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SM symmetries in early Universe

Symmetry (discrete, continuous, gauge?) of SM not present in early Universe...

“Transient symmetry breaking?’

Related ideas: (surely incomplete!)
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SM symmetries in early Universe?”

Symmetry (discrete, continuous, gauge?) of SM not present in early Universe...

“Transient symmetry breaking?’

... to solve open problem(s) of SM

-------------------------------------------------------------

-------------------------------------------------------------



» Origin of Matter-Antimatter Asymmetry

"~ Sa kh arov Con d iti ons . (for dynamical generation
= of baryon asymmetry)

@ B Violation
® C/CP Violation

® Departure from Thermal Equilibrium



| Why CP? » Origin of Matter-Antimatter Asymmetry

of baryon asymmetry)

Sa kharov Conditions (for dynamical generation

o B Vlolatlon

® C/CP Violation

® Departure from Thermal Equilibrium

SM CP Violation insufficient by ~ 10 orders of magnitude

Gavela, Hernandez, Orloff, Pene, Quimbay, Nucl. Phys. B 430 (1994) 382
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Andreev et al (ACME Collaboration), Nature 562 (2018) 7727




e.g. 2HDM CPV

Electric Dipole Moments:
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e.g. 2HDM CPV

VQHDM = ,UJ% ‘Hl‘Q + ILL% |H2‘2 — (@ IHQ + hc]

Electric Dipole Moments:

|d.|x10%° [e-cm]
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Phase of A\:(u$5)? is physical

Two-loop “Barr-Zee”’
electron EDM contribution
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1 EW Baryogenesis?




Transient (early Universe) CPV can circunvent EDM Constraints!

[N n-Minimal Hi r_inducin ]
A

T>v )

[nggS sector w. (approximate) CP]

%

[ CP Violation (via pseudoscalar Vev)]
T ~v RN EW Phase Transition

[Higgs sector w. (approximate) CP]
T=0




Explicit realization I. 2HDM + «

Huber, Mimasu, JMN, PRD 107 (2023) 07542

(Two Higgs doublets + singlet pseudoscalar) V' = Voupy + V,,

Voupm = M% ‘Hl‘Q + M% ‘HQ‘Q - [N%z HIHQ + h-C-}

T A
V, = 7‘“@2 + Zacfl + (?JFLCLHIHQ + h.c.)

A A
- - + 5 [ H o+ T [ Hal* + X5 |H0 [ | He
‘f‘)\aHlGJ ‘Hl‘ —|—)\aH2(}J ‘HQ‘

A A
Y |H1H2| +3 {)\5 (H1H2) + h.c.]

|[LHC DM WG benchmark model] (Pseudoscalar portal to DM)

Abe et al, Phys. Dark. Univ. 27 (2020), 100351



Explicit realization I. 2HDM + «

Huber, Mimasu, JMN, PRD 107 (2023) 07542

(Two Higgs doublets + singlet pseudoscalar) V' = Voupy + V,,

12 A, Varroat = p1f [Hy | + p3 | Ho|?* — [M%z HH, + h-C-}
V, = ?‘l a’® + Za4 + (i/{aHIHQ + h.c.)

A A
- - + 5 [ H o+ T [ Hal* + X5 |H0 [ | He
‘f‘)\aHlGJ ‘Hl‘ —|—)\aH2(}J ‘HQ‘

A A
Y |H1H2| +3 {)\5 (H1H2) + h.c.]

----------------------------------------

Simplifying parameter assumptions ?

L omiy, =miy, = mi = M? = piy/(spep) ! -

Che = ... & forget
" ! about DM!

----------------------------------------



Explicit realization I. 2HDM + «

Huber, Mimasu, JMN, PRD 107 (2023) 07542

(Two Higgs doublets + singlet pseudoscalar) V' = Voupy + V,,

112 A -, Vorpm = 14 ‘Hl‘Q + 4 ‘HQ‘Q - [N%z HIHZ T h-C-}
Va=§a2_|_zaa4 _|_:‘Z'Ii¢LH1rH2—i—h.C.) A . Ao . ) ,
) 9 - ) 9 +?‘H1‘ +7‘H2‘ + A3 |H1|” [Ha|
+ )\aHl a ‘Hl‘ —|—)\aH2(}J ‘HQ‘

P21 o2
Y |H1H2| +3 {)\5 (H1H2) + h.c.]

Singlet-doublet pseudoscalar mixing: a Ag — Q12



Explicit realization I. 2HDM + «

Huber, Mimasu, JMN, PRD 107 (2023) 07542

(Two Higgs doublets + singlet pseudoscalar) V' = Voupy + V,,

12 A, Varrom = p13 [Hi|* + p3 | Ha|? _IHQ + h-C-}
V,==2 a’ + 2a .4 _{_@]HIHQ + h.C.)

A A
S + S+ 5 Hal* 4 2 | | o

2 2
+)\aH1 GQ‘HI‘ +)\aH2 QZ‘HQ‘ 2 1 2
+ g | H{Hp| + 5(EJHIHQ) +h.c.]

------------------------------------------------------------------

. @ Besides A:(p%,)?, more CPV phases: eg. K*ui,

------------------------------------------------------------------



Explicit realization I. 2HDM + «

Huber, Mimasu, JMN, PRD 107 (2023) 07542

(Two Higgs doublets + singlet pseudoscalar) V' = Voupy + V,,

112 Vorom = 443 | |* + 415 | Hs|” _IHZ T h-C-}
Va——aa +—a4+@1HTH2+hc )

A A
+ 5 [ H o+ T [ Hal* + X5 |H0 [ | He
2 1 2
+ g | H{Hp| + 5@}1{ Hy) + h.c.]

® Besides \:(1475)?, more CPV phases: e.g. fs:*,u%Q

+ oy @2 [Hy |? 4 Ao, 02 | Ha|”

. @ For \5, 13,, K € R, CP Conservation!
(f (a) = 0)

---------------------------------------------------



Explicit realization I. 2HDM + «

Huber, Mimasu, JMN, PRD 107 (2023) 07542

(Two Higgs doublets + singlet pseudoscalar) V' = Voupy + V,,

112 Vorpm = /] ‘Hl‘Q + 3 ‘HQ‘Q _IHZ + h-C-}
Va="F2a? +—a4+@1HTHQ+hc :

A A
+ 5 [ H o+ T [ Hal* + X5 |H0 [ | He
2 1 2
+ g | H{Hp| + 5@}1{ Hy) + h.c.]

® Besides A: (135)?, more CPV phases: e.g. R*M%Q

+)\aH1 2| Hy [* + Ao, a® | Ho”

® For )5, ;19,, kK € R, CP Conservation!
(f (a) = 0)

'/

If non-zero vev, CP Violation!

Varying (a) in early Universe

¢«“Transient CPV??




Transient CPV

sgp = 0.1, M = 850 GeV

4005 —
] CPV period, vg = 150 GeV jo“ |
SHIE CPV period, vg = 70 GeV ’
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Transient CPV

<h1> ) <h2>
(v1(T),v2(T),0)
sp = 0.1. M = 850 GeV (2
400 5
E CPV penod, vg = 150 GeV
350 3 CPV period, vg = 70 GeV _ P > (a)
0,0, T

300 (0,0,v5(T))
S 25()
=~ 200

—————) | Universe trapped at T = 0 in
CPV vacuum (unphysical!)

100
! Se€c c.g.
:.... R S S Baum, Carena, Shah, Wagner, Wang, JHEP 03 (2021) 055
0.0 0.2 04 06 08 LO 1.2 1.4 1.6 1.8 20 22 24 2.0 28 3.0 Biekotter, Heinemeyer, Olea, JMN, Weiglein, JCAP 06 (2021) 018
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Successful transient CPV needs
light singlet-like pseudoscalar

As = (Namy + Aam, t%)/(l +t%)



Baryogenesis

0 = 55‘/(14-15%)

/

n

6% 107 sin(dy ) £2

10-H Lw 1,

Fromme, Huber, JHEP 03 (2007), 049

‘Sc — Uc/Tc

Transition strength

-

.

Baryon Asymmetry can be

studies

N

related to 2HDM Baryogenesis

J

ty =3
)\aHl

M = 400 GeV
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= )\aHz - 05
sinf, = —0.047

Phase difference between
«“CPV?” and EW minima

[55 = Arg[ﬁz(T)*ﬁz]]

pi2(T) = piy — ik vs(T)



Baryogenesis

M = 400 GeV, vg = 130 GeV, Agp, = dAap, = 0.5, 15 =3

10_1?

sind

1072+
1 1 € [noss/2, 2nos|

Higgs Signal Strengths, Current (ATLAS 137 tb~1)

h = aya; — 4f, Current

B Hy — Zay, Current (CMS 8 + 13 TeV, ATLAS 13 TeV)
Hy — ayay — 4b, Current (CMS Recast)

r== Hy— Zay, HL-LHC

103 © == Hy— ayay — 4b, HL-LHC
0 20 40 60 0 00 120 140
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#HowTo Search? LHC

M = 400 GeV, vg = 130 GeV, Az, = 5 Aagr, = 0.5, t5 = 3 Hy — Zap — 00bb

CMS, Phys. Lett. B 759 (2016), 369 (8 TeV)
CMS-PAS-HIG-18-012 (13 TeV)
ATLAS, Phys. Lett. B 783 (2018), 392 (13 TeV)

10_1?

ATLAS more sensitive (more lumi),
yet no quoted limit below 130 GeV

T (Hy —» Zay)ox 2 |

sind

10_2?

1 € [noss/2, 2nos|

Higgs Signal Strengths, Current (ATLAS A37 th~1)

h = aya; — 4f, Current

B Hy — Zay, Current (CMS 8 + 13 TeVf ATLAS 13 TeV)
Hy — ayay — 4b, Current (CMS Recgft)

r== H, > Za,, HL-LHC

— e

"7 Hy— ayay — 4b, HL-LHC

10731

60 80 100 140
Ma, (GeV)

CMS, JHEP 08 (2018), 152 (13 TeV)

Hy — aja; — bbbb
RULED OUT
(LHC Higgs signal strengths)

Limits are recast of H — hh CMS search

Barducci, Mimasu, JMN, Vernieri, Zurita, JHEP 02 (2020), 002

F (HO — a,la,l) X ()\aﬁl - )\a,Hg)2 céll]

\\




Explicit realization II: 2HDM + S (with “dark” Z, symmetry)

Biekotter, Cano, Gori, Mimasu, JMN, 24xx.XXXXX

. . . A CP-violating Higgs portal:
Explicit CPV, secluded in dark sector Assisting baryogenesis from the dark

T. Biekotter,” J. M. Cano,”¢ S. Gori,” K. Mimasu,® J. M. No®®

“ Institute for Theoretical Physics, Karlsruhe Institute of Technology, Wolfgang-Gaede-Str. 1, 76151
Karlsruhe, Germany

b Departamento de Fisica Tedrica, Universidad Autdnoma de Madrid, Cantoblanco,
E-28049, Madrid, Spain

“Instituto de Fisica Teorica IFT-UAM/CSIC, Cantoblanco, E-28049, Madrid, Spain

A A
V(H, He, $) = pf |HA + 3 | ol — [y b1 Hy + hc| + S| + 22 | o

“KCL

9 9 1 2 1 ¥ 2 F-mail: thomas.biekoetter@kit.edu, josem.canoCuam.es, sgori@ucsc.edu,
+ )\3 |H1‘ ‘HQ‘ + )\4 ‘HIHQ‘ + § )\5 (HlHQ) + h.C. ken.mimasu@kcl.ac.uk, josemiguel .no@uam.es

1 ABSTRACT: Electric dipole moments yield very strong constraints on the existence of bevond
the SM sources of CP violation that could catalyze baryogenesis. We explore the possihility

2 =
HS 2 | AS ca 2 2 2 2 2 77t
+ == 574+ —85% + A, 57 |H1|” + A, S |Ha|” + =||A H,Hs +h.c.

2 4 51 ‘ 1‘ 2 | 2| 2L 53 1442 that CP violation needed for baryogenesis is active in the early Universe but is suppressed

now. We consider that CP violation is caused by the interactions between a dark sector
and the Higgs sector of the SM, and the multi-scalar dynamics in the early Universe yields

Extra EDM suppression (3-loop) @




Explicit realization II: 2HDM + S (with “dark” Z, symmetry)

Biekotter, Cano, Gori, Mimasu, IMN, 24xx.XXXXX

Explicit CPV, secluded in dark sector

A A
V(Hy, Ha, §) = i} [0 + i3 | Hol” = |yl Ho + e | + 5 [H[* 4+ 22| ol

) ) i 2 1 Y
—}—)\3|H1‘ ‘HQ‘ + A4 H1H2 —1—5 A5 H1H2 + h.c.

2
A 1
+ 52 6% S5t 4 ng, 87 [P 4+ As,S? | Hl + 5

'/\53}5’211[{ H +h.c)]

Extra EDM suppression (3-loop) ‘

A CP-violating Higgs portal:
Assisting baryogenesis from the dark

T. Biekétter,” J. M. Cano,’* S. Gori,Y K. Mimasu,® J. M. No’®
@ Institute for Theoretical Physics, Karlsruhe Institute of Technology, Wolfgang-Gaede-Str. 1, 76131

Karlsruhe, Germany

b Departamento de Fisica Tedrica, Universidad Autdnoma de Madrid, Cantoblanco,
E-28049, Madrid, Spain

“Instituto de Fisica Teorica IFT-UAM /CSIC. Cantoblanco, E-28049. Madrid, Spain
4UCsSD

‘KCL

E-mail: thomas.biekoetter@kit.edu, josem.cano@uam.es, sgoriQucsc.edu,

ken.mimasu@kcl.ac.uk, josemiguel.no@uam.es

ABSTRACT: Electric dipole moments yield very strong constraints on the existence of bevond
the SM sources of CP violation that could catalyze baryogenesis. We explore the possibility
that CP violation needed for baryogenesis is active in the early Universe but is suppressed
now. We consider that CP violation is caused by the interactions between a dark sector
and the Higgs sector of the SM, and the multi-scalar dynamies in the early Universe yields

Transient CPV provides CPV link to visible sector



Explicit realization II: 2HDM + S (with “dark” Z, symmetry)

Biekotter, Cano, Gori, Mimasu, IMN, 24xx.XXXXX

ms [GeV]

Parameter regions of transient CPV similar to Realization I ...

As=1,tan =2

400_ ----------- %

300 |
200 |

100}

400

300 |

100}

Ag=1,tan B =1

Viable Region
7, Boundedness Singlet
7, No FOPT
— Th< Tg
— Vew < Vs
—— m$? < Agv?

* Benchmark Point

[(Again) successful transient CPV needs light singlet]

10



Explicit realization II: 2HDM + S (with “dark” Z, symmetry)

Biekotter, Cano, Gori, Mimasu, JMN, 24xx.XXXXX

For ma,. mn, > 2ms phenomenology as 2HDM with extra invisible decays
of both BSM neutral scalars!



Explicit realization II: 2HDM + S (with “dark” Z, symmetry)

Biekotter, Cano, Gori, Mimasu, IMN, 24xx.XXXXX

95% CL upper limit on p

Bounds on invisible decays of BSM scalars constrained by LHC DM searches:
Reinterpretation of simplified DM models with scalar/pseudoscalar mediator

e. g. Mono-Jet CMS-EXO-20-004

137 fb~1, 2016-2018 (13 TeV)

—
S

—
=2
=]

CMS

_I LI I L
- -& Median expected

- —#— Observed
| B 68% expected
95% expected

Scalar mediator |
PP — XX +]/Z(qq)
mpm = 1 GeV, gq=1.0,94=1.0

v b b b b b b i s s i
0 100 200 300 400 500 600 70O 80O

Mmed {GEV)

I
)\S_{ =1

I o_
. s, =01
2.()‘ ] )\{;{ = (.02

0.5
ma, (GeV

150 200 250 300 350 400 450 500

550

For ma,. mn, > 2ms phenomenology as 2HDM with extra invisible decays
of both BSM neutral scalars!

3.0 S
- AS - 17 cﬁ—u — _0.1
- )‘3 = 05: Ci—a = —0.1

25 LT T )‘3 - 002: Chon = —0.1

)‘3 = 11 cafj’—” = 0
A3 =05, c5-0=0
A =002,c54=0

1.0}

0.

mg, (GGV)
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Summary

® Transient (early Universe) breaking of SM symmetries to solve SM
problems?

|

[O Transient CPV circunvents EDM constraints, allows for EWBG]

... needs light d.o.f. (& coupled to Higgs)
Within LHC reach!

12



Summary

Transient (early Universe) breaking of SM symmetries to solve SM]

o
problems?

[O Transient CPV circunvents EDM constraints, allows for EWBG]

... needs light d.o.f. (& coupled to Higgs)
Within LHC reach!

> Realization I: Light (~100 GeV) pseudoscalar

" Cascade scalar decays @LHC
H() — a1a1 — bf_)bf_)

Hy — Zay — 00bb
cee /
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Summary

Transient (early Universe) breaking of SM symmetries to solve SM

o
problems?

|

[O Transient CPV circunvents EDM constraints, allows for EWBG]

... needs light d.o.f. (& coupled to Higgs)

Within LHC reach!

> Realization I: Light (~100 GeV) pseudoscalar " Cascade scalar decays @LHC )

\_

H() — a1a1 — bf_)bf_)
Ho — Zay — £0bb

> Realization II: Invisible decays of BSM neutral (2HDM) scalars

Biekotter, Cano, Gori, Mimasu, JMN, 24 XX. XXXXX] | o

p
DM-like signatures
(Mono-X)

~\

12



EW baryogenesis is alive and testable!
“Michael J. Ramsey-Musolt”






Subtlety regarding CPV & EWBG

0 A
> “Local” vs “Global” EWBG: *‘:—‘/
s e @
/ \ o ¢_0+/ » :
. bl
Baryon density generated Average Baryon density > \. )
in vicinity of Higgs bubble per Hubble volume \ o
walls A o/ ! N\
[

What?s the problem?

(h1), (ha)

- >
a
(0,65v5(T)) o o (0,0,vs(T)) !

Equivalent vacua (same energy)

But CPV phases from vacua
will have opposite signs!

“Global” Baryon density =0



Subtlety regarding CPV & EWBG

!

> “Local” vs “Global” EWBG: . ~

¥ | N
/ \ O 9= /
_ et Db
Baryon density generated Average Baryon density 0 e \. \\

N
& O
’
Q

in vicinity of Higgs bubble per Hubble volume
walls

What?s the problem?

(h1), (ha)

Ooes(1) O O (0.1
Biased vacua (u3/3)a’ [ Need EXpliCit CPV ]

Albeit Tiny!
Ay = M85+ Aapta) V5 + AAaptg Zl w y
672 AV/T* > 10~

McDonald, PLB 323 (1994), 339



Transient CPV: Requirements (I) T s

; p2 A .
 Vo=Era?+ hat + (ika H{Hy + b))

2 2
+ )\aﬂl &2 ‘Hl‘ + AQHQ CL2 |H2|

tT=0 T
® M(QL < 0 (needed for (a) # 0 at T > 0)
o 2 /\ 2 A 2 , B B
Ma+ ( aHq “Ul—|— aH> ’02) > () (yields (a) = 0 at T = 0)

v1,2 = \/§(H1,2>

¢ EW vacuum deepest minimum at T = 0



Transient CPV: Requirements (II) Ty s

P Vo = %3 a® + %‘Ia‘l + (maH}“HQ + h.c.) :
(2HDM + thermal history) ' '

 Xasty 62| H1 P + g, o2 | Ho|?

(T > 0]

, . T2 T2
We add thermal O(7%) corrections to scalar potential: vy = Zb:nb Mg? + 15 Zf:nfM?

q A
Background-field
dependent massses

> CP breaking ({(a) # 0) @ TS

TZ = 12| p2| /(4 Nam, + 4 Xam, + 3 M)

> EW breaking @ T,

T? ~ 6m3 v/ (5m3 + Ag v* + 6m3, + 3m% + 6m3)

[TS > Th] (w1 (1), 0a(T),0)
‘»{




(Two Higgs doublets + singlet pseudoscalar)

A,
v, = Ha 2 4 fa gt +(zmHTH2+hc)

2 4

+ Xam, @2 |Hi|? + Aam, a

vee TNy XX+ gy A Xi’YE)X

Pseudoscalar portal to DM

Ipek, McKeen, Nelson, PRD 90 (2014), 055021
JMN, PRD 93 (2016), 031701

Goncalves, Machado, JMN, PRD 95 (2017), 055027
Bauer, Haisch, Kahlhoefer, JHEP 05 (2017), 138
Robens, Symmetry 12 (2021) 12, 2341

2 | Hy|?

m,,. [GeV]

[LHC DM WG Benchmark]

!

t 2
+)\4’H1H2’

Abe et al, Phys. Dark. Univ. 27 (2020), 100351

e.g.

1400

1200 AN

1000

—
ATLAS Preliminary _|
Vs=13 TeV, 139 fb" 7
All limits at 95% CL -

- - - Expected ]

+ 16, ]

— Observed ]
— DMt SRComb :
— DMt SR, _
— DMt SRlW -
DMt SR,," ]
2HDM+a, Dirac DM —

=10GeV,g_ =1,tanf =1
x
sme 1lrm L=my= mA
P R [

ATLAS-CONF-22-012

L ST B
100 200 300 400 500 600

m, [GeV]

95% CL upper limit 0/Tneqry

-
N
o

-
o
=)

-
ad
<1}

V = Voupm + Ve

Vorpm = 5 [Hi | + p3 | Ha|? — [/’L%Q HIH, + h-C-]

2 Ho|* + X3 |H1 P | Ha |

4 % {)\5 (HIHQ)Q + h.c.}

CMS Phase-2 Simulation F‘ren'rmmar 3000 fb (14 TeV
4

o
=)

75

5.0

251

T T T
EHDM +a, Hobb + pjiss &= Medi an and 68% e xpected, m =750 Gev

[ tanB=1.sin8=0.35, &= Median and 8% expected, m, = 500 GeV ]
my =10 GeV === Median and 68% expected, m, = 250 GeV :

0.0

| - il n 1 | i 1 PR - | " |- 4
800 1000 1200 1400 1600 1800 2000 2200
ma (GeV)

CMS-PAS-FTR-22-005
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