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f Origin of Matter-Antimatter Asymmetry

(Baryogenesis)

S 3 kh arov CO N d |t| on S\ (for dynamical generation
~ —  of baryon asymmetry)

® B Violation

® C/CP Violation

® Departure from Thermal Equilibrium




f Origin of Matter-Antimatter Asymmetry |

Sakharov Conditions (for dynamical generation

of baryon asymmetry)

® B Violation v (Sphalerons)

Igl\t/?;: ® C/CP Violation ¥ not enough

Gavela, Hernandez, Orloff, Pene, Quimbay, Nucl. Phys. B 430 (1994) 382

® Departure from Thermal Equilibrium X not enough

Kajantie, Laine, Rummukainen, Shaposhnikov, Phys. Rev. Lett. 77 (1996) 2887



j Origin of Matter-Antimatter Asymmetry |

Sakharov Conditions (for dynamical generation

of baryon asymmetry)

® B Violation v (Sphalerons)

Igl\t/?;: ® C/CP Violation X not enough* |

*SM CP Violation insufficient by ~ 10 orders of magnitude

via 3-family fermion mixing
(CKM matrix)



Origin of Matter-Antimatter Asymmetry |

Sakharov Conditions (for dynamical generation

of baryon asymmetry)

® B Violation v (Sphalerons)

Igl\t/}‘f ® C/CP Violation ¥

® Departure from Thermal Equilibrium X not enough*

*The EW Phase Transition in SM is smooth, no out-of-equilibrium

(crossover)



(*The EW Phase Transition in SM is smooth, no out-of-equilibrium)

Finite-Temperature Effective Potential

Higgs Evolution >

in Early Universe Veir(h, T) = Vo(h) + V3P (h) + Vi (h, T)

Tree-level Loop Thermal
potential ~ corrections corrections



(*The EW Phase Transition in SM is smooth, no out-of-equilibrium)

Finite-Temperature Effective Potential

Higgs Evolution >

in Early Universe Veir(h, T) = Vo(h) + V3P (h) + Vi (h, T)

Tree-level Loop Thermal
potential ~ corrections corrections

(Perturbative) Nature of EW Phase Transition

1°* Order: 2" Order:
(hy =0 — (h) = h(T) Discontinuous (h) =0 = (hy = h(T) Continuous

V(h) |

Out-of-equilibrium



(*The EW Phase Transition in SM is smooth, no out-of-equilibrium)

Finite-Temperature Effective Potential
Vesr (b, T) = Vo(h) + Vo*" (h) + Vi (, T)

Tree-level Loop Thermal
potential ~ corrections corrections

Higgs Evolution >
in Early Universe

(Perturbative) Nature of EW Phase Transition

1** Order: 2" Order:
h(T) Discontinuous (hy =0 - (h) = h(T) Continuous

() =0 - () =

V(h) |

In the SM...



(*The EW Phase Transition in SM is smooth, no out-of-equilibrium)

Finite-Temperature Effective Potential
Vesr (b, T) = Vo(h) + Vo*" (h) + Vi (, T)

Tree-level Loop Thermal
potential ~ corrections corrections

Higgs Evolution >
in Early Universe

(Perturbative) Nature of EW Phase Transition

1°* Order:
(hy =0 — (h) = h(T) Discontinuous

vy | BSM can induce 1 Order Phase Transition




Non-Minimal Higgs sectors can yield 1 order EW phase transition

(multi-scalar dynamics in early Universe)

120

. . 100
e.g. nggS + Slnglet (Espinosa, Quiros 93, Choi, Volkas 93, Profumo, Ramsey-Musolf, Shaughnessy 07,

Noble, Perelstein 07, Espinosa, Konstandin, No, Quiros 08, Barger, Langacker, McCaskey, Ramsey-Musolf, Shaughnessy 09,
Ashoorioon, Konstandin 09, Espinosa, Konstandin, Riva 11, Barger, Chung, Long, Wang 12, Fairbairn, Hogan 13, 60
Katz, Perelstein 14, Profumo, Ramsey-Musolf, Wainwright, Winslow 14... + many more recently!)
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What about CPV? (*SM CP Violation insufficient)

Non-Minimal Higgs sectors can yield BSM CP Violation

(complex parameters)

e.g. Two-Higgs-Doublet-Model

Varipm = p [Hi|* + p3 | Ha|” — IHQ + h-C-}

A A
+ 5 M+ 55 [Ha o As [H | |
2 2
+ A |H1”H2| + 5@}1}”}5) + h.c.]

[ Phase of Mi(u%,)? is physical — CPV ]




What about CPV? (*SM CP Violation insufficient)

Non-Minimal Higgs sectors can yield BSM CP Violation

(complex parameters)

BSM CP Violation (very) strongly constrained by electric dipole moments!

(EDM experimental searches)
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Andreev et al (ACME Collaboration), Nature 562 (2018) 7727
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Altmannshofer, Gori, Hamer, Patel, Phys. Rev. D 102 (2020) 115042



What about CPV? (*SM CP Violation insufficient)

Non-Minimal Higgs sectors can yield BSM CP Violation

(complex parameters)

BSM CP Violation (very) strongly constrained by electric dipole moments! bl
(EDM experimental searches) ;

|d.|
e —2
<1.1x107%* cm
€
Andreev et al (ACME Collaboration), Nature 562 (2018) 7727

Type I e.g. ZHDM

5L ACME excluded

|d.|x10%° [e-cm]

1
] 1
0.1k Ao — — — — 1 ACNE ppjecte i

Two-loop “Barr-Zee”
electron EDM contribution

Charged Higgs
Gauge

===== Gauge (no kites)
Total

===== Total (no kites)

0.05 :-

0.01¢
0.5 1 5 10
tanf

Altmannshofer, Gori, Hamer, Patel, Phys. Rev. D 102 (2020) 115042

CPV: biggest challenge for successful EW Baryogenesis



Can Higgs sector help circunvent EDM Constraints? i g:

Non-Minimal Higgs sector inducing
CP Violation in early Universe?



Can Higgs sector help circunvent EDM Constraints? i %‘

Non-Minimal Higgs sector inducing
CP Violation in early Universe?

[courtesy of Wikipedia]

Finally:



Can Higgs sector help circunvent EDM Constraints? i g:

Non-Minimal Higgs sector inducing
CP Violation in early Universe?

A

T>v ]

[nggS sector w. (approximate) CP]

N2

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

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




Explicit realization: 2HDM + a«

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

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

Voupm = M% |H1|2 + M% |H2|2 - [N%z HIHQ + h-C-}

T A
V, = 7‘10,2 + Zacfl + (Z'I{(LHIHQ + h.c.)

A A
- - + 5 [ H o+ T [ Hal* + X5 |H0 [ | He
‘f‘)\aHlGJ ‘Hl‘ —|—)\aH2OL ‘HQ‘

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



Explicit realization: 2HDM + a«

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

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

12 N, . gm0 ~. Voron = 3 [Hi|* + 3 | Hal” — [H%z HIH2+h-C-}
V, = ra (),2 + _aa4 _{_1(3'I£CLHIHQ:A— hC) A\ Ao

2 ; 4 ; ~4_._.2_.___o2 +71‘H1‘4+7‘H2‘4+A3‘H1‘2‘H2‘2
‘f‘)\aHlGJ ‘Hl‘ —|—)\aH2(}J ‘HQ‘

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

Singlet-doublet pseudoscalar mixing: a Ay —> @12
Mg = (Nam, + Aam, 13)/(1+13)

Simplifying parameter assumptions

miy =m% = miy . = M? = pi,y/(speg) (2ZHDM degenerate spectrum)

Co—o =0 (2ZHDM alignment limit)



2HDM + a CP Violation

A Vornpum :M%‘Hl‘2+M%‘H2‘2_IHQ—Fh.C.}
a S

2
Ha 2 4 T
v, = Ha g2y 2ay +@H1H2+h.c.) \ \
2, + 5 [t 4+ 52 Hal' + s [H [P | Ho

2 2
_{_AaHl CL2|H1‘ +)\GH2a2|H2\ o 1 5
+ g | H{Hp| + 5@}1{ Hy) + h.c.]

® Besides \:(1%,)?, more CPV phases: e.g. *u,



2HDM + a CP Violation

A Vornpum :M%‘Hl‘Q_{'M%‘HQ‘Q_IHQ—'—h.C.}
a S

2
Ha 2 4 T
Vo=t2 a4 Zeat 4 ((inp HIH, + ) \ \
e + 5 [t 4+ 52 Hal' + s [H [P | Ho

2 2
_i_AaHl CL2|H1‘ +)\aH2a2|H2\ 5 1 5
+ g | H{Hp| + 5@}1} Hy) + h.c.]

® For )5, u2,, K € R, CP Conservation!
Gf (a) = 0)



2HDM + a CP Violation

Variom = 3 [Hq|* + pi3 [ Ha|” — [M%z H{H, + h-C-}

Ha A
Va — 7050’2 _|_ Zaa'él —|— (Z,RQ,HIHQ +h.C-)

A A
L4 o + 5 [ H o+ T [ Hal* + X5 |H0 [ | He
+ Aany 0 [Hy|" + Aqn, a7 | Ho|

AR AN
Y |H1H2| +3 [)\5 (H1H2) + h.c.]

® For )5, 1%,, K € R, CP Conservation!

[ Gf (a) = 0)]

—

If non-zero vev, CP Violation!

Possible to switch-on & switch-off (a) in early Universe

«“Transient CPV?’




2HDM + a CP Violation

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

T A
Va — 70’&2_|_ Zaa’4+ (ZR@HIHQ"‘h.C-)

A A
L4 o + 5 [ H o+ T [ Hal* + X5 |H0 [ | He
+ Aany 0 [Hy|" + Aqn, a7 | Ho|

AR A
+A4HJ@|+§Pqﬁﬁﬁ)+h@]

(h1), (ha)

® For )5, u2,, K € R, CP Conservation!

(if (a) =0) (1(T), 02(T),0) @

- o

If non-zero vev, CP Violation!

>
Possible to switch-on & switch-off (a) in early Universe (1 <a’>

«“Transient CPV?’



Transient CPV:

There is no
Free Lunch.

©Joel Wagner



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

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

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

[T > O] (2HDM + a thermal history)

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

q A
Background-field
dependent massses

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

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

> EW breaking @ T,

T? ~ 6m3 v?/ (5m3 + Xgv? + 6m3, + 3m% + 6mj)



Transient CPV: Requirements (II) Ty s

Aa . .
 Vo=Era?+ hat + (ika H{Hy + b))

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

(T > 0] (2HDM + a thermal history)

: : T2 T2
We add thermal O(7?) corrections to scalar potential: ~ Vr= > oy M+ 8 > npM;
f
e Tq>T,
250 A50 50 ——
<h1> ; <h2> — oy
200 - 400 400 1
3
. . g 150 A 50 A 150
(v1 (1), v2(T),0) @ g
g 100 4 100 100 4
(2 g
50 A 50 A1 50 A
(a) T o o -l o 1o o
o (0 0 ’US(T)) Field (n,) GeV) Field(h,)(GeV) Fie|d<a>{GEV)

[courtesy of Jose Manuel Cano]



Transient CPV: I + 1II

sp = 0.1, M = 850 GeV

100

50

[
!
1

CPV penod, vg = 150 GeV o
CPV penod, vg = 70 GeV }

R
R L e I AARA s n s s n R s ns R

00 02 04 0.6 08 L0 12 1.4 16 L8 20 22

mal ,max

= 5 [g v A\s(1 = F)

D)
Cop — Sp

EW vacuum deepest @ T =0

(4 /\(EIIJ + 4 /\(1}'1'2 + 3 /\(l) ?Tlﬁ

T2 (5m2 + Agv? + 6m¥, + 3m?% + 6m?)

10



Transient CPV: I + 1II

sp = 0.1, M = 850 GeV

CPV penod, vg = 150 GeV

f.if:[]é CPV penod, vg = 70 GeV }

[
!
1

0.0 02 04 0.6 08 10 1.2 1.4 1.6 1.8 2.0 225

EW vacuum deepest @ T =0

LS DR =
5

o (4 /\aHl + 1 /\aHg + 3 /\(1) ?Tlﬁ
~ 2(5m? + Agv? + 6m, + 3m% + 6m?)

4

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

10



Transient CPV: I + 1II

sp = 0.1, M = 850 GeV

|

CPV period, vs = 150 GeV
f.if:[]é CPV penod, vg = 70 GeV }
300 3 T ~ T
S h
250
200 3 2 . 1 22 Aa(l F 2 M2
: mal,max_m[cﬂv s(1—F) —sp }
150 0 0
100
_ . (4 /\aHl +4 /\aHg +3 /\(1) 'ﬂ’lﬁ
503 / ~ 2(5m? + Agv? + 6m, + 3m% + 6m?)
' I
||l||

0.0 02 04 06 08 L0 1.2 1.4 16 1§ 20 22524 2.6 28 3.0
Ajg 3

EW VaClllll‘+ deepest @ T =0

\/

Successful transient CPV needs
light singlet-like pseudoscalar

10



sinf

2HDM + a: Baryogenesis vs LHC

M =400 GeV, vg = 130 GeV, Ayg, =5 g, = 0.5, 13 =3

10_1?
10724
] n € [noss/2. 2noss]
Higgs Signal Strengths, Current (ATLAS 137 tb~1)
h — aja, — 4f, Current
B Hy — Zay, Current (CMS 8 + 13 TeV, ATLAS 13 TeV)
Hy — aja; — 4b, Current (CMS Recast)
r—== Hy— Zay, HL-LHC
10_3 | r—= Hy— aa — 4b, HL-LHC
0 20 10 60 0 100 120 140
ma, (GeV)
( )
n € [noBs/2, 2noBs|
\_ J
( )
: 2
1? —~ 6 % 102 Sln(gt) gﬂ \.‘- ------------------- ]T]'-'n
10~ LwT. | Nos = 8.7 X 107"

Fromme, Huber, JHEP 03 (2007), 049



2HDM + a: Baryogenesis vs LHC

M =400 GeV, vg = 130 GeV, Ayg, =5 g, = 0.5, 13 =3

Hy — Zay — (0bb

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?

sinf

10724
' 7 € [noss/2, 2noss]

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

h — aja, — 4f, Current

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

r—== Hy— Za,, HL-LHC

10_3_ F== ‘HO — 1y (1 — 4b? HL-LHC

RULED OUT
(LHC Higgs signal strengths)

11



2HDM + a: Baryogenesis vs LHC

M =400 GeV, vg = 130 GeV, Ayg, =5 g, = 0.5, 13 =3

Hy — Zay — (0bb

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?
A — ZH/H — Z A searches were
- originally targeting baryogenesis in
= 2HDM!
wm
Dorsch, Huber, Mimasu, JMN, PRL 113 (2014) 211802
1024
3 1 € [nos /2, 2oz ATLAS more sensitive (more lumi),
Higgs Signal Strengths} Current (ATLAS 1377 fb_l) yet no quoted limit below 130 GeV
h — aja, — 4f, Current
B Hy — Zay, Current (CMS 8 + 13 TeV, ATLAS 13 TeV)
Hy — aja; — 4b, Current (CMS Recast) 2
r___-‘ HQ — Zal} HL-LHC
10-3- F == Hy,— aya, — 4b, HL-LHC [F (HO — Zafl) X SQ J
o 20\ 40 60 0 00 20 140
Mma, (GeV)

RULED OUT
(LHC Higgs signal strengths)

11



2HDM + a: Baryogenesis vs LH

M = 400 GeV, vg = 130 GeV, Mg, = 5 Aasr, = 0.5, 5 = 3

Ho — Zay — 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)
101
- A — 7Z H/H — Z A searches were
- originally targeting baryogenesis in
= 2HDM!
w
Dorsch, Huber, Mimasu, JMN, PRL 113 (2014) 211802
10_2?
0 € [noss/2. 21os] ATLAS more sensitive (more lumi),
Higgs Signal Strengths, Current (ATLAS 13/ fb~!) yet no quoted limit below 130 GeV
h — aja; — 4f, Current
B Hy — Zay, Current (CMS 8 4 13 TeV, LAS 13 TeV)
Hy — ayay — 4b, Current (CMS Recast) 2
I'_-_-J H{] — ZQ-I: HL-LHC
10-3- F == Hy— aja, — 4b, HL-LHC [F (HO — Za'l) X 89 ]
o 20\ 40 60 8 100 120
Mma, (GeV)
HO — a1a1 — bbbb
RULED OUT
. . CMS, JHEP 08 (2018), 152 (13 T
[ (LHC Higgs signal strengths) ] J (2018) ( ev)

Limits are recast of H — 4k CMS search

Barducci, Mimasu, JMN, Vernieri, Zurita, JHEP 02 (2020), 002
| 2 4
[F ( Hy — ajaq ) X (Aam, — AaH,) C@]

11




Summary

> Early Universe “Iransient” CPV: Baryogenesis & 'lo [EIDIVI comsirainis

> “Transient” CPV requires light (~100 GeV) pseudoscalar & coupled to 125 GeV
Higgs boson (& rest of Higgs sector)...

Within LHC reach!

/ Cascade scalar decays @LHC

Hg — a1a1 — bl_)bl_)
Hoy — Zai — 40bb

. J




Summary

> Early Universe “Iransient” CPV: Baryogenesis & 'lo [EIDIVI comsirainis

> “Transient” CPV requires light (~100 GeV) pseudoscalar & coupled to 125 GeV
Higgs boson (& rest of Higgs sector)...

Within LHC reach!

/ Cascade scalar decays @LHC

H() — a1a1 — bl_)bl_)
Hoy — Zai — 40bb

. J

* : : i : : i
[In this realization! Other realizations lead to other light states: Cano, Gori, Mimasu, JMN, 23XX. XXXXX]

7 CTAY i
. g

12



Summary

> Early Universe “Iransient” CPV: Baryogenesis & 'lo [EIDIVI comsirainis

> “Transient” CPV requires light (~100 GeV) pseudoscalar & coupled to 125 GeV

Higgs boson (& rest of Higgs sector)...

Within LHC reach!

/Cascade scalar decays @LHC

H() — 141 — bl_)bl_)

Hy — Zay — 00bb

. J

R

KEEP
CALM

AND

COLLIDE
HADRONS

12



Summary

> Early Universe “Iransient” CPV: Baryogenesis & 'lo [EIDIVI comsirainis

> “Transient” CPV requires light (~100 GeV) pseudoscalar & coupled to 125 GeV
Higgs boson (& rest of Higgs sector)...

Within LHC reach!

/Cascade scalar decays @LHC

Hg — 141 — bl_)bl_)
Ho — Zay — £4bb

. )

12






Vo =

+my XX+ 9y a Xiv°X

(Two Higgs doublets + singlet pseudoscalar)

u?

Ha 2y Ao ey
a —CL
2 4

2HDM + a

(znzaHTHQ +

+ Ao, @2 |Hi|? + Aom, o |Ho|?

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

M

S
por’tan’t

Notice

m,,. [GeV]

V = Voupm + Ve

h.c. ) Vaupm = w3 |Hq|? + 13 | Ha|? — [N%QHIH2+h-C-]

!

t 2
+)\4’H1H2’

[LHC DM WG Benchmark]

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

e.g.

L A e e e

1400~ ATLAS Preliminary _|

C N s=13 TeV, 139 fo' ]

- :::‘~"::~ N All limits at 95% CL B

1200 N oS \ - - Expected ]

i £ 104 ]

1000 _— — Observed ]

: — DMt SRComb :

L — DMt SR, |

800 - —— DMt SRta 4

C DMt SRM, 7

600 2HDM+a, Dirac DM —

B =10GeV,g =1, tanf =1 7

B '—,-—’— sme 1lrm =my = mA ]
400 = T o] PRI B [
100 200 300 400 500 600

m, [GeV]
ATLAS-CONF-22-012

95% CL upper limit 0/0theary

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

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

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

-
~
(3]

-
o
=)

-
ad
<1}

-
o
=)

~
<))

bl
=)

n
w

F my=10GeV &= Median and 68% expecied, m, = 250 GeV 1

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

tanf=1.sinf=0.35, &= Median and 68% expected, m, =500 GeV |

e
o

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

CMS-PAS-FTR-22-005



2HDM + a: Dark Matter?

. My XX T Yy GXV5X

Very different LHC signatures!

[Invisible decays of singlet-like pseudoscalar]




2HDM + a: Dark Matter?

. My XX T Yy AXV5X

Recall:
T¢ = 12|p2| /(4 Xam, + 4 Aam, + 3 X0)

DM coupling yields
v
A0am, +4Xam, + 300 = 40l +40am, + 30 + 203

[Decrease in Singlet Temperature!

Tg > T3 ?




2HDM + a: Baryogenesis

T=T,
[(o,o, vs(T)) | (m(T),w(T),m]

degenerate in energy

M = 400 GeV
: o = 90 GeV = v./T,
20k ?3:120(}:\/ EC c/ C
o = Ay 05 Transition strength

sin f, = —0.047

s L L)

0 40 80 120 160 200 240
p1 [GeV]

P Violation & Barvogenesis

2 — 2 i (complex parameter
H1a(T) = 1y — ik vs(T) in scalar potential)

Phase diff. between CPV and EW minima —{> [55' = Arg[fﬁfz(T)*Iﬁz]]

A/
A/(Sr, = 55'/(1+t%)

y o sin(dg) &2 S |
— 1 : "o
[10_“ ot Lw1T. inops = 8.7 x 1071

Fromme, Huber, JHEP 03 (2007), 049
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