mg+ S 1TeV ,my/g= —mp € (150,250) GeV (5.2)

In Type-Il 2HDM, parameter space Class D2 (mag = my: < myg) and
D3 (ma < my+ = mp) are allowed by SM Higgs precision measurements and heavy Higgs
searches at LHC Run-II, but can be excluded by Higgs precision observables at the CEPC
because of the one-loop level corrections to the SM-like Higgs coupyngs. The only allowed

region Class D1 has my = my= > my and small \v? = m%{ — Sinrgﬁsﬁ. In Type-1 2HDM,
because of allowed large tan S region from Higgs precision measurements, Class D2 and
D3 are still allowed.

Both Type-I and Type-II requires a sizable mass splitting between different heavy
non-SM Higgs. And the suggested upper limits of m g /p+ is 900 GeV at current stage,
and 800 GeV after including Higgs and Z-pole precisions at CEPC. Such a constrained

spectrum points out a clear direction for direct searches at the LHC and future colliders.
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