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Strong First Order Electroweak Phase Transition (SFOEWPT)
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Strong First Order Electroweak Phase Transition (SFOEWPT)
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= Provide out-of-thermal equilibrium

Suppress baryon asymmetry washing out (sphalerons)

Epn(T) ., 87 v(T)
T g T

a0 = PoT exp (——Espr_}}(T))

e.g. [V. A. Kuzmin et al '85]

In the SM, the electroweak symmetry broke through a
cross over at finite T
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Strong First Order Electroweak Phase Transition (SFOEWPT)
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Strong First Order Electroweak Phase Transition (SFOEWPT)
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Strong First Order Electroweak Phase Transition (SFOEWPT)
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Strong First Order Electroweak Phase Transition (SFOEWPT)
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Strong First Order Electroweak Phase Transition (SFOEWPT)
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« Requires departure of Higgs properties from the SM: Higgs phenomenology

« Could generate gravitational wave signals observable by laboratories
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The singlet extension of the SM

» One of the most generic extensions that can enhance the EWPHT
» An important benchmark as the most elusive extension

8
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EWPT with spontaneous Z2-breaking
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EWPT with spontaneous Z2-breaking
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Vo(h,s) = —=psh® + “A\ph* + Zp2s% + S Ags* + S\ h2s?
< 2 4 2 4 4
g < high-T approximation
¢ x AV A with Ay o — A, —
. T. h,eff h,eff = Ah ).
AV , ——
- ® 00->0k->w(A) ©  00->w(B) | 2V
-5 0W->vw (A-NR) 0W->00->vw (B-NR) |
T e
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EWPT with spontaneous Z2-breaking

& Tree-level Effects 1 1 1 1 1
Vo(h,s) = —=pih? + “A\ph* 4+ = p2s® 4+ = Ags* + S\, h?s?
o 2 4 2 4 4
) < high-T approximation
Ue 1 —1 . A2
7 % AV A off with  Aper = A, — 4;1
0 ¢ S
AV
' Ve 12 :
7 X 1 + sin? 6 << SGQGV) — 1)
c myg
100§I T T T T 171 | T TI/FT 1T T 11 T T T T T 17T T T T T T TT IE
i / 1 ¢sinf < 0.4 bounded by Higgs precision
-1 B ]
L o\ttt e o, measurements
10-21 * A firm prediction of a light scalar
f _3J\ ~~~~~~~~ iggs acory vy, | BR(H — SS) to be bounded from
= 107 3 below
5 10_4/ Higgs factory
Higgs exotic decays can be strong
10_5;— Solid: Projections at HL-LHC —; prObeS Of SUCh mOdelS
- Higgs factory statistical imits with 10° Higgs
10_6 T o 10 T O S 20 I 3() | 40 [Kozaczuk, et al’ 19,]

mg [GeV] [Carena, et al, 22]
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A new probe to SFOEWPT: the gravitational wave signals

A first order phase transition proceeds through
bubble nucleation. The expanding bubbles
collide and produce stochastic gravitational
waves (GW).

W Qow ~ h*Qy + h*Qsw + Qb

Parameters affecting the power spectrum:

* (inverse) duration of the PT
B d(Ss/T)
drl

H, T=T,
 fraction of vacuum energy released

° Bubble Collisions w.r.t. the radiation bath

« Sound waves <¢>=0 _ P~ Pow e
e Turbulent MHD >_ L\ Prad

N « The bubble wall velocity Uy,

Today

Life on earth

Acceleration -
Dark energy dominate

Solar system for

Star formation peak \Ees ————— 3hilfiony

Galaxy formation era
Earliest visible galaxi

Recombination Atoms torm
Relic radiation decouples (CMB)

Matter domination
Onset of gravitational collapse

Nucleosynthesis
Light elements created - D, He, Li

Nuclear fusion bhegins

Quark-hadron transition
Protons and neutrons formed

Electroweak transition
Eleclmmaqnellc and weak nuclear
forces frst differentiate

Supersymmelry breaking

Axions etc.?

Grand unification transition
Electroweak and strong nuclear
forces differentiate
Inflation

Quantum gravity wall
Spacetime description breaks down

Yikun Wang, Marcela-Carlos Fest

14 billion years
2

11 bilon yexrs For example, the power spectrum from bubble collisions can be treated by the
-4

———_ ‘envelope approximation’
KO 0.11v3

L (H\? 2 7100\
B Qeny (f) = 1.67 x 10 5<5) (1+a> (g*) <m> Senv (f)

700 mill'ion years

Power spectrum of GWs from a SFOEWPT

L B T T
]

1074%

e

1078

10—12

h*Qaw (f)

10716

108
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Nucleation is more than critical - NMSSM
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Nucleation is more than critical - NMSSM

V(p)

Fluctuations /

[RY
Tunneling *~" ..

S, SR

Metastable
Vacuum

True
Vacuum

T~
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Nucleation is more than critical - NMSSM

V(p)

77y
/ \ )

Fluctuations

Metastable
Vacuum

True
Vacuum

T~

Now let’s look at a more extended Higgs sector: two Higgs doublets + a singlet

Lo €
both charged under the EW gauge group o provide flexibility enhancing the
The NMSSM potential PT strength

Vo = m, [Hal* +m¥, [Hy[* +m3 S + N2 (S (|Hal* + |Ho|*) + [NH, - Hy + 582
91 + 95 2
8

2 2
+ (AAASHU Hy+ gAKSf’) n h.c.> + (|Hd|2 _ |Hu\2) + %2 )HCJEHU
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Nucleation is more than critical - NMSSM

Critical
temperature

0

5 @ no transitions ® 2Da [

failed BC ® 20)b |
7 @ l- o) |
3 @ Lb ® 2(I)-ba [

1-¢

Wagner, Y.W ’'19]

V(e)
/ ',

Nucleation

Fluctuations

S3(Tn)
= = 140

Nucleation Results (tan 5 = 1.5, k/A = 0.1) ' \ o e
| | l | I Metastable
L Vacuum

5 @ no transitions ® 2()-a [ %

failed BC ® 20)-b |
4 .

Qo la 2(I)-c | True

; ® b ® 2(IN)-ca ==

2
& | - o * Integer: # of
= i >
=1 - 4 steps
~ O AT T T O ke ~
® 0 e R A - « Roman number:
i St :3“’% L intermediate
-1 phase
—9 e (I): singlet-
| B ; only direction
-3 &0 _ L
T o o r o b b ol —] ¢ (II) EW
200 400 600 80 | A 200 400 600 800 1000 symmetry
1| [GeV] 2 CERTEC R | 1l [GeV] broken phase
200 400 " [Gi(ig] 800 1000
* Lower case
® (0,0,0) = (v,0,vs) ® (0,0,0)— (0,0,05) = (v,0,vs) @ (0,0,0) = (¥, xsm, 0) = (v,0,vg) letter: Strength of

Single direction barrier: mg = 95V,

Doublet direction barrier:
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: SFOEWPT

2 /
K v
=225 BTy T
AQ D. WCd S
vs ) order
2
2 X ( K ) mh125 e ¢:2nd order
my <~ ——5—|(l——tanf | — ——
Hu ™ tan? g s 2
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What about CP Violation? Baryogenesis from a dark CPV

dark sector 7/

transfer particle asymmetry

[Carena, Quirés, Zhang,’18]

(Carena, Quirds, Zhang, 19]
[Carena, Li, Tong, YW, 23]

first order phase transition

. R v /
/N o |S12|H 2 P
A

/ |
Dark matter Long-lived Gravitational
direct detection particle search wave

- Higgs portal: sourcing CPV and the phase transition
- 7’ portal: transfer the particle asymmetry

' 3 h
V(hs,a,T) = = Spfh® + Amh* = Sk (s° +a®) + s (2 +a?) + kg (s —a?)  [T=T
+ i)\SHh2 (52 - a2) (hgw, 0, agy ) X EWPT
i §T2 [CHh2 TCs (82 + CL2 — a az as
x—e— s

A; , thermally induced by coupling to a dark fermion y (dark matter candidate)

:> (§) # 0 at finite T, that provides an effective barrier
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What about CP Violation? Baryogenesis from a dark CPV

 Loop surprised EDM

/
/
/
h, Y/
/ 7
/
5 L > > >
(& € € (&
/y
+ Singlet search at LHC
i i
g 13TeV, 139fb™!
10° e
g 102
5 e
10! :
o' . ®. )
®
0 50 100 150 200 250 300

Yikun Wang,

Marcela-Carlos Fest

- Dark matter candidate

10—

10%g'/Mz [GeV™]

o
()]
—

01—

BM points produce the observed BAU

Pass DM direct detection *

10 50 100 500 1000
mqp [GeV]
- GW signature
10

— LISA — MAGIS-100 — MAGIS-Space
— AEDGE — DECIGO — BBO — ET

1074 001 1 100
Frequency [Hz]



Electroweak symmetry non-restoration

vevof EW &4
charged fields

0 &— > Temperature
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Electroweak symmetry non-restoration
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charged fields
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Electroweak symmetry non-restoration

vev of EW A

charged fields - High scale asymmetry

creation;

« UV Model building has
little dependence on EW
scale physics;

« Avoid low scale
constraints such as
electron dipole moment on
CP violation;

()™ #0

0 &— > Temperature
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Electroweak symmetry non-restoration

vev of EW A

charged fields - High scale asymmetry

creation;

« UV Model building has
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scale physics;
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electron dipole moment on
CP violation;

> Temperature
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What new physics (NP) degrees of freedom do we need ?
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Electroweak symmetry non-restoration

vev of EW A

charged fields - High scale asymmetry

creation;

« UV Model building has
little dependence on EW
scale physics;

« Avoid low scale
constraints such as
electron dipole moment on
CP violation;

> Temperature

What new physics (NP) degrees of freedom do we need ?

V(h,T) ~JEgl(T? — T3)h? — ETh® + A h4 cH <0

O O * ......

~ \T?
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Electroweak symmetry non-restoration

vev of EW A

charged fields - High scale asymmetry
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A new approach to EWNR

— Higgs
— Inert

Field value at global minimum

[Carena, Krause, Liu, YW, 23]

Yikun Wang, Marcela-Carlos Fest
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A new approach to EWNR

— Higgs
— Inert

Field value at global minimum

[Carena, Krause, Liu, YW, 23]
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A new approach to EWNR

[Carena, Krause, Liu, YW, 23]

-
A . ’/’
— - -
. Higgs -
= -
- . = o — —
= —— Inert e -
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= ==Z
= =~
. r— ~
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S .
— ~
= S\
Q N
o \
= \
v \
E \
< \
- \
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r—
<)
.
—
' >

TU\,:' T

EW charged

The Inert
nggS )\cI;X

¢ ~ Singlet

sector (Zn)
X

The SM " BSM sectors
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A new approach to EWNR

— Higgs
— Inert

Field value at global minimum

[Carena, Krause, Liu, YW, 23]
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A new approach to EWNR

[Carena, Krause, Liu, YW, 23]
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A new approach to EWNR

[Carena, Krause, Liu, YW, 23]

— Higgs
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Field value at global minimum

EW charged

The Inert
nggS )\cpx

¢ ~ Singlet

sector (Zn)
X

" BSM sectors

Yikun Wang, Marcela-Carlos Fest 20



Benchmark scenarios: numerical results

Phase Structure of BM A

1e+07 3
; Singlet, no th. mass ~ ----- Inert, high-T" th. mass
Lot06 1 Higgs, no th. mass Singlet, truncated th. mass ; 13 Toinn o(T 30
i i 1g
=S et 3 —— [Inert, no th. mass Higgs, truncated th. mass Dilution factor f, ., =1— LELOO)“’) =1—exp [—%/ dr %Mpm / W]
) ] n 7r
U, 1 - Singlet, high-T" th. mass —-— Inert, truncated th. mass B 0 J
= 4 ---- Higgs, high-T" th. mass il
= le+05 E 885, 18 no th. mass high-7" th. mass truncated th. mass
g ] BM Al < 1071 /107 /107 107" /107 /1077 81071 /8.107% /81077
= <107 /4.107 /4-107"3(2.107" /2.107° /21077 10°*2 /107 /1078
= le+04 3 ~10 —8 g 5 -3 =5 -3
- E BM B 9-10 /9-107°/9-10 4-107° /4-107" / 0.296 7-107° /7-107° /0.498
< 4-107'*/4.107'° /4.107%|2-107% /2-.107% /2-107* 107* / 0.012 / 0.694
o _
= 1e403 3
g E
= 4
- 400.0
= 200.0 =
- ¢ of BM A
] b 1
0.0 ‘ no th. mass
QQ ---- high-T th. mass
4 —-— truncated th. mass

ph | e | ps | de | pd | A | Ame |Awe

BM A [8994.45(0.119(2500( 0.1 | 100 | 0.01 |-0.001| O
BM B|8991.84|0.119|58000.1 |5000(0.004| 0.01 | O

Ady A [AHY | N ||MK | Mg | my
BM A| -0.06 0 0 (250|125 |48.47| 9.8
BM B|-0.0375| O 0 (600 || 125 |84.58| 68.87
A\, v8 4m? b
= Hi invisi I'(h—ss) = ===l - —
Higgs invisible decays (h — ss) s — m2
~ ;}. O T T 1 T j""' I o rrre T rrrrrri
N2, +2(Age + Age)? + 202 <@f0r LHC(HL — LHC) O O D D VN VN QP P> >
\/ Hx Ho | / Q \QQ %QQ %QQ %QQ *QQQ \/@X %Qx <Dex\ \/QX %QX\ <§X \/@x
= Z boson invisible decays T [GeV]

Excludes all inert masses below 45 GeV (LEP II)

Yikun Wang, Marcela-Carlos Fest 28



Benchmark scenarios:

numerical results

Phase Structure of BM A

le407 3

Singlet, no th. mass Inert, high-T" th. mass

Higgs, no th. mass Singlet, truncated th. mass

— 1le+06 3

3 — Inert, no th. mass
Singlet, high-T" th. mass

Higgs, truncated th. mass

—-— Inert, truncated th. mass

Higgs, high-T" th. mass

le+05
le+04 3

1le+03
400.0 A

Field value at Minimum [GeV

200.0{
0.0-

| A | pd (e | p3 | A | Are [Awe
BM A |8994.45|0.119|2500(0.1 | 100 | 0.01 |{-0.001| O
BM B|[8991.84|0.119{5800|0.1 {5000|0.004| 0.01 | O
BM A| -0.06 0
BM B|-0.0375| O
A2 02 4m?
. ° ° o F h — Hs"%0 1_ S
= Higgs invisible decays (h — ss) ET— m2

Dilution factor f, ., =1—

no th. mass

np (tnow)
np (O)

high-7" th. mass

13n; [T T(T) 90
=1-— Sl dT ——2 Mpyy | ——
P [ 2 /0 vTe TP 8r3gr

truncated th. mass

BM A

< 10—1()' / 10—16 / 10—14
<1076 /4.10715 / 4.10713

107" /107 /1077
2.107" /2.107°/2-1077

81071 /8.107% /81077
10°*2 /107 /1078

BM B

9-107'°/9.107%/9-107°
4-107'*/4-1071° /4.107®

4-107°/4-107% /0.296
2.107%/2.107%/2.107*

7-107°/7-1072 /0.498
107* / 0.012 / 0.694

\/N)\%‘IX +2(Ame + Aua)? + 2224 <(0.015 (0.007))for LHC(HL — LHC)

= Z boson invisible decays

Excludes all inert masses below 45 GeV (LEP II)
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Summary

» SFOEWPT occurs with various SM Higgs extensions through tree level, loop and
thermal effects

» Intrinsic connections to Higgs phenomenology and gravitational wave physics are
illustrated with an example of singlet extension

» Symmetry non-restoration can lead us to a bridge between the UV and the IR

» Be careful with theoretical uncertainties!

Yikun Wang, Marcela-Carlos Fest 32



Remarks

» Marcela 1s my Doktormutter

» We, and our great collaborators including Carlos, had so much fun together studying
the interesting physics of electroweak phase transition, baryogenesis, Higgs,
gravitational wave, and so much more

» Marcela has been a role model and motivated me to be strong as a physicist and a
woman

Thank you!
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EWPT in the NMSSM - alignment limits and the parameter space

To be consistent with the current Higgs phenomenology, the mass eigenstate /125 needs to be dominantly
composed of [°M:

‘M%,lz‘ < |M%,22 — M%,ll‘ a ’M%,B’ < ’M?q,:s?) — M%,ll‘

Alignment (without decoupling) limits

9 2
M2 Lo my . — My cos(20)
512 202 sin” 3

21 K
2 .
= — A = (]. — — S11l 2(3)

K U
{tanﬁalua X) i}

The parameter space  {v, tan 3, 1, \, &, Ay, A} — Cli, tan B, K, A}

e 125 GeV mass eigenstate without large radiative corrections tan 5 < 5
+  Avoid Landau poles (GUT) /A2 + x2 < 0.7

* Avoid tachyonic masses, €.g. ms >0

* Correct vacuum structure at zero temperature ~ { F5M pNSM [S1 =

vg/vs

mm {0,0,v2u}
e {0,0,0}

. o <0
— HNSM g

mm <0 o {0,0,V2v5}
am gNSM 2o e {0,0,0} —3-

Yikun Wang, Ma 200 400 600 800 1000 o5 200 400 600 200 1000
|| [GeV] || [GeV]



EWPT in the NMSSM - collider and dark matter phenomenology

Critical Temperature Results Nucleation Results

400 | | | | | 400 | | | | | _
o - 2(I1)-ca [ ® la ® 2(II)-ca
3501 @ 2(I)-a - 3507 @ 2()-a —
300 - — 300 — —
— 290 R - 250 :
= 200 — e ~ = 200 — o o
150 ke L ' 150 — . - —
ey . M PO LI | s .,(""‘ [

et N . ".s'é..’?g:‘-.." : . 9 v i
1007 pﬂ llil-‘#w A - 100 - W :
o~ - : z I

I B A I o777 717
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
mpy [GeV] my [GeV]

Collider phenomenology

* The SFOEWPT consistent with light to heavy non-SM-like Higgs boson and singlet
* Despite the light masses, these states are hard to probe in colliders

* Production of the singlet-like state suppressed

* Doublet-like state dominantly decays into neutralinos for light mass

* Promising channels to probe the parameter space are final states containing at least one singlet-like

boson
Dark matter

* The most promising dark matter scenario is a bino-like lightest neutralino
* Small interaction cross sections
» well-tempered scenario for the correct relic density
Yikun Wang, Marcela-Carlos Fest 26



Supplementary - mean field analysis

4 T
- Transition: Pg —> Py
=
=
=
E
2 w(T)
o)
=}
= | @)
ju
lav]
L
pa—
=
=
R
€3
>
T. T
4 Transition: Py —> Pye —> Py

Field value at global minimum
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Pg phase : w(T) = \/ S Py phase : v(T) = \/ ;)
o H

g+ T? w2 — cpT?

P+ VAR Ao kg
Ch — \/)\H/)\q)c(p

The critical temperature : T, =

2. — T2 72 c.T2
Pras phase:ﬁ(T):\/uHNCh : G(T):\/_,uq)—tc@
>\H >\<I>

which is the global minimum as long as existing if 4 \e Ay — A5 > 0

iy iy
The critical temperatures : 75 = | =2, T§ = 4| =2
Ch —C(p
A A
~2 _ 2 H® 2 ~2 _ 2 SAHP 2
Relevant parameters: My = Ui + g Mo He = He T o, HHo
cp =cp — @c C, =Cp — AH(I)C
h = Ch 2)\(1) P p = Cop 2)\H hs
- A2 - A2
A=Ay — 22 g =g — 22
H H™ he' @ T D
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Supplementary - sphaleron washout and dilution factor

Dilution factor f,, =1

. r
with V= Aw_NgpNoyor T <

Normalization Prefactors

16
— N, based on Carson & McLerran 90
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14 1
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6 : .
102 107! 10° 10!
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0
_]_0 4 [
e —20 1 :
—30 1 L
—40 1
=  Ink based on Baacke & Junker 94
1 Uncertainty on « : [0.01x, 100]
—50 . ,
102 101 10° 10!
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