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Known Facts/Arguments

To achieve FOEWPT in SM requires Higgs mass less than ~ 70 GeV.

[Kajantie, e7 al., NPB 4

66 (1996)]

With a 125 GeV Higgs boson, SM has a smooth c¢rossover transition at
T.=159.5 £ 1.5GeV, as supported by lattice simulation.

Non-perturbative sphaleron effects from SM does provide baryon
number violation, if washout effects are negligible.

Nevertheless, CP phase in the CKIM matrix 1s #of sutficient to provide
matter-antimatter asymmetry.

Moreover, tor u/T < 3, LQCD predicts QCD phase transition 1s also
a smooth crossover. [Stephanov, PoS(LAT2006)024 (2006), hep-lat/0701002]

q BSM with extended scalar sector and

new CP violation sources to implement

Electroweak Baryogenesis
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Gauged 2HDM (G2HDM)

Huang, Tsai, TCY, 1512.00229
Ramos, Tran, TCY, 2109.03185

Main 1dea is to group H;and H, in 2HDM into a 2-dim irrep. of an
hidden SU(2)y, gauge group

Aesthetically, we proposed a hidden replica ot SM-like gauge sector
SUR)y ® U(l)y

A hidden Higgs doublet @, (augmented by a Stueckelburg U(1)y scalar
S) 1s also needed to break the hidden gauge group (to give masses to
new gauge bosons y’, Z/, W’(p’m))

No ad hoc discrete symmetry (like Z, in IZHDM, R-parity in MSSM, T-
parity in Littlest Higgs model, KK-parity in extra dim models ... for
DM candidates). Instead there is an accidental discrete symmetry (/-
parity) in the model!

W (P is h-parity odd and hence a DM candidate!




Ramos, T'ran, Yuan,

Scalar Sector in Minimal G2ZHDM [/ ™ 7 0 s

Emerges
Inert Hioos “naturally’!
o5 \ No need to
oM Higgs Salar | SUQR)L|SU@)m U1y [U(1)x |h-parity Impose ad hoc
T \\\ — by hand!
H=(h B)'| 2 | g | oz (o)
Hi 1
idden doublet ‘\@H (@ BT 1 , ) T P
Stueckelburg scalar S | | 0 0 +

Table II. Higgs scalars in the minimal G2ZHDM and their quantum number assignments.
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Scalar Potential in G2ZHDM

The scalar potential 1s (n0 ad hoc Z, imposed!)

V = —uf (HC“’HM-) + g (H aiHaz)z 25 %/\béaﬁé”é (H me’) (H ﬁjH@?’)

C _ 120h Py + Ag (@L@H)Q + Ao (HUH) (®},9n ) + Xyo (H0x ) (O}, H) )

Invariant under SU2), ® U(1)y ® SU(2),, & U(1),

Same number (7) of parameters as [2ZHDM despite we
have a total of 3 Higgs doublets! (Note that a general
3HDM scalar potential has 54 parameters - 12 real and
21 complex!)

Spectal-tallored SHDM

Fach term 1s selt-hermitian, all couplings are real, hence
no CP violation in the scalar sector ot G2ZHDM



Symmetry Breaking

* Asin I2ZHDM, we assume /-parity 1s 7ot spontaneously broken

it = H i D G];{
= v+hsMm | ZG_O ’ . HO ’ o Ve +PH | Zﬁ
= - 2 v

SM Higgs doublet Inert Higgs doublet (H,) =0 Hidden Higgs doublet
. o e hSM hl COS 91 sin 91 hl
9 o .
* (heypy @) = (hy, hy) with mixing angle 0. ( qu) (hg) (sin . 91) (hg)

h(125) = h, or h, 1s very much SM-like = Small effect to AMyy
|sin @, | < 0.25 [ATLAS + CMS (2021)]

e (HY, G} — (D, G) with mixing angle 6.

AMy,T = Constrains on ¢, and mass splitting (mp — myy:)




Phenomenological and Theoretical Constraints

Vacuum stability - Scalar potential is bounded from below
Perturbative unitarity constraints via (8,5, = $;3,) @

Signal strengths for hgy = vy, hgy = VVHV = W, 2), hgyy —» 77~ from LHC

u’", = 0.96 £ 0.14 (ATLAS 2020), ugy, = 1.05+023 (CMS 2019)

oy = L13%03, uZ%" = 0.95% 11 (ATLAS 2022)

Higgs invisible width (4g/h¢ dark matter scenario):
Br(h — invisible) < 0.13 (ATLAS 2020) @

FElectroweak precision data from LEP: Z mass shift @
Oblique parameters (p parameter, W mass shift, ...)
Dark photon y’ searches (beam dump, Bellell, ...) @

7' searches (High invariant mass dilepton searches) @
Dark matter relic density: Q%hz = 0.120 £ 0.001 (PLANCK 2018)

Dark matter direct searches (0;;) from CRESST III, DarkSide-50,
XENONTT, PandaX-4T, L.Z, CDEX, NEWS-G, SuperCDMS e#c. @




First Order EW Phase Transition

Bubble collisions,
ILaser Interferometers
sound waves,
P. Athron et al turbulence — Progress in Particle and Nuclear Physics 135 (2024) 104094
Stochastic GWs
— T >Te .
T, Tunneling

~ - 7<7.| T Therma

< Fluctuatigns /
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Fig. 1. As the Universe cools, the potential develops a new minima away from the origin (left). A first-order phase transition occurs through bubbles, which
appear spontaneously and expand in the thermal plasma (center). The GWs from bubble collisions and the plasma may be measured using a laser interferometer,
resulting in a stochastic GW background spectrum (right).




SM+Real Singlet Scalar and 2-step FOEWPT

With Z, symmetry Spontaneous Z, symmetry breaking
Requires Mg < 700 GeV duetoT| > T, ~ Trw Requires My < 50 GeV
(Ramsey-Musolf, 1912.07189 [hep-ph];
S S

S can be DM candidate.
However, unless

65 GeV < M < 200GeV,

this DM candidate has been

GW signals too weak
to be detected
at future detectors.

excluded by direct detecttons | 00N, @000 e . (Carena, Liu, Wang,
already! 1911.10206 [hep-ph])
(Ghorbani, 2010.15708 [hep- '

ph—> Illllll%llll} h h

(a) (b)
For SM+complex singlet, see Chiang, Ramsey-Musolt, Senaha, Phys. Rev. D 97, 015005



FEttective Potential (Tree level)

&(T) — {hlc(T)a hZC(T)9 ¢HC(T) = S}

QP — G +HiGT,
OFTEE H v2 oo
: vl )
q)(}{ _ SHcASH 4 ;CH

vz U

1 -
T ?é 0 Vo(th? h’QCJ ¢HC) — Z _2/"31 (hfc T hgc) + )‘H (h%c T h’gc)2 - 2#<2bu¢310 T )“I’gb}li

Provides tree
level barrier. Larger
Ao 18 preferred!

+Ano (hi, + h3,) ¢4 + )‘,H<I>hgc¢?1c- -

T=0 (.=vi=v,hh,=v, =0,y =Ve)

2.2 4 2 .2 4 2.2
Vo(v,0,vg) = 2 —2Uve + AgvT — 2Ugp Vo T AoVt AV vq)]



Pittalls ot 1-loop Eftective Potential V (@) = — I'1p(¢h))/ VoI

* Gauge dependence - Exact etfective potential 1s gauge invariant only at the extrema while
the locations of extrema are gauge dependent. Nielsen-Fukuda-Kugo identity.
—> f expansion (Patel and Ramsey-Musolt = PRM), ...

e Scale dependence - Explicit 4* dependence in the one-loop Coleman-Weinberg potential.
—> RG improved etfective potential, ...

* IR divergencies - Zero Matsubara modes of bosonic d.o.f. at high temperature enhances

. A . . .
coupling g* — g°—, hence perturbation expansion breaks down for T > m. [Weinberg,
m

Jackiw & Dolan, ...] [Linde, ...]
—> Daisy resummation, ..., 3d EFT] lattice simulations.

g Take a simple approach: q High-T Appmximation (LO) )

, 1 1 1
%%T(hlca h2(27 ngca T) — %(hlca h2cz> ¢Hc)+§HH1 (T)hfc+§HH2 (T)hgc—f—il_[@]] (T)QbJZ’JC 9

\_ J

* More rigorous approach is to use A expansion, 3d EFT, including higher loop corrections, non-perturbative methods, ...




General Questions Posted

* Can upper limit on new scalar boson mass due to 2-step

FOEWPT requirement be relaxed?
— SM with 125 GeV Higgs boson provides only smooth

crossover PT.
— SM+Real Singlet S with Z, symmetry that supports a

2-step FOEWPT requires mg < 700 GeV .

* Can the model yield a realistic DM candidate satistying
relic abundance and direct detection constraints?

* Can GW signals generated by FOEWPT detectable at next
ogeneration of GW detectors? And how does it interplay
with DM direct detection signals?



Strong 2-Step FOEWPT 1n Minimal G2ZHDM

1-step FOPT (0,0,0) = (,0,v) is impossible <@ 1 b@ﬂCh mar k p()lﬂt B 1 \/1 *)
due to conflicting requirements of positivity D cgenerate
and minimization conditions at zero : - . vacua
temperature. (Ghorbani, 2010.15708) Discontinuous jump DhasaTracer
— Latent heat release / \
~ ] ' | l ' | N (0,0,0
NS 800 i . ) OF i : mC‘Q\ >
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= (745,374,320,0.115,0.25,10°) GeV; (6,,6,) = (0.235,0.32)rad; g, = 1.17 x 10~}




2-Step FOPT Viable Parameter Space (20)
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GW trom Strong FOPT

FOPTs proceed through bubble nucleations and release ot latent energy.

Three Mechanisms: thGw e h2Q¢ T hzgsw + hzgturb

* Bubble Collisions - Breaks spherical symmetry to evade the shell theorem in classical
dynamics. Dominated if v, ~ 0.99 for runaway solutions, i.e. no terminal speed.

* Sound Waves - Plasma waves surrounding the walls acce

propagated along with the bubble wall.

prior to bubble wall collisions; create

T

his can lead to

bot

supersonic detonation #&XE (v,, > ¢¢y) and hybrid (¢, _ <

* Turbulences - May be developed after bubble co.

lerated by the bubble wall are

h subsonic deflagrations &8 (v,, < ¢, _),

bulb motions and create GWs

V< ve). 1+ \/ a, (2 + 3a,)

Tt a3

lisions. Massive energy release at

particular length scales with large Reynolds number ( ~ 10'9). Characterized by irregular

eddy motions, and typically modeled by c.

(. . . L.
Simulations for a non-linear system of relativistic

2 linearized gravity with a cosmological background.

hydrodynamics couples to a scalar field for the bubble wall in

~

_J

assical Kolmogorov’s theory (IK41).

Many nice reviews: E.g.

(1) Allen, arXiv:gr-qc/9604033v3

(2) Croon, TASI 2022, https://pos.sissa.it/439/003 /pdf

(3) Athron, Balazs, Fowlie, Mortis and Wu, https://arxiv.org/pdf/2305.02357



https://pos.sissa.it/439/003/pdf
https://arxiv.org/pdf/2305.02357

FOPT and Thermal Parameters

Semi-classical method captures both quantum tunneling through the barrier and temperature fluctuations over the barrier.

" 3-d Fuclidean action (Bounce):

i . 2
S5y = J drr? ; (dqb(r, T)> + Veii(, T)
0

dr

\

d(r,T) = {h (1, T), oy (1, T), (1, T) }

4 N
Tunneling rate: (Saddle point method)

3/2
(T) ~ T* 3 — ST
(T') ST exp(—&3/T)

Nucleation temperature 7

-

\_

v,, = Bubble wall velocity

~

J

r p
Semi-classical EOM: * SOlve. the bUbt.)l.e
. ) o J *dT T(T) | nucleation condition
e ~ ﬁ
d ¢ 2 d¢ _ dV="(¢, T) p T H(T)* ST )T, = 140
dr2 r dr dr - R J
4 24
de(r) _0. 1 Ao  Pyac 1 [1 o0 e
dr — Yo 1, o ¢(I") — = T—AV(T) — AV(T) (Bag MOd@l) . '01‘ d = Lx
r=0 * Piad  Praa L4 0T T : 30
CosmosTransitions Ratio of latent heat to total radiation at T¢" ~ T, .
FindBounce
- - d(S5/T) | Py Py
pIH,. =T, o7 = Inverse duration K, » Ky = , R+, etc.
Thermal Parameters g T. Pyac Fvac y




Stochastic GW Spectrum trom FOPT
GW: ds* = — dt* + a(t)*g;dx'dx' ~ — di* + a(1)*(5;; + hy)dx'dx’

o
ht,x) =Y J dfj d*Q el y(f.k) exp[2aif(t — k - x/c)],

[=+,X

* Stochastic - stationary in time, ]

approximately Gaussian, and
isotropic; most likely unpolarized.

* Spectrum of GW, Qsw(f), can be

obtained by fittings to detailed —___ -

stimulations and analysis of the
spectrum from each source:

(1) bubble wall collisions;

(2) sound waves in the plasma;
(3) long-term MHD turbulences
in the plasma.

hQow = h2Q¢ + h?Q ., + hQ

. Slgnal to-noise (SNR) can then I

be computed for future space-
based GW interferometers.

G,j=123)

Strain power spectrum

-

/f'

SNR = 97J df

\

h*Qaw(f)

h?Qey(f)

:

Commonly accepted value of SNR is 10

J

2 Ay y 52(ﬁ9 ﬁ,) 1
(RF(f, Db 1) = By06(f = ) 55

00 2

(hy; hYy =4 J deh(f)=2J dlog fh*(f) = S, = —

0 0 2f

~ _/
= h; =| dl = dlog fQ
PGwW 327ZGN< (t .X)) J'O nglegf Pcr J'O ng GW(f)
- J
| Qaw(f) ~ - h(f) ~ LS, (f)

g N

I 1s the

duration of
the mission
X duty cycle



GW Power Spectrum and Thermodynamics Variables

o Assuming sound wave spectrum dominates, an ansaty ot GW spectrum consistent with simulations is

Empirical — h2Q_ (f) = 1.19 x 107° ( 1o ) (a,v,)* il (H ) 1 : Ssw(f)
= 1. Ka, v
SW g ) 7 1+a)2 \ B VI+2Hty, )
Fluid efficiency @ ol g " A
0.73 +0.083 /o + / f 3 ;
(@, v,) =~ - | =—
icp(ar, v v8/56.94 < Sew = (f ) % Spectra shape
1.36 — 0.037 Ja + o 0-1. o 4+3 (-)
\_ J . Jow Y,
K 2 \ SW — 8 g l.LHZ - — - 7
, dz= vw OO GeV 100
heyp = Y72 7S0ise(J) Approx. peak freq.
0
\_ J _ zp 1s a simulation-derived factorj
Hindmarsh, Huber, Weir, Phil. Trans. Roy. Xatp il ei dé’hj - Cosmo. o ) 172 R
Rummukanien, and Weir,  Soc. Long. A376 (2018) 0 j 1'200[)1361' .OO 1?7& H.t,, = 2(87[)1/3( * ) Ta Time scale
PRD96 (2017) 103520 20170126 i Ezozoi o g p )\ 3ax y




Nucleation Viable Parameter Space (20)
For the benchmark point x : {T,, a, f/H,,,SNR;v_} = {168 GeV, 0.43,332, 144;0.95}

T, [GeV]
100 150 200 250 300 350 Nucleation temperature
- =- LISA 4 .
2] ,#* == Ultimate.DECIGO |  LNOt €astly probed
&) / ‘ by LISA, but all
10° + points are testable
| by Ultimate-
3\’:‘ DECIGO
Q /”’.
103 - ;
Larger SNR
N\
2 N/ SNR(LISA) = 10
/) 102 | [, B
| ]
el N T P | ]
102 101 102 ™ Can be probed by LISA

| Weak Qa Strong

CosmoTransitions + PTPlot packages



Stochastic GW Signal Spectrum

~11 X
107" e DECIGO

x strain sensitivity

X represent peaks of
signal spectra of
other BM points

10-5 103 101 102
f[Hz]

PTPlot package — GW spectrum and SNR



DM Direct Detection

1073 A
= | &
O | %\
10737 5 9
c 104+
=
Q
T 1 g-43 ’
10 " HeRALD 10kg
10—45 _
v-fog
10~ 10~ 10"
my, [GeV] HeRALD : Helium Roton

Apparatus for Light Dark matter
micrOMEGAs package — Q,h°, Gazlfp https:/ /tesseract.Ibl.gov/herald/




Conclusions & Outlook

* A 2-step PT (0,0,0) = (0,h,,.,0) = (hy.,0,¢y,) 1s possible.
— Using the high-T approximation in the 1-loop ettective potential that manifests gauge invariance, we found
that the 1st step 1s 2nd PT| while the 2nd step 1s 1st order.
— The 1st step spontaneously breaks h-parity, while the 2nd step anti-restores it to provide a dark matter candidate.

* Unlike SM+real singlet extension with Z, symmetry, masses of new scalar bosons can be relaxed to reach
O(1 TeV).
—my, S 1.8TeV (h-parity even) and m, my. < 500 GeV (h-parity odd). Collider search.
— In addition, 0.5TeV S vg S 1.4 TeV and Ayq has to be sizable tor heavier h, to provide the tree-level potential
barrier.

* Predicted GW power spectrum in the frequency range of 10~ ~ 0.2 hertz with peak yields at 1071 ~ 107, which
can be probed by next-generation GW detectors, including BBO, LISA, TianQin, Taiji and (Ultimate-) DECIGO.

* Interesting and importantly, parameter space probed by next generation GW detectors can also be searched for in
the future sub-GeV dark matter direct detection experiments, in particular the superfluid-He target detectors.

* Caveats: Results are dertved in the high-T approximation in the one-loop etfective potential. Higher order
corrections, 3-dim EFT plus lattice simulation are needed to address gauge-invariance, scale dependence, IR 1ssue,
boundary between smooth crossover versus FOEWPT, ez for more accurate theoretical FOPT as well as GW
predictions and other phenomenological implications like electroweak baryogengesis and collider physics in the model.
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(- LHC Inverse Problem tor G2ZHDM :-)

* Determine fundamental parameters from LHC data

1 .

Ag = o2 ( il cos® 6, + m,212 sin® 91) ,
1 .

Recall A = % (mil sin® 6y + m%&z cos” 91) ,
2 1 |
/ISM — thM AHe = 0 (’m‘;i2 — m,zll) sin (26,)

H®P ’02 + U(% 9

2 [ m3ov?
r DVo 9
A = v2 (’uz—l—vé mHi) |

g = :
V2 + v .



Parameter Scanning Ranges

mn,/GeV € (130, 2000)
mH:/GeV C (80, 2000),

mp/GeV € (10, 2000),

mw+/GeV € (0.01, 50) ,

010/rad € (—z E) ,
gx € (107°, 1079),
Mx/GeV € (1077, 10%),

and we fix msa = 1 TeV.



FEttective Potential (1-loop + Finite Temperature Correction)

(Landau gauge)
T>0
‘/eff(hlca h267 ¢HC) T) — %(hlca h267 ¢HC) + ‘/l(hlm h267 ¢HC) T) .
‘/i(h167 h’2€7 ¢HC) T) — VCW(h167 hQCa ¢HC) + A‘/'l(hlc7 h267 ¢HC) T)
+AVe 1. (hic, hac, Pre) -
Coleman-Weinberg: Finite temperature correction: Arnold-Espinosa scheme
]. . T4 S, mz(h' C) h ca¢ c)
VCW(h167 h’2C7 ¢HC) — 64772 Z(_l)zsznimz{l(hlw h267 ngc) A‘/1(hlca h207 ¢Hca T) - ﬁ ;(_1)2 i, ( 1 T2 - )
m; (hic, hoc, Pre IV
X {log( ( - “22 H)) _CZ_CUV} JB(%)_%(%_%) 9 ’I:E{81,52,Sg,S4,P1,P2,P3,P4,Gi,Hi
7 (ﬁ) _ Dacey W= W32 Zip, Zor, Z3r, Zar, YL} ;
C.=3/2(8=0,1/2).5/6 (S =1 g Je(F) i € {Wq, W2, Zir, Zor, Zsr, Zar, Y1} ;
1~ ( - ’ )9 ( _ ) JF(%)) iG{l,I/,lH,I/H,q,qH}.

-—

_ 2
MS : Cuv =~ — g +logdr,

Jp/p(x) = /OOO dy y* log [1 F exp (—\/a:2 —I—yQ)] .



Thermal Masses

th (T) — HG? (T) — thi (T) — ﬁHl T
1

19 (10X — Ny + 2Xma + Nyo) T7 (B1)
+% (3¢° + ¢'* + 395 +g%) T? + %yfT2 , IIw (T) = I;IZV% (T')
[Ty, (T) = Hgg(T) = I,2(T) = 1, T [p(T) = = q'%T? .
% (10A g — Ny 42X 5o + Ngo) T7
+% (3¢ +¢*+ 395 +9x) T?, (B2)
My (T) = My (T)
17
[y, (T) = gy (T) = T (T) = Mg, T Mx(T) = 5 oxT"

Gg’m)

1 1 1
. (3Xs + 2o + Nyg) T2 + T (397 +9%) T* + Zy£2T2 . (B3)

—1,2,3)

(B6)

(B7)



Critical Temperatures at High-T Approximation
Vi
aCz(T) min
First Step (0,0,0) — (0,h,,,0) :  (Vacuum degenerate condition)
VET(0,0,0,Tic) = VET(0,hae, 0, Tic)  wall  Tig = /43, /M,
1 1

where ,u%_] — )\HU2 -+ )\Hcp’()?p/z ﬁHz — E (10)\H — )\}{ + 2AHo + )‘}—[(j[)) | 16 (

=0 = (1), h,(T), ¢y (T)}

39° + g% + 395 + 9%)

Second Step (0,h,,,0) = (h,,0,¢05.) : (Vacuum degenerate condition)

* (Mre —4AmAe) Vg
TC’ — )

\ 2 ()\chﬁﬂz — ZAHl:I@H) vi — Agyiv? — Kk

V;%T(Oa hae, 0, TC) — V;If{fT(hlc’ 0, PHe, TC)

K = yt)\}_l/z { [4)\Hq>ﬁ<pH — )\@(81:[[{2 -+ yf)] ’Ué

. . 1/2
where +4 (2/\HH<1>H — /\H@HHQ) Vg + Ay; ’04} ,
~ 1 1 1
g, = 6 (3Ae + 2Ago + /\}{@) | 16 (39?{ T 93() T Zyw/52 :




Nielsen-Fukuda-Kugo (NFK) Identity - 1

NFK Identity: ( ) ( ) Z.ero Temperature!
NPB 101, 173 (1975); OVer() OVesi (¢
PRD 13, 3469 (1976). e Cle,¢) dp (Exact) (D1)
Patel & Ramsey-Musolf, Verr(0) = V() + iVi(p) + h*Va(p) + - -, (D2)
JHER O, 0270 C(p,€) = co + her(p) + Wea(p) + -+ (D3)
To zero order 1n #: Co = 0
To tirst order 1n #: 9V IV
1 0
= —
0¢ O

* One-loop potential 1s gauge-independent only
where the tree-level potential 1s extremized,
not where the one-loop potential 1s extremized.

* i 1S NOt gauge-invariant! So 1s
the critical temperature 7.



Nielsen-Fukuda-Kugo (NFK) Identity - 11

*7i Expansion: Patel & Ramsey-Musolf, JHEP 07, 029 (2011) [PRM]

-

‘Ceﬁ(¢, T) = Vo) + hV (), T) + h*Vy(h, T) + -
\_ ¢min — ¢O T h¢l(T9 5) + h2¢2(T, 5) + .- y

~

—)

On'): ¢\(T,8) = - (

(At T % 0 A
AL V. T)
our goal 1s to minimize o =(.
¢min j
U pon substitution into oV,
minimization condition, O(h°) : 0=—-
0P 4,

0%V,

>

~

0

)1 oV,(T, &)
b o
; ¢ o

J

" Substitute back in V. and
expand again, we have

—)

\_

‘/eff(gbmln(T)a T) :Vb(¢0) + h‘/l (¢07 T)
+ B*[Va(o, T, &) — 563(T, €)

9 Vj
0?2

~

|¢0] T O(hS)

J

¢, 1s any one ot the
minima of the
tree-level effective
potential

At each order 1n A, this effective
potential 1s gauge independent in
accordance with Nielsen’s identity,
expecting these identities still hold

at tinite T. [PRM]




2-Step FOPT Viable Parameter Space (20)

Higgs Physics
sind, | < 0.35 (CMS)

|sin@, | < 0.25 (CMS + ATLAS)

gH
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1 o
0.5t
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. 2.0t
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Vo [TeV]



Nucleation Viable Parameter Space (20)
For the benchmark point x : {T_, a, f/H_,SNR; v, } = {168 GeV, 0.43,332,144;0.95}

1.0" ' T Y —'
FOPT My:p S 2 TeV
0.8
3
= 0.6 1
EQ FOPT+Nulcleation
0.4 M |
| "é'r mp S 400 GeV| my. < 450 GeV
0.2 *° 1

02 04 06 08 1.0
My + [TeV]

CosmoTransitions + PTPlot packages



