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Higgs discovered and then what?
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Electroweak Phase Transition

At , the Higgs potential receives thermal correction from degrees of freedom coupled to the
Higgs field

Higgs thermal mass

Higgs (expand the finite-T potential polynomially)
[.] Potential
|
Higgs
field

depends on particle content that couples to the Higgs
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EW symmetry in the early universe: SM

The electroweak phase transition is a cross-over

Higgs
Potential

Higgs
field

Excluding the possibility of Electroweak baryogenesis (EWBG)
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Outline

real extension to EWPT
c A approach to (or non-restoring) EW

Based upon work with
M. Carena and Y.-K. Wang,
M. Carena, C. Krause, Y.-K. Wang


http://arxiv.org/abs/arXiv:1911.10206
https://arxiv.org/abs/2104.00638

SURELY

YOURE JOKING


http://arxiv.org/abs/arXiv:1911.10206

Enhancing EWPT through Singlet Extensions

One of the most generic extensions to Enhance EWPT;
An important benchmark to understand;
1, 1
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Enhancing EWPT through Singlet Extensions

One of the most generic extensions to Enhance EWPT;
An important benchmark to understand;
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Z2 breaking Singlet Extension:
a case

However, no clear studies on the Spontaneous Z2 breaking case
1 . 1.
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+(explicit Z2 — breaking terms)
Well-Motivated:
« As a generic case possible for singlet extensions, which also leads to a rich thermal history;

« As a proxy (simplified discussion; with appropriate rescaling of couplings to match the
d.o.f.) to evaluate:

« Dark sector gauge theories needs to be Higgsed;
- Dark Higgs talks to our sector through the (H*H)(HJHy) mixing quartic;

Domain-wall problem solved by higher dimensional and highly suppressed
operators that does not affect the phenomenology in this talk.
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Spontaneous Z2 breaking Singlet Extension:
a case

However, no clear studies on the Spontaneous 72 breaking case

Post Z2 and EW SB S-H ]
mixes and disallows large No enhanced tree-level barrier;

mixing coupling Always exists a saddle path to tunnel through, instead

200 600 800 of a 2-step tunneling between two minima;
ms [GeV]
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Spontaneous Z2 breaking Singlet Extension:
a case

However, no clear studies on the Spontaneous 72 breaking case
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+(explicit

One can also get a fee

performing the usual
* tree-level integre ‘ ,
phase generates (/

e The UV Z2 relatios

occ'is Y OU RE J OKING

* Operator generate

modify the Higgs potential enough to enhance the
EWPT
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Our study: A thermal History and
EWPT are

Z2 and EW restoring High Temperature:
phase transition where last
step is (0,w)->(v,w)
phase transition where last
step is (0,0)->(v,w)

Other thermal histories are also possible, but hardly enhancing the EWPT
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The calculations are carried out in a fixed Landau
gauge. The gauge dependence of such calculation
is long known since Jackiw and Dolan 74’,

® o
C d t Fukuda and T. Kugo, 76’, etc., and also by Patel
O n 1 lO n and Ramsey-Musolf 11°, Konstantin et al 12’.

We perform our numerical study with a thermal potential including Coleman-Weinberg and daisy
resummation, and further perform a nucleation calculation. The physical effects can be understood in
most part via a high-temperature expansion approximation with the thermal potential alone.

| I, 5 oo evems L4 1 oo oo, 1., 1. .
V(h,s,T)~ =(—pi + cnT*)h* — EXMTh® + 1,\;,;1..4 + = (pi + e T?)s* + i’\S’*"'4 + EAmSZ h?

For scenarios A, both in its Z2 restoring and non-restoring case, the VEVs between the last step of phase
transition is:

p— %TC. ' _ AN\ — \2
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Near Criticality Condition

Smaller potential depth at zero temperature, less temperature it takes to be degenerate: lower 1.

VEW T
T, ~ = ‘ i '

And also larger field value v. at the critical temperature (closer tovew):

M. == 1

TEW
...................... | ————r Jch B %ﬁ— A
® 00->0W->vw (A) @ 00->vw (B) | M . o .
23} B ANR) O @R | Vacuum stability condition is:
A
2.0 (Ah — 4—/1S> >0
Eu 1.5 - When near criticality, a small T, is expected as tiny
V;;;,@ amount of thermal correction is sufficient to make two
101 vaccuum states equal in energy.
osl  This also implies a high value of V, that is near 246 GeV.
« Implying large V. /T,
0.0

: _— — . L ; Figure also indi how high temperatur roximation is.
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 gure also indicates how good a high temperature appro e

. An interesting alternative by varying
Ap BNL HET Seminar Higgs quartic coupling, Davoudiasl, 21’



In other word...

Higgs Higg+Singlet
Potential T-T, If Higgs were lighter Potential T—T
Higgs .
field Higgs
field-+singlet
(h) = 246 GeV field direction
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In the mass basis: — = (

Higgs Exotic Decays ~

OSpontaneous 2R GEAEE RO A LME - A firm prediction of a light scalar in this model;

« Higgs exotic decay into a pair of light scalars is a crucial
probe;

« Higgs exotic decays complements the Higgs precision

= 1

program;
— » Higgs exotic decays requires further studies of merged
A jets for lighter singlet masses(Jung, , Wang, Xie, 21°);
£ « Also possible to have long-lived Higgs exotic decays in
g certain parameter space; (e.g., Craig et al, 18’; , Liu,
= Wang, 18’)
3
-l

Zhen Liu SM+Scalars EWPT Exotica BNL HET Seminar



Higgs Trilinears

D-Egpnntaneuus Z2 breaking SM1S SFOEWPTRECINN§ B{efess tr11.11.1ear couphng
= SFOEWPT also mOdlfled;
o 1Loop+Daisy e (Can be either enhanced or
® wcos6>0.95 suppressed by O(30%)
® W cos8>0.995 « Higgs precision program
complementary (Grojean,
Gu, et al, 17°);

* Double Higgs production
at the HL-LHC and SPPC,
FCC-hh provides
additional insights into
the mode (Carena,

01 02 03 04 , ;
Aspilvev Riembau, , 18’; et

al 19°);
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Gravitational Wave Signature

Gravitational wave provide
complementary probe to the
nature of first order EWPT in the

mode.
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Green: scenario A;
Orange: scenario B;
Red: full CW calculation

frequency: f [Hz]
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Outline

c A approach to (or non-restoring) EW

Based upon work with

M. Carena, C. Krause, Y.-K. Wang


http://arxiv.org/abs/arXiv:1911.10206
https://arxiv.org/abs/2104.00638

Symmetry non-restoration

P(X’ 77) = %WXZXAXA + %mnzna na + éex xz(XAXA)z

~3ey (X aXa) M, 1,) + 50, ° (MM, P

Symmetry non-restoration has be studied to discuss:

More recent development of EWNR

v

2 f
Twin Higgs
(restored)

Meade, Ramani, 18’
s Glioti, Rattazzi,Vecchi’1g

N singlets extension

Weinberg’74

A
O{n)®@0(n)

D
O(n-1N®0(n-1)

0(n)®0(n-1)

Baldes, Servant’18




Our approach: broken EW relay

Field value at global minimum

sector ()

Leptons
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The model and the effective potential

Zero temperature constraints

(tree level, copositivity of the quadratic potential)

Zhen Liu SM+Scalars EWPT Exotica BN22HET Seminar
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Effective Potential

Degrees for freedom in the plasma:

High temperature expansion and the thermal mass

e.g.,

Zhen Liu SM+Scalars EWPT Exotica

(leading order in the high-T expansion, no CW)

BN®HET Seminar
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A first look

Transition: Py —> Py
% Transition: Py —> Pro —> Py
B Suppressed sphaleron: Py —> Py

B Suppressed Sphaleron: Pp —> Puo —> Py

— Highest my, with transitions

- - Highest my with suppressed sphaleron Transition: Pg —> Py ¥ Transition: Pg —> Pug —> Py

nimum

alue at global minimum
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Benchmark A

Phase Structure of BM A no th. mass high-7" th. mass truncated th. mass
<107 /107*% y 107 -t /107% /107 8107 /8.-107% /81077
<107 /4.107% /4.107"7|2.107" /2.107% /2.1077| 107'* /10710 /107

Singlet, no th. mass Inert, high-7" th. mass

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

Inert, no th. mass —-—- Higgs, truncated th. mass

Singlet, high-T" th. mass —-—+ Inert, truncated th. mass
Higgs, high-T" th. mass
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Benchmark B

Phase Structure of BM B no th. mass

high-7T" th. mass truncated th. mass

1 Singlet, no th. mass Inert, high-T' th. mass /
] —— Higgs, no th. mass Singlet, truncated th. mass n
] 1010 10-8 106
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Pheno Considerations

A behavior:
Put tuning aside,
(deep IR),
(except for the gauge

coupling of the inert doublet) and
achieve huge modifications to
thermal history.

Higgs doesn’t need to couple to
new physics (directly at tree-level,
one can turn all mixing to

be ).

Corrections to Higgs couplings, as well as Higgs to gauge boson couplings, are generated via loops. They provide less
stringent constraints on Higgs-inert and Higgs-singlets cross quartics, than the Higgs invisible decay searches.

Disappearing track searches exclude Higgsinos up to 78 GeV.
Charged inert Higgs has smaller (Drell-Yan) production rate compared to Higgsinos.

And the search can be avoided by turning on a tiny 1,4 that generates splitting between the charged and neutral inert states.
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Conclusion

real extension to EWPT

Spontaneous Z2 extension are motived by its connection to dark sector physics, but its
role in EWPT is was not clear;

We identify a rich thermal history is still possible with near criticality condition, and
develop robust understanding of it;

Predicts light scalar that leads to new and important program of Higgs exotic decays;
Modified Higgs couplings through mixing effects; Modified Higgs trilinear couplings;
Certain model space can be probed by the Gravitation waves.

approach to (or non-restoring) EW
Help enable EWBG
We provide a method where the EWNR is achieved by
at very high
temperatures;
Pheno testable but also feature “decoupling”. Thank you!
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Backup
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B(gs) = _792
B(g) = —3¢°
Blg') =19"

B(ud) = —4mopd — 22 gapd — ph(—12xg + 3(3¢% + ¢”%) — 6y7) — Npmy,
B(u3) = —papd — 2gand — pa(—12Xs + 3(3¢> + ¢)) — Nu?day

B(H2) = 43 Aoy + 62 — 43 Ay + 2(N + 2)p2 Ay

B(AH) = 22026 + 2AHoAHS + Noyg + 2402 — 321 (39% + ¢'2)

3
+ 2 (3" +20%9" +9") + 122y} — Oy + AL,

BAe) = 2046 + 2Amo me + Aye + 2402 — e (392 + ¢2)

3
+ 580" +20%7 + g") + F25,

B(Ay) = 203, + 20F, + 16X2 + 12X, Ay + 2N A2
Bne) = %(394 — 2% + ¢ + AN%p + 2050 + e (Am + Ao)
+ Ao (120e + 120 — 3(3¢% + ¢'2)) + 6 goy?
B(Ay) = 18X2 + 24X\,
BAay) = (=2(3¢% + g™) + 1208 + 6Xy + Ay + 2N, + 40 ) Aoy
+ 4 g my + 2 AHe A Hy
BAiry) = (—2(36° 4+ ¢") + 1225 + 61y + 4hgry + 2NN + 4N, + 6y2) A ary
+ A gadey + 2 Ha ey
B(Ame) = 39%9" — 3\ga(39% + 9'%) + 6 may? + Age(Ag + Aa)
+ 8Agarge + 4Ny
Byr) = —8ygs — Juig” — 15" + 3vi- ET Seminar




The (EW) sphaleron process

If the sphalerons become
active:

The sphaleron rate
—— Higgs
Inert

with

g g
= =
= =
g g
| E
g g
= =
= =
) )
Bl Bl
- -
® @
= =
= =
= =
=5 =5

for all temperatures from UV to zero T.
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Supplementary:
Sphaleron washout and dilution factor

Normalization Prefactors Prefactor & Prefactor w_ Sphaleron Energy Prefactor B

Carson & McLerran 90 ; — 2 based on Carson & McLerran 90 . —— Sphaleron Energy prefactor I3

— N, based on Carson & McLerran 90

= Inx based on Baacke & Junker 94
= Uncertainty on & : [0.01x, 100k]

—50 +—— | 0.4+
10! 1072 10! 102
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© Transition: Pgp —> Py
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“ Transition: Po —> Pyo —> Py

Relevant
parameters:

Field value at global minimum

Zhen Liu SM+Scalars EWPT Exotica BNB34HET Seminar



	Slide Number 1
	Higgs discovered and then what?
	Electroweak Phase Transition
	EW symmetry in the early universe: SM
	Outline
	Outline
	Enhancing EWPT through Singlet Extensions
	Enhancing EWPT through Singlet Extensions
	Spontaneous Z2 breaking Singlet Extension: a missing case
	Spontaneous Z2 breaking Singlet Extension: a challenging case
	Spontaneous Z2 breaking Singlet Extension: a challenging case
	Our study: A rich thermal History and enhanced EWPT are possible
	Near Criticality Condition
	Near Criticality Condition
	In other word…
	Higgs Exotic Decays
	Higgs Trilinears
	Gravitational Wave Signature
	Outline
	Symmetry non-restoration
	Our approach: broken EW relay
	The model and the effective potential
	Effective Potential
	A first look
	Benchmark A
	Benchmark B
	Pheno Considerations
	Conclusion
	Backup
	Slide Number 30
	Near Criticality Condition
	Slide Number 32
	Supplementary:�Sphaleron washout and dilution factor
	Slide Number 34
	Gauge Dependence
	Slide Number 36
	Slide Number 37
	Slide Number 40
	Slide Number 41
	Slide Number 42
	Slide Number 43
	Slide Number 44
	Slide Number 45
	Slide Number 46

