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Cosmic Energy Budget
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Bayon asymmetry of the Universe
44 different ways to creat baryons in the Universe
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. GUT baryogenesis

. GUT baryogenesis after preheating

. Baryogenesis from primordial black holes
. String scale baryogenesis

. Affleck-Dine (AD) baryogenesis

. Hybridized AD baryogenesis

. No-scale AD baryogenesis

. Single field baryogenesis

Electroweak (EW) baryogenesis

10. Local EW baryogenesis

11. Non-local EW baryogenesis

12. EW baryogenesis at preheating

Sakharov conditions:

13.
14,
15.
16.
17.
18.
19.
20,
21,
22,
23.
24,

SUSY EW baryogenesis

String mediated EW baryogenesis
Baryogenesis via leptogenesis
Inflationary baryogenesis

Resonanl leptogenesis

Spontaneous baryogenesis

Coherent baryogenesis

Gravitational baryogenesis

Defect mediated baryogenesis
Baryogenesis from long cosmic strings
Baryogenesis from short cosmic strings
Baryogenesis from collapsing loops

25.
26.
27.
28.
29.
30.
31.
32.
33.

34

35.
36.

e Baryon number violating interactions.

e C and CP violation. X

e Departure from thermal equilibrium. X
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Baryogenesis through collapse of vortons
Baryogenesis through axion domain walls
Baryogenesis through QCD domain walls
Baryogenesis through unstable domain walls

Baryogenesis from classical force
Baryogenesis from electrogenesis
B-ball baryogenesis

Baryogenesis from CPT breaking
Baryogenesis through quantum gravity
Baryogenesis via neutrino oscillations
Monopole baryogenesis

Axino induced baryogenesis

. Gravitino induced baryogenesis

. Radion induced baryogenesis

. Baryogenesis in large extra dimensions
. Baryogenesis by brane collision

. Baryogenesis via density fluctuations

. Baryogenesis from hadronic jets

. Thermal leptogenesis

. Nonthermal leptogenesis

Shaposhnikov, DISCRETE 08, 11, Dec

A.Sakharov JETP 5, 24 (1967)

Sphaleron washout?
Strong First Order Electroweak Phase

Transition BSM
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Electroweak Phase Transition in the SM
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Electroweak Phase Transition in the SM

Generate barriers

Veff(h'a Sy T:} — Vﬁ(ha S) + VGW" (h" S) + VT;:EDUI: S,T)-

(=1)% 212 Mg
0 = (M 1
Vew Z b41r3 gk [Mi]” | log 7 T Ck

yHigh=T(p s T)

2 2
= Vo(h,s) + Z—S (12m7) + 2—4 (3mg + mj +m? +m% + 6M7, + 3M3)
L (X, b6 303+gi ¥\, 2 | 02 +dy 5.
= W(h,s — —= == 4+ = | h°T — 571",
ﬂtﬂ+2(8+%&_ TR 18

| A
Vjﬁff (G}aT) r.\—"(JD(SEHE —TE) (;52 _ET¢,3+ 1@4

~—>» Negative for T < Tj;, non-zero minimum.

Wenxing Zhang, SPCS 2023

TDLI, SJTU @



Electroweak Phase Transition in the SM

First-order EWPT

-T>Te
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Generate barriers
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Wenxing Zhang, SPCS 2023 ~———3 Negative for T < T T TDLI, SJTU @

SM: Crossover!

—




SFOEWPT in BSM: Multi-step EWPT

The simplest model in extended SM that generate multiple-step EWPT:
the xSM.

|

a. The xSM can be a simplified model for many UV complete model that
realise multiple-step SFOEWPT.

b. The pheno of xSM is typical and representative to models that realise

SFOEWPT.
<s> <s> .
A B
) ‘/
> > > >
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a b. C
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The xSM

/
Vo(H,S) = —i2(HYH) + N(HTH)? + %(HT H)S + %Q(HT H)S>
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[ Key-item to generate a barrier in FOEWPT: as, a4, b3]
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The xSM

/
Vo(H,S) = —p(HYH) + N(HTH)? + %(H*H)s + %(H*H)S?

~
S=xp+s
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[ Key-item to generate a barrier in FOEWPT: as, a4, b3]

The question is:

Can these terms be as large as we want?
What’s the consequence of adding these terms?

How to probe them?
Wenxing Zhang, SPCS 2023 TDLI, SJTU @



The xSM

/
Vo(H,S) = —i2(HYH) + N(HTH)? + %(HT H)S + %Q(HT H)S>
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[ Key-item to generate a barrier in FOEWPT: as, a4, b3]

Th stion 1is: . .
e questio One consequence: Scalar sector mixing:

—ul—v_ﬂ- + g (bg -+ 25411?@) %1 (ﬂl + Zﬂgl‘ﬂ)

What’s the consequence of adding these terms? 4z

Vo 2
How to probe them? 2 (a1 + 2a20) 2\v;
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Can these terms be as large as we want?
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xSM Constraints: Vaccum Stability

/
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xSM Constraints: Perturbation
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xSM Constraints: EWPO

AO = (cos? 6 — 1)O°M(my,, ) + sin? 00°M(my,,) = sin? 0 [OSM(mhz) — O™ (my, )|

S — Sqp =0.04 £0.11
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— For 2 DoF, 95% C.L.
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xSM Constraints: EW Presion Observables

AO = (cos” 6 —
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xSM Constraints: Higgs Measurement

AO = (cos? 6 — 1)O°M(my,, ) + sin? 00°M(my,,) = sin? 0 [OSM(mhz) — OM(my,, )|
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xSM Constraints: Higgs Measurement

AO = (cos? 6 — 1)O°M(my,, ) + sin? 00°M(my,,) = sin? 0 [OSM(mhz) — O™ (my, )|
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xSM Constraints: Higgs Measurement

New physics may induce deviation in Higgs couplings. Therefore
it modifies the Higgs signal strength in Higgs measurement.

Production mode
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Probe SFOEWPT at the LHC: Heavy Scalar Resonance
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[All channels are effective in probing the xSM ! ]
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The first step: bbyy and 27 — 4l
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The first step: bbyy and 27 — 4l
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The first step: bbyy and 27 — 4l

b
P
g211 b
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1
g211 = E[(al + 2ax0) cos® 0 + 4vg (az — 3\) cos? fsin f

— 2 (a1 + 2aswg — 2b3 — 6byxg) cos fsin® O — 2asvg sin® 6].

Obbyy = Opp—rhs X BR(hg — hlhl) X BR(hl — bf_)) X BR(hl — "}f"}‘),
Oa¢ = Opp—sh, X BR(hy = ZZ) x BR(ZZ — 4¢)
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The first step: bbyy
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Will the combined bound be stronger?
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The problem is: How to combine them together?
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Standard of combination of multiple channels
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Standard of combination of multiple channels
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Results: The combined exclusion bound
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Results: The combined exclusion bound
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Combination of channels : bby~y and ZZ — 4]
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Open Questions: Test the sign of the mixing angle ?

p SM
= > ho <
| SM

D

Wenxing Zhang, SPCS 2023

hi1 = hcosf + ssinf

ho = scost — hsinf

LH

iggs measurement only constrain cos? 6
but not the sign of 0.
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Open Questions: Test the sign of the mixing angle ?
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Summary

e We study the SFOEWPT in xSM and searches for heavy resonant di-Higgs
production.

e We introduce the current constraints on this model from EWPO, Higgs
measurement, vaccum stability...

e We introduce a new scheme to combine the current LHC di-Higgs channels
and di-boson channels and show bby~y and 4/ detection ability.

e SFOEWPT is hard to be probed up to 5o for my, > 700 GeV.
e Combination of bbyy and 4l can be powerful in low mass region.
e An interesting open question: SFOEWPT prefer positive mixing angle.

How to check the sign of the mixing angle in the future?
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