THE UNIVERSITY OF *

CHICAGO =g Fermilab

Yikun Wang

yikwang@uchicago.edu

APEC Seminar, Kavli IPMU, 2020
October 14th, Chicago

In Collaboration with: Marcela Carena, Zhen Liu, Carlos Wagner, Nausheen Shah, Sebastian

Baum, et al ;


mailto:yikwang@uchicago.edu

Outline

1. Introduction

» Higgs potential and the electroweak phase transitions (EWPT)
» Electroweak Baryogenesis and strongly first order EWPT (SFOEWPT)

» Gravitational wave (GW) from a SFOEWPT
2. Extending the Higgs sector: SFOEWPT

» EWPT with spontaneous Z2 breaking: a singlet extension
Enhancing the EWPT and the thermal history, phenomenology and GW

» EWPT in NMSSM: nucleation is more than critical
EWPT 1n an extended Higgs sector with two doublets and a singlet, nucleation versus
critical temperature calculation, collider and DM phenomenology

3. Summary



Introduction

4p Higgs potential and the electroweak phase transitions (EWPT)
4 Electroweak Baryogenesis and strongly first order EWPT (SFOEWPT)

4p Gravitational wave (GW) from a SFOEWPT



The Standard Model and Higgs potential

—W?H]? + M\ H|*

SU3). x SU(2), xU(1)y

l < H >=

SU(3>( X U<1)0111

EWSB

NS

=126 GeV/c?
- H
0
Higgs
boson

The Standard Model

mass - =2.3 MeV/c?

harge - 2/3

spin - 1/2

LEPTONS

up
=4 8 MeV/c?
-1/3

172 >
down

0.511 MeV/c?

- &

12 4

electron
<22eVic?

0
- U8

electron
neutrino

=1.275 GeV/c?

charm

=95 MeV/c?

-1/3

112 §

strange
105.7 MeV/c?

; u
12 g

muon
<0.17 MeV/c*

« Dn
1/2 y’/

muon
neutrino

=173.07 GeV/c?

2/3

1/2 -
top

=4.18 GeV/c*

-1/3
1/2 -

bottom

1.777 GeVic?
-1 T
1/2 - 4
tau

<15.5 MeVi/c?

)
12 y

tau
neutrino

©

gluon

<

photon |

91.2 GeVic?
0

1

N

GAUGE BOSONS

Z boson

80.4 GeV/c?
+1

1

=

W boson



Electroweak Phase Transitions

Finite temperature QFT

V(h,T) =~ D(T? — T3)h? — ETh® +

The order parameter typically used for the phase transition is:
Ve /Ty
where v, = v(T =T,)

————

JBased on the current measurement of tlﬁlngIg
( mass of 125GeV, lattice calculations show that

T~EWPT in the SM is a smooth cross over

MT)

h4

At very high temperatures, the electroweak symmetry

1s restored.

Electroweak phase transition (EWPT)

The phase transition from the EW preserving phase to
the EW broken phase ‘happens’ at a critical temperature
where the two vacua are degenerate:
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The mystery of our asymmetric universe

Baryon density QBh2

25T O.OIOS ' 0.01 0.?2, 0.?3
026 P Oy, 50% higher
v F ‘Y best ACDM fit
Poxs E R
Qy, 50% lower
023 E
10—3;
10-4 =
- 10,000,000,000
10-3
- - 10,000,000,001
10-9 0 200 400 600 800 1000 1200 1400
; 5 Multipole moment ¢
LiH],
2 _'/ °
: g Matter antimatter asymmetry
10-10 |- -
Z.

1 2 3 4 5 7 8 910

Baryon-to-photon ratio 1) x 10}

Big Bang Nucleosynthesis

Baryons, antibaryons and photons equally abundant in the early universe.
How to generate the observed asymmetry today?

Sakharov’s conditions for baryogenesis (Sakharov 1967)

 Baryon number violation
e C and CP violation

* QOut-of-equilibrium




Electroweak Baryogenesis

Sakharov’s conditions
 Baryon number violation
e C and CP violation
* QOut-of-equilibrium

All ingredients exist in the SM around the EW scale.
However, the SM doesn’t have enough.

Inputs from the new physics

e more C and CP violation source

* Strongly first order electroweak phase transition (SFOEWPT)
Uc

> 1 -
1. ™~
= Provide out-of-thermal equilibrium

. <@e>=0
= Suppress baryon asymmetry washing out (sphalerons)
- 1S
~  Eopn(T) Eson(T) , 87 o(T) I/\
I'apzo = Pol exp ( T ) = T
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Electroweak Baryogenesis

Sakharov’s conditions
 Baryon number violation
e C and CP violation
e QOut-of-equilibrium

All ingredients exist in the SM around the EW scale.
However, the SM doesn’t have enough.

Inputs from the new physics

e more C and CP violation source
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= Provide out-of-thermal equilibrium

= Suppress baryon asymmetry washing out (sphalerons)
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Lapzo = BoT exp (——ESP;(T)) ESP;(T) 897T ’0(17: )
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Gravitational wave

A first order phase transition proceeds through bubble — Power spectrum of GWs fm‘.n .a SFO‘PT —
nucleation. The expanding bubbles collide and 10-% Caprini et al ‘16
produce stochastic gravitational waves (GW).

— ]U 10 ]
W*Qew ~ h*Qy + Qe + h*Quup 2 \,,
U 012 ;
GW sources from bubble nucleation: S r
 Bubble collisions 1071 F

« Sound waves

it |

h2

Q1o : - .

e Turbulent MHD F[Hz]

For example, the power spectrum from bubble collisions can be treated by the ‘envelope approximation’

H,\? 2 7100\ 3 [/ 0.1103
oo () () ()} () s e
envelo

Parameters affecting the power spectrum:

d(Ss/T . . .
5 ~ T ( d31{ ) , where 3 characterizes the inverse duration of the PT thin
* e Shell
_ Pow — Puw . o
T Drad [T=. , fraction of vacuum energy released wrt. the radiation bath
ra

e The bubble wall velocity Uy,
10



Enhancing the electroweak phase transitions: the general ideas

Finite temperature Higgs potential:
AT)

V(h,T)~ D(T?* — T¢)h* — ETh® + Th‘l
Strength of the phase transition: s
Ue
. A
Modifying the Higgs potential to enhance the strength:
a Tree-level Effects
: - : A — )\eﬂ: )
New dof, e.g. singlets, doublets etc, modifying the potential at tree level

E%Etree
+V(hasaHBSM7'“> oft }

L LS
aZero Temperature loop effects > “’<
Y o .

Modifying the potential through radiative corrections (from new dof), e.g. CW mechanism A — Apaq )

0 Thermal effects

Modifying the thermal potential through thermal loops (from new dof), e.g. MSSM light stops E — Epsm yf j

a
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Extending the Higgs Sector: SFOEWPT

M EWPT with spontaneous Z2 breaking: a singlet extension

[0 EWPT in NMSSM: nucleation 1s more than critical

12



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

1 1 1 1 1
Vo(h,s) = =g uih® + k" + Spls® + G Aes" + A h?s?

+(explicit Z2 — breaking terms)
® (Generic potential Espinosa, Quiros °93; Profumo, Musolf, Shaughnessy 07, Choi, Volkas '93 etc

= /2 symmetric potential

“* Z2-preserving ((h,s)) = (vgw,0)
Espinosa, Konstandinc, Riva '11; Curtin, Meade, Yu ’15; Barger, Chung, Long, Wang ’12 etc

Carena, Liu, YW ‘19
<+ Z2 spontaneous broken ((h,s)) = (vEw, WEw)

» Dark ‘Higgs’ candidate, Higgs portal
» Render SFOPAT: light scalar

» Can be probed in various ways due to finite mixing

13



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

+ (explicit ZQ\;‘@&Q%king terms)
® (Generic potential Espinosa, Quiros °93; Profumo, Musolf, Shaughnessy 07, Choi, Volkas '93 etc

= /2 symmetric potential

“* Z2-preserving ((h,s)) = (vgw,0)
Espinosa, Konstandinc, Riva '11; Curtin, Meade, Yu ’15; Barger, Chung, Long, Wang ’12 etc

Carena, Liu, YW ‘19
<+ Z2 spontaneous broken ((h,s)) = (vEw, WEw)

» Dark ‘Higgs’ candidate, Higgs portal
» Render SFOPOT: light scalar

» Can be probed in various ways due to finite mixing

13



EWPT with spontaneous Z2-breaking: the thermal history

14



EWPT with spontaneous Z2-breaking: the thermal history

S A
* (v, w)
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EWPT with spontaneous Z2-breaking: the thermal history

S 4
/ o)
(0, )
> h
(0,0)

Scenario A: two-step

(0,0) = (0,w) — (v, w)
7.2 EW
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EWPT with spontaneous Z2-breaking: the thermal history

S A
* (v, w)

(0,0)

Scenario B: one-step
(0,0) = (v, w)
EW

72
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EWPT with spontaneous Z2-breaking: the thermal history

S A
* (v, w)

Not for EWBG:
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EWPT with spontaneous Z2-breaking: the thermal history
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Is it possible that the EW symmetry or/and the Z2 symmetry is/are
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EWPT with spontaneous Z2-breaking: the thermal history

S A

| * (v, w)
(O’wmgh—T) ®

Is it possible that the EWSymmetry or/and)the Z2 symiaetry is/are R
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EWPT with spontaneous Z2-breaking: the thermal history

S
* (v, w)

(O, ,l'[]high—T)

Is it possible that the EWSymmetry or/and)the Z2 symiaetry is/are Non-Restored ?

With one singlet, generally no Yes!

Scenario A-NR: one-step
(0,w) = (v, w)

NR stands for non-restoration i



EWPT with spontaneous Z2-breaking: the thermal history

S
o * (0,0
(0,0™5%7)
(070) > h

Is it possible that the EWSymmetry or/and)the Z2 symiaetry is/are Non-Restored ?

With one singlet, generally no Yes!
Scenario A-NR: one-step Scenario B-NR: two-step
(0,w) = (v, w) (0,w) — (0,0) = (v, w)

NR stands for non-restoration i



EWPT with spontaneous Z2-breaking: the thermal history

S
| * (vw)
(O, whlgh—T)
(0,0) > h
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EWPT with spontaneous Z2-breaking: the finite temperature potential

Thermal potential

T! mz(h, s)) m#(h, s)
Vr(h,s,T) = —= i L + J
Tree-level Potential v 1) =55 L_;B}n B( T2 f;}nf F ( T2
L oo 1 4y 1 oo 10 4 1 2 9
Vo(h,s):—i,uhh ‘|‘Z)\hh —|—§,u85 +Z)\88 +Z>\mh s Treatment

O Numerically: CosTransitions C. L. Wainwright ‘11
Parameters {7, los Ay As; Am ) €=>  {vgw,mu, tan 3, mg,sin 6}

T —

O Analytically: high-T approximation 772> m?

: 1 1 1 1
Vhlgh_T(h,S,T) ~ (—Mi + ChT2)h2 L ETh3 4 _)\hhll + _(Iug 4+ CST2)32 + 1)\884 -+ Z)\Tnh232

1
2 4 2

16



EWPT with spontaneous Z2-breaking: the finite temperature potential

Thermal potential

V(h,s,T) Vow(h,s;T)

Vr(h,s,T) = T4[

o (M0) « 3 (750

1 2
Tree-level Potential o s Py
I 5.0 1 4 1 o5 1 4 1 2 9
Vo(h,s) = —§Mhh + Z)\hh + SHsS + Z)\Ss + ZAmh s Treatment

O Numerically: CosmoTransitions C. L. Wainwright ‘11

Parameters {/, /12, Ay As, At €= {vgw, mu, tan 3, mg, sin 6 i . . .
i { J O Analytically: high-T approximation 772> m?

: 1 1 1 1 1
Vhlgh_T(h,S,T) ~ 5(_M%L + ChT2)h2 L ETh3 4 Z}\hhll + 5(#? 4+ CST2)32 + 1)\884 -+ Z)\Tnh232

The electroweak phase transition strength
O Bare parameters

:/ ol
2
: (0, w) Ty Mm Ve _§
Scenario A (A-NR) AL = Ap . T, X Ay
> 7 © Physical parameters

sinf < 0.4 bounded by Higgs precision measurements

(O 2E 2F m2
— = = SM[I—l—SlnH ——1 } ) ]
1e Ah A ms Small 115 renders SFOPT: light singlet

Ve 2F

Similarly for scenario B (B-NR), the transition strength reads 7 " )\h L+ GE/TZie.)?
c —vw v(Te)

17 s [H2 ]




Where the enhancement comes from?

& Tree-level Effects a Zero Temperature loop effects o Thermal effects

Potential depth at zero temperature (tree level)

18



Where the enhancement comes from?

& Tree-level Effects a Zero Temperature loop effects o Thermal effects

Potential depth at zero temperature (tree level)
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Where the enhancement comes from?

& Tree-level Effects a Zero Temperature loop effects o Thermal effects

Potential depth at zero temperature (tree level)

AV = Vy(0,07—9) — Vo(vew, wew)

Smaller depth, less temperature it takes to be degenerate: lower 250,
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EWPT with spontaneous Z2-breaking: phenomenology

Exciting Phenomenolo gY (important effects of high order corrections to the potential)

Higgs Exotic Decays

Spontaneous Z2 breaking SM1S SFOEWPT
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Future Lepton Collider
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* A firm prediction of a light scalar

* Dashed lines: sensitivity to 4 jets
channel

* Further studies of merged jets for
lighter singlet masses

Carena, Liu, YW 19

Double Higgs Production
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Extending the Higgs Sector: SFOEWPT

1 EWPT with spontaneous Z2 breaking: a singlet extension

M EWPT in NMSSM: nucleation is more than critical

22



EWPT in the NMSSM - the extended Higgs sector

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

[ aee s e s

\Lf L provide flexibility enhancing the
both charged under the EW gauge group ” PT strength

A well motivated model with an UV completion for such a Higgs sector is the Next-to-Minimal
Supersymmetry Standard Model (NMSSM).

~ ~ K~

. W =ASH, - Hq + §53 + Wyuk  (Z3-NMSSM)
The scalar potential

Vo = my, [Hal* + miy, |Hl* + m |7 + A2 |8 (|Hal® + |Hu[*) + [\Hy - Ha + £57[°

2

2 2 2
+ ()\AASHU Hy+ gA,iS‘g T h.c.) + 9 292 (|Hd|2 _ |Hu|2> + %2 ‘H;Hu

2

The two Higgs doublets and complex singlet contain 8 new dof, where we consider 3 dynamical dof

'l;, —  CP even mass states {h1257H7 hS}

The EW vacuum  (H°M) =o, (H™M) =0, (HM)=0g4

Parameters {v = 3+ 02, tanf=v,/va, 4= Nvs, A, h, A, AK} )= () = ()

What constraints on the parameters before the phase transition calculation?

23



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‘
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« 125 GeV mass eigenstate without large radiative corrections tan 3 < 5

. Avoid Landau poles (GUT) /)2 + k2 < 0.7

. ° 2
« Avoid tachyonic masses, e.g. mg, > 0 .
« Correct vacuum structure at zero temperature { HM gNSM. HS} —{0,0,0} V {0, ( \/§vfg y { V20,0, \/fu} Y

ah, Wagner, Wang ‘19
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EWPT in the NMSSM - alignment limits and the parameter space
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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:
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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

2 2
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EWPT in the NMSSM - the effective potential

Radiative corrections (zero temperature)

® Integrating out heavy degrees of freedom (sfermions, gluinos etc) are integrated out. A new operator by
matching:
AAg

Voeﬁ = Vo + |Hu‘

A)s Fixed by 125 GeV Higgs mass:

my . ~ M?s*,n = m?% cos?(28) + A2v?sin?(2f6) + 2A\v? sin* 3

® Light degrees of freedom: CW potential

1 ~2 B={h;,a;, H-,G°,G*, Z, W+
yew (—1)Fingmd |log [ —% ) — ¢ { }
1-loop ™ G2 ‘ 2 0 ~+

F: {XZ?X@ 7t}

my
1=B,F

Introducing counterterms to maintain boundary conditions

5
5[ — — |Hd| ~ O, |Hu| — 62 |S° = Oxa, (SHy - Hg+h.c.) — ; H,|*

Finite temperature effective potential

m3)

Vi(T) = Vg + VO () + V70

loop(

T4 72
where V70 =-——= > (-1)"niJpr (mz)
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EWPT in the NMSSM - nucleation is more than critical

The phase transition proceeds by tunneling through the barrier e o
separating local minima, the so called bubble nucleation. Y/

The bubble nucleation rate per unit volume: I'/V Te53/T

Metastable

. Ss(Thy
The nucleation happens at a temperature 7, : %) ~ 140 Vecuum

® 0,0,0) = (v,0,vg) O (0,0,0) — (0,0,795) — (v,0,vg) © (0,0,0) — (9,9nsM,0) — (v,0,v9) True

Vacuum

\
Critical Temperature Results (tan 5 = 1.5, k/A = 0.1) Nucleation Results (tan 8 = 1.5, k/A = 0.1)
I l l I ' ' : : * Integer: # of
5 @ no transitions ® 2D)-a [ i) @ no transitions ® 2()-a [ steps
failed BC 2(-b | failed BC 2()-b
® 2( - 4 ® 2(-b it « Roman number:
l-a 2(D)-c | 4. @ la 2M-c | int diat
1-b ® 2(I)-ba | 5 X ® Lb ® 2(I)<ca intermediate
1-c : A l-c : phase
- . ' * (I): singlet-
-~ . .
3 3 only direction
1:;& A_j-;lu—,:.._ \;t’)r d (II): EW
R , ;w,: symmetry
R broken phase
{ * Lower case
$ letter: strength of
e £, : the EWPT
1 - T T L L S I I .
200 400 600 B0~ A 200 400 600 800 1000 * a: SFOEWPT
lu| [GeV] o fffmm g mm ooy | u| [GeV] * b: weakly 1st
200 400 " [G(i(i?] 800 1000 2 / Order
° ° . . o 2 82 V _ 2 Kk 2 US ° . 2 d d
Single direction barrier: mg = 95V|, = PCL ¢: 2nd order
S
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EWPT in the NMSSM - nucleation is more than critical

The phase transition proceeds by tunneling through the barrier
separating local minima, the so called bubble nucleation.

The bubble nucleation rate per unit volume: I'/V T4e5s/T

. Ss(Th
The nucleation happens at a temperature 7}, : %) ~ 140

® 0,0,0) = (v,0,vg)

@® (0,0,0)— (0,0,35) — (v,0,vg)

Critical Temperature Results (tan 8 = 1.5, k/A = 0.3)
l [ l |

Nucleation Results (tan 8 = 1.5, k/A = 0.3)
|

V(p)

(0,0,0) — (@,@NSM,O) — (’U,O,’Us)

| | |
5] no transitions ® 2()-b [ 5] no transitions ® 2(D)-b [
failed BC 2(I)-c ) failed BC 2(I)-c
(II)- ® 2(II)-bb
(II)-c 2(I)-ca |-
(II)- 2(IT)-cb
n %)
< E 3
g o
~ ~u
iz
————1 71 2T T T T '
400 600 80 — ,<0 0.0, V2ri) 200 400 600 800 1000
|lLl| [GeV] 1 2(‘]0 - 4(‘)0%U ()'(‘)U {08200} 1000 I/J| [GeV]
Il GeV) 9 2
° ° . o 2 ~ M K h]_25
Doublet direction barrier: my ~ —— (1— ~tanfg) — —%
v tan® 3 A 2
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Fluctuations
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EWPT in the NMSSM - collider and dark matter phenomenology

Critical Temperature Results

Nucleation Results
| | | |

400 | | | | | 400 _
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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

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

boson
Dark matter

e The most promising dark matter scenario is a bino-like lightest neutralino
e Small interaction cross sections
« well-tempered scenario for the correct relic density
29



Summary

» The electroweak phase transition exists in the SM as a smooth cross over;

» Electroweak baryogenesis as an appealing mechanism to explain the matter
antimatter asymmetry requires a strongly first order electroweak phase
transitions. Gravitational wave experiments can probe the nature of the phase
transition;

» We study a singlet extension to the SM to enhance the EWPT, which exhibits
rich thermal history and collider phenomenology;

» Studying the electroweak phase transition in the NMSSM indicates a difference
between the critical temperature study versus the nucleation temperature study
on the EWPT, which is inherited to models with large tree level barriers and

multi-dimensional field space.
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