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At the core of the SM is the Higgs mechanism, but the Higgs potential is largely (experimentally) unknown.

Collider experiments measure
the shape around the vev.

How to measure the full Higgs potential?
How to measure its evolution throughout the cosmic history?

Is there any new physics beyond those in the SM?



(see Luca Cadamuro, Zihang Jia,

Bowen zhang, Junmou Chen’s talks)
Non-excluded at 95%CL (ATLAS, see also CMS’s result)

/" ATLAS Combined

—2.3 < k) < 10.3

single Higgs production —3.2 < k), < 11.9 (798 )

double Higgs production —35.0 < k3 < 12.0 (36.1 )
(non-resonant,channels combined) ATL-PHYS-PROC-2020-114

ATL-PHYS-PUB-2019-009, 2019
ATLAS collaboration, Phys.Lett.B 800 (2020) 135103
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bounds on 6k, from EFT global fit
-1 0 1 2

el 68%,057.CL bounds, lepton collider only
P 68%,95°.CL bounds, combined with HL-LHC
“ +0 88% 0] hounds (combined with HL-LHC)
- - = §8%,95%CL bounds, 1h only (w/ HL-LHC 1h)

+126114TeV(3/ab), rates & distributions

&0 | 240GeV(5/ab) only (CEPC)

= |240GeV(5/ab)+350GeV(200/fb)
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350GeV(500/b)+1.4TeV(1.5/ab)+3TeV(2/ab) -
21+ Zhh at 1.4 TeV

binned My, in vvhh (4 bins)
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Two Standard Models, hard to reconcile with each other!

Particle Physics
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What is dark matter?
Why is there more matter than anti-matter?
What is dark energy? 7



Two Standard Models, hard to reconcile with each other!

Particle Physics Cosmology

Standard Model of Elementary Particles
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® GUT Baryogenesis

® Affleck-Dine Mechanism

@® Leptogenesis

i ® Spontaneous Baryogenesis
Sakharov conditions(1967)

@® Electroweak Baryogenesis

v B-violation

v C, CP violation (new physics) / J
EDM
b

LHC

v' Out-of-Equilibrium (new physics)



A first order EWPT can provide the non-equilibrium environment.

The SM Higgs potential with a 125GeV Higgs gives a smooth cross-over.

Hindmarsh, et al, 2015

Higgs mass

cross—over
125 GeV
2nd order
- 80 GeV
Haggs phase

Symmetric phase

150 GeV

Temperature

Hindmarsh et al SciPost Phys.Lect.Notes 24 (2021)
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How symmetry-breaking is realized in the early universe?

V Symmetry Restoration

@ C—

modification of Higgs properties

Temperature decreases

(For primordial black hole formation, see Kepan Xie’s talk)

Unbroken Phase

Hindmarsh, et al, 2015



MModels Steong 1** order | GW signal | Cold DM | Dark Radiation and
phasze transition small seale structure
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complexe and real Triplet [23] - 4 v X
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Multiplet [24] v s v
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SMM uncharged
8, (xSM) [37-49] / s x X
2 §,% [50] s s s X
S (cxSM) [49, 51-54] v o o X
U1} (no interaction with SM) |.T|- v ¢ v X
U(1)y, (Higgs Portal) [56] s s I
U(1),, (Kinetic Mixing) [57] s s s
Composite SU{T)/SUG) [58] v o o
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§U(2),, — global S03) s x
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SU(Z), — Ull)g s s
by & triplet [63-65]
SU2)y —+ 22 o X
by two triplets [66]
SU2)py —+ 22 o X
bw a quadruplet [67, 68] : e : .
SU(2)g, x U{l)gy, —+ Za x Za s X : sh. Al .
by a quintuplet and a 5. [64] }
502}, with two dark Higgs doublets [T0)] v ¢ X X
SU{3bp = &2 = Z2 by two triplets [62, 71] ¢ X
§U(3), (dark QUD) (Higgs Portal) [72, T: o’ s s
G * Cogu % 2o [T4] o’ s s
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Current work
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lllustration with a simple potential ansatz:

V(6,T) = D(T? - T)¢* ~ BT6 + 76!

The point is to generate a barrier between the stable and meta-stable vacua
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At finite T, there are thermal corrections due to interactions between the scalar and the other particles.

Perturbative calculations (analytical control under high-T approximation)

T 2 I 12( 4)]3/2
Vi = Vivee + Vow + 54 Zf“ M7 (&) — 5= d;| M7 ()]

127
? J
symmetry restoration cubic term, barrier
fProbIems with the perturbative approach: 2 non-perturbative method

(but computationally expensive)
gauge-dependence (see Patel, Ramsey-Musolf, JHEP07(2011)029), XxSM  (Gould et al, PRD 100, 115024)

infrared-problem (Linde, Phys. Lett. B 96 (1980) 289) 2HDM (Andersen et al, PRL121.191802)

5%




(see also Chung, Long, Wang, PRD 87 (2013) 2, 023509)

@® Generating a large cubic term from thermal correrctions (loop level)
@® Add new scalars (tree level)  (see Wei Liu, Mengchao Zhang's talks)

@ Including non-renormalizable operators (tree level)
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(see also Wei Liu, Zihang Jia,

® Much easier to have vacua coexistence with multiple scalars Bowen zhang, Bruce Mellado's talks)
® Generically leading to a resonant di-Higgs production 9 hy h1
® Correlation between EWPT and di-Higgs measurements (i .-.‘
: g *\}11
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Essentially the vacuum decay at finite temperature

@® Nucleation rate

/1 fluctuations
B Sg,b(T):|
P = PoexXp |

critical bubble: bounce solution (CosmoTransitions, AnyBubble, BubbleProfiler...)

— iy @
@® Nucleation types (e.g., Hindmarsh, Hijazi JCAP12(2019)062) Hindmarsh, et al, 2015

Similar to the picture of boiling water

exponential  p(t) = poexp [—Sx + B(t — t.)]

i 1
simultaneous ) _, .. [_S* o t*)gl

18






The fluid-scalar field model (ignatius et al, PRD49, 3854(1994), Kurki-Suonio, Laine, PRD 54, 7163)

® Plasma: relativistic species Tﬂ}%ma = W ULUY — Guv D,

1
® Scalar field: ¢ TS, = 0upOud — guu [58,0@58" » — Vo(¢)

Equations of motion (numerical simulations, theoretical modellings, gravitational waves, etc)

1. The total energy and momentum are conserved, not separately (friction).

2. Metric evolution governed by Einstein equation, coupled with matter equations.
NG

=

20
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® Plasma: relativistic species f\
V_ | U+

 C—  —

(_?.+Ti € ey = aJr_le_ + €

: o 4 _ 4 -
® Scalar field: ¢ p- =@, e =T P+ =

Lol =
o =

b tant
Beyond the bag model ag constan

Wang, Huang, Zhang, PRD103, 103520. Wall Frame
Giese, Konstandin, Vis, JCAP07(2020)057

see Xiao Wang’s talk 22
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L c| Alves et al JHEP03(2020)053(arxiv:1909.05268) 1l
3.0} Deflagration Forbidden i) S

Deflagration
0.0f .

0.2 0.4 0.6 0.8




. Alves et al JHEP03(2020)053(arxiv:1909.05268)

Deflagration Forbidden

these numbers show
the most suppressed

0.05*
~0.002 .

beflagratiuri

0.2

Detonations

M v, = 0.92
@ . =032
2oy, =0.56

€ v, = 0.44 } Deflagration

} Detonation

* v, =024

0.2 0.4

1072




A quantitative understanding of the phase transition process.
(Hindmarsh, Hijazi, JCAP12(2019)062, Guo, Sinha, Vagie, White, JCAP01(2021)001)

‘ Bubble Nucleation Rate \

® False Vacuum Fraction

® Unbroken Wall Area

® Bubble Lifetime Distribution

! Bubble Number Density and Mean Bubble Separation(l'\y

These are needed for calculating observables of the transition.

Hindmarsh, et al, 2015
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The current understanding:

Bubble Collisions

=

Sound Waves

Hindmarsh, et al,PRL112,041301(2013)

MagnetoHydrodynamic Turbulence

https://home.mpcdf.mpg.de/~wcm/projects/
homog-mhd/mhd.html

28



Envelope Approximation

Simulations:

Kosowsky, Turner, Watkins, Kamionkowski, PRL69,2026(1992), PRD45,4514(1992), PRD47,4372(1993),
PRD49,2837(1994), Huber, Konstandin, JCAP09(2008)022

Analytical Modelling:

Jinno, Takimoto, PRD95,024009(2017)

Beyond the Envelope Approximation
Bulk flow model: Konstandin, JCAP03(2018)047, Jinno, Takimoto, JCAP01(2019)060

=

Direct large scalar lattice simulations: Cutting, Escartin, Hindmarsh, Weir, PRD97,123513(2018), arXiv:2005.13537

Expanding Universe: zhong, Gong, Qiu, arxiv:2107.01845

New Phenomena
Di, Wang, Zhou, Bian, Cai, Liu, Phys.Rev.Lett. 126 (2021) 25, 251102
Lewicki, Vaskonen, EPJC 80,1003(2020)

H,\2/ kya
Qeon(F)R? = 1.67 x 1075A [ & ¢
negligible (dominant) when f 14+ a
other sources are present (absent) 100\ 1/3
X 9_ Scm’(f)*

. fbc ﬁ Tpt /. e
fo=105(5) (1) (o) (i)~ #4=




Numerical Simulations:

Hindmarsh, Huber, Rummukainen, Weir, ® Solve the fluid velocity profile
PRL112, 041301 (2014), PRD92, 123009 (2015), PRD96, 103520 (2017) modes: detonation, deflagration, hybrid

: : Espi Konstandin, No, S t (JCAP06,028
Analytical Modelling(sound shell model) RRs QS S )

Minkowski: Hindmarsh, 120, 071301 (2018)
Hindmarsh, Hijazi, JCAP12(2019)062 Cutting, Hindmarsh, Weir, PRL125, 021302 (2020)

FLRW: HG,Sinha,Vagie,White, JCAP 01 (2021) 001 /

H k..o \2 /100 1/3
Q W2 =2.65x 1076 2 ) (=¥
e =265 %10 (S (P2 ) (57)

f 3 3 7/2
X(f—) (4+3(f/fsw)2) T(rs),

— R
The dominant source for a FOPT in a thermal plasma. £ T=1-(1+ ZTSWHpt) /2 (RD)
HG,Sinha,Vagie,White,JCAP 01 (2021) 001

Previous formula mistakenly enforces an infinite lifetime.

® Reduction found for alpha~1 and small vw




Analytical Modelling

Kolmogorov spectrum:

Kosowsky, Mack,Kahniashvili, PRD66,024030(2002)
Gogoberidze, Kahniashvili, Kosowsky, PRD76,083002(2007)
Caprini, Durrer, Servant, JCAP12(2009)024

_ https://home.mpcdf.mpg.de/~wcm/projects/
5%~10% but uncertain homog-mhd/mhd.html

3 .
- I
hZQtuI‘b(f) = ahen K 10_4 (—) ( ) 2 (@) Vw Sturb(f)

Caprini, Durrer, Servant, JCAP12(2009)024 (adopted by the LISA Cosmology Working group, JCAP04(2016)001)

(f/fturb)3 —2 T* gx %
St = T he, =16.5 x 10" mH S —
T, e R e Z(wOGeV)(wo)

. 1 (B i g+ \ 5
wh =27 x 102 mHz — () (2= (<)
feurb S (H) (100(}@\/') 100

31



Numerical Simulations

Pol, Mandal, Brandenburg, Kahniashvili, Kosowsky, PRD 102, 083512 (2020) (arxiv:1903.08585)

® Result significantly different from spectrum in previous slide
® Result significantly dependent on initial conditions

107"
107%

107"

heQew(f)

107"

0.0001

0.0010 0.0100
Pol et al, PRD 102, 083512 (2020)

0.1000
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theoretical calculation of gravitational wave spectrum and detector simulation

<
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LIGO, LISA, Taiji, Tianqgin... Gravitational Wave Spectrum
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Particle Physics Model

data analysis, constraints or discovery(parameter estimation)

Phys. Rev. Lett. 126, 151301,
A. Romero, K. Martinovic, T. Callister, H.G, M. Martinez, M. Sakellariadou, F.W. Yang, Y. Zhao
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Wikipedia

9/4/18

Many Colliders in the Horizon

The Road Ahead

CLIC
ILC p-collider
HE-LHC
LHC HL-LHC FCC (ee, hh, eh)
CEPC
SppC

Taii
2015 2025 2035 2045 2055+

Year
8 Markus Klute, 2016

Marcela | Welcome to Fermilab

1Double Higgs Production|
at Colliders Workshop |

3= Fermilab




Summary

@ The Higgs potential remains largely unconstrained in the near future.
@® A first order EWPT is well motivated and realized in many new physics models.

® Gravitational waves from a first order EWPT can help reconstruct the Higgs potential
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