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Themes for This Talk

So far, connecting tests of TR invariance in neutron
physics with the baryon asymmetry has focused on
the neutron EDM

In this context, the neutron EDM provides an
important probe that complements information from
paramagnetic systems and diamagnetic atoms

Non-observations of EDMs place severe — but not
fatal — constraints on baryogenesis scenarios at the
TeV scale & below

There is room for more thought about connections
with other neutron TR tests



Goals for This Talk

Provide a general context for interpreting EDM
experiments

lllustrate the interplay of EDM searches with TeV
scale & below baryogenesis scenarios

Invite discussion



Outline

. EDM’s: The SM & BSM context
Il. The Cosmic Matter-Antimatter Asymmetry
Ill. Electroweak Baryogenesis: Examples

IV. Post-sphaleron Baryogenesis
V. Outlook






EDMs & SM Physics

dSM~(10"ecm) x Oocp + d, KM
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EDMs & SM Physics
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EDMs & BSM Physics

d~(10"°ecm) x (v/A)? x|sing|x y; F

CPV Phase: large enough for baryogenesis ?
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EDMs & BSM Physics

d~(10"°ecm) x |(v/A)?|x sing x y;F

BSM mass scale: TeV ? Much higher ?
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EDMs & BSM Physics

d~(10"°ecm) x (v/A)? x sing x|y;F

BSM dynamics: perturbative? Strongly coupled?
Dependence on other parameters ?
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EDMs & BSM Physics
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Need information from at least three “frontiers”
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EDMs & BSM Physics

d~(10"°ecm) x|(v/A)?|x |sing|x|y;F

Need information from at least three “frontiers”

 Baryon asymmetry Cosmic Frontier
* High energy collisions Energy Frontier
« EDMs Intensity Frontier
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EDMs: New CPV?

System Limit (e cm)’ SM CKM CPV BSM CPV
199 Hg 7.4 x 1030 10-3 1029
ThO 1.1 x 10-29** 10-38 10-28

n 3.3 x 10-26 10-31 10-26

*95% CL  ** e-equivalent
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EDMs: New CPV?

System Limit (e cm)’ SM CKM CPV BSM CPV
19 Hg 7.4 x 10-30 10-33 10-29
ThO 1.1 x 10-29 ** 10-38 10-28

n 3.3 x 1026 10-31 10-26

*95% CL  ** e-equivalent

Mass Scale Sensitivity

P singcp ~1 — M > 5000 GeV
Yy )‘U\I'\N\y
> M < 500 GeV — singcp < 10-2

16



EDMs: New CPV?

System Limit (e cm)’ SM CKM CPV BSM CPV
199 Hg 7.4 x 10-30 10-33 10-29
ThO 1.1 x 10-29 ** 10-38 10-28

n 3.3 x 1026 10-31 10-26

*95% CL  ** e"equivalent

* neutron

proton
& nuclei

*  atoms

~ 100 x better

Not shown: sensitivity

muon
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EDMs: New CPV?

System Limit (e cm)’ SM CKM CPV BSM CPV
199 Hg 7.4 x 1030 10-33 10-2°
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Mass Scale Sensitivity
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EDMs: New CPV?

System Limit (e cm)’ SM CKM CPV BSM CPV
199 Hg 7.4 x 10-30 10-33 10-29
ThO 1.1 x 10-29 ** 10-38 10-28

n 3.3 x 1026 10-31 10-26

*95% CL  ** e-equivalent

Mass Scale Sensitivity

This talk

G P o EmET e m e mmmm—m———— |

ge fo 4(\,!\—’ B2 i+ EDMs arise at > 1 loop !

Aa\ : :

Chg“?. Yo ¥ oY e CPVis flavor non-diagonal |
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e e CPVis “partially secluded” i

» CPVis vector-like



CPV for <WBG

Theoretical creativity
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Il. The Matter-Antimatter Asymmetry
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Cosmic Baryon Asymmetry

Yp = — = (8.824+0.23) x 107

One number — BSM Physics
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Cosmic Baryon Asymmetry

Yp = — = (8.824+0.23) x 107

One number — MM W M. ... Explanations

| BARYOGENESIS THEORIES
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Cosmic Baryon Asymmetry

Yp = — = (8.824+0.23) x 107

One number — MM W M. ... Explanations

Experiment can help:

| BARYOGENESIS THEORIES

» Discover ingredients
 Falsify candidates et dnd el B Bt ech fest Bt |

o k2 o £l !
L e » L L - - L ] - o L] L ]
- . R e 3 sen see sev _y Ses _ese ee0 : &
USCENSUSRE UREAUUSC lm BUREAU
The U.S. Census Burasu-

Chronicling the Growth of Theory
The Grosth of Amaricen Cies: 1900-2000




Energy Scale (GeV)

Baryogenesis Scenarios

1072
10°

1072
107

N
=

Standard thermal lepto

Affleck Dine

Electroweak, resonant lepto,
WIMPY baryo, ARS lepto...

Post-sphaleron, cold...
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Energy Scale (GeV)

o e e ey

Baryogenesis Scenarios

1072 <_‘I'_ Standard thermal lepto
109 <—T Affleck Dine
|
|
|
|
|
|
-, Electroweak, resonant lepto,
2 J J
10 WIMPY baryo, ARS lepto...
107 «—
v ——  Post-sphaleron, cold...

——————————————————————————————————————————————————————————

Era of EWSB: t,, ~ 10 ps

h——————————,



Electroweak Baryogenesis

Was Yy generated in conjunction with
electroweak symmetry-breaking?

28



lll. Electroweak Baryogenesis

« SUSY

* Non-SUSY

29



P

EWBG: Ingredients

« Strong first order EWPT: LHC — Excluded for the
MSSM — Possible w/ extensions (e.q., NMSSM)

« CPV: SUSY: Sources same as in MSSM + possible
additional; non-SUSY

[ ——

30



Strong 15t Order EWPT

Lappiness is just
alewsteps avway

Beyond the MSSM:
singlets; 2-step....

“The doctors never gave up.”

Definitive probe of the possibilities —
LHC + next generation colliders

31



EDMs & EWBG: MSSM + Singlets

S22y SEnE: e Sub-TeV EW-inos: LHC & EWB -
consistent & suppress viable but non-universal phases
1-loop EDMs
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EDMs & EWBG: MSSM + Singlets

Heavy sfermions: LHC
consistent & suppress
1-loop EDMs

Sub-TeV EW-inos: LHC & EWB -
viable but non-universal phases

Compatible with |
observed BAU =

1)
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sin(u
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Heavy sfermions: LHC
consistent & suppress
1-loop EDMs

Sub-TeV EW-inos: LHC & EWB -
viable but non-universal phases

Compatible with |
observed BAU =

1)

= ou1f

sin(u
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> ——— d,=1028ecm
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CPV for <WBG

Theoretical creativity

35



EW Multiplets: Two-Step EWPT

\ F 1st order \ F 2nd order

One step

Increasing m,,

New scalars

« Step 1: EWSB along ¢
« Step 2: EWSB along H

Patel, R-M: arXiv 1212.5652 ; Blinov et al: 15605.05195
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Two-Step EW Baryogenesis

H, St’d Model Scalar Sector
1) BSM Scalar Sector: at least one
SU(2), non-singlet plus possibly
gauge singlets: “partially
secluded sector CPV”
—_— Conventional one step EWSB

— Two step EWSB

BSM CPV in ¢ H interactions: baryogenesis during step 1

Inoue, Ovanesyan, R-M: 1508.05404;

Patel & R-M: 1212.5652; Blinov, Kozaczuk, Morrissey: 15604.05195 37



Two-Step EW Baryogenesis

lllustrative Model:

New sector: “Real Triplet” X
Gauge singlet S

H — Set of “SM” fields: 2 HDM

Quench "\ Smallentropy (SUSY: “TNMSSM”, Coriano...)
sphalerons dilution
N\ ‘i‘ g / Two CPV Phases:
.% \
-~ fo (3)1’ ' Os : Triplet phase
BaryogfneSIs . \ (SS . Slnglet phase
1 2 dark
matter

38
Inoue, Ovanesyan, R-M: 1508.05404




Two-Step EW Baryogenesis & EDMs

§ EDMs are Two Loop
RO Two CPV Phases:
f | |
\ B B // Tr'/plet phase
Z.7 f \ Og - Singlet phase
S
f Insensitive to og : electrically

neutral — “partially secluded”

39
Inoue, Ovanesyan, R-M: 1508.05404



Two-Step EW Baryogenesis

Two cases: (A) 6s=0 (B) 6,=0

Model A: 65=0
1F
08 Present d,
06} d.=8.7+10""ecm
05}
., 04+ Future d,
) d,=29+10* e cm
£ 03 -
w
02_——
0.1"! 1 1 1 1 1 1 U SR TN TN TN SN SN SN NN NN UNN NN SN UNN NN AN N UM AN AN AN W b
100 150 200 250 300 350 400
mp,|GeV |

-sin 63

Model B: 6z=0

No EDM constraints

150

my,|GeV|

200 250 300 350 400

Inoue, Ovanesyan, R-M: 1508.05404
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Flavored EW Baryogenesis

Flavor basis (high T)

_gpLepton _ _E_i [(YlE)z'j‘I)l + (YzE)ijCIDQ} e}é + h.c.

Yukawa

Mass basis (T=0)

ﬁ/ﬁ:T (oS ¢-TT + sin ¢, TiysT)h
v

Guo, Li, Liu, R-M, Shu 1609.09849
Chiang, Fuyuto, Senaha 1607.07316
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Flavored EW Baryogenesis

Jarlskog invariant

‘)

1 2

VL5 aboe

Ja = > HB Z ‘v’al"gﬂ-beTT [YcYJ]

T=0 Higgs couplings
Im (y;) ~ Im (J, )

EWBG CPV Source
SCPV ~Im (J,)

Flavor basis (high T)

_gpLepton _ _E_i [(YlE)z'j‘I)l + (YzE)ijCIDQ} e}é + h.c.

Yukawa

Mass basis (T=0)
CPVh — 1t

ﬁ/ﬁ:T (cos ¢-TT Hsin ¢, TiysT)h
v

Guo, Li, Liu, R-M, Shu 1609.09849
Chiang, Fuyuto, Senaha 1607.07316
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Flavored EW Baryogenesis
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V. Post-Sphaleron Baryogenesis

Babu, Mohapatra, Nasri ' 06
Babu, Dev, Fortes, Mohapatra ‘13

Bell, Corbett, Nee, R-M ‘18
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Model

Field| SU(3)c SU(2)r U(1)y couplings

Aga| 6 1 -2/3 drdr Field Content: New
Auu|l 6 1 4/3 URUR Scalars

Aud| 6 1 1/3 urdr

) 1 1 0 AddAich AuuA?zd,
A N :
V O 5(1) Ay Ai s 5(1) A A?ld . Scalar Interactions
BMN original
S ———
Lyukawa = | 22 K Aga(dr)a(dr)S Yukawa Interactions

-------------------------------- 45



Baryogenesis

AB = 2 decays

,__________________
&
N
7 | N
:l> ?
g
|&.

Tree-level X Loops: absorptive part

['(® — 6q) — I'(® — 6q)
. € =
Decay Asymmetry: ['(® — 6¢) + (@ — 69)




EDMs

2

dn= Y =5

Constraints

(6%7 Im[cg,] + ﬁg&G Im[cuGD d

qg=u,d Aud q
9x’ = 750 (Imlcug] £ Imfeag]) ~
MAud dq
Quark mass
Aud
// \‘\
ar (dh)° (@)  ac
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Baryon Asymmetry

EDM Constraints

2-107* |

Original BMN: G’ = 0 (RH quarks only)

; * Non-zero EDMs: G, G’ non-vanishing
E
-107*
« Largest BAU: G = 0, G’ non-vanishing,
B T e EDM compatible
Im[G15G 1)
BAU
ewave(Ma = 8 TeV) |€vertex(Ma = 8 TeV) |Dilution Factor (Me = 8 TeV)
Gag~1,GLg=0 107° 107 1072
Glg~1, Gag=0 1077 1078 1072
Gap ~ Ghg ~ 1077 10”7 10~° 10~°

48



IV. Outlook

«  Searches for permanent EDMs of atoms, molecules,
hadrons and nuclei provide powerful probes of BSM
physics at the TeV scale and above and constitute
important tests of < weak scale baryogenesis

«  Studies on complementary systems is essential for first
finding and then disentangling new CPV & testing EWBG

« EWBG remains an important baryogenesis scenario for
which definitive tests will likely require next generation
EDM & collider studies™

** + gravitational waves, flavor physics 49






Inoue, R-M, Zhang:

Higgs Portal CPV 1403.4257

CPV & 2HDM: Type | & II

v
HO/H+
W N gF
AN
> ;/ AN
f f f

51



What is the CP Nature of the Higgs Boson ?

 Interesting possibilities if part of an
extended scalar sector

« Two Higgs doublets ?
H— H,, H,

 New parameters:

tan = <H,>/<H,>
sin oy,

52



What is the CP Nature of the Higgs Boson ?

* Interesting possibilities if part of an
extended scalar sector

« Two Higgs doublets ?
H— H,, H,

 New parameters:

tan p = <H,>/<H,>

sin oy,

CPV : scalar-pseudoscalar
mixing from V(H,, H.)

53



CPV & 2HDM: Type

1 &Il

Higgs Portal CPV

Inoue, R-M, Zhang:
1403.4257

As 7 = 0 for simplicity

A
Vo= S(6]en) +

72<¢2¢2> + A3(8161)(6h02) + M (@] 62)(161) +

+5 [As(8]62)? + e

1
— {mh(6lo1) + [ma(6]62) + he.| +my(916s) }

51 = Arg [)\g (m%z)z] 5 EWSB
by = Arg [A;(m%Q)vle]

h, H°, A0 — UPPY

—SaCay CaCay Say
SaSaySa. — CaCa. —SaCa. — CaSaySa. CaySa.
Sasabcac + CQSQC SQ'SQ'C - Casabcac Cabcac

1 )\5’01’02
—~ mi,
52 ~ 51
1 . 2 )\51)11}2
mi,
Y
HO/H+
w* N HF
AN
f I f




CPV & 2HDM: Type | & II

Higgs Portal CPV

Inoue, R-M, Zhang:
1403.4257

As 7 = 0 for simplicity

A
V= ZH6100% + 22 (0h62)? + Xa(061) (062) + Ma(9]02) (@hon) + 5 [Ms(9]02)? + hic
1
5 {mhi(@161) + [mia(6]62) + hc.| +m3y(o]d2)
k )\5’01’02
01 = Arg [)\5 (m%2)2] ; SUASIE 50~ == 5
2~ 1
2 = Arg [A5(mis)v1v3) 1 — 2| aaee
h, H, A° — h;,, .
—SaCay CaCay
Sasabsac - Cacac _Sacac - Casabsac HO/H+
SaSa,Ca, + CaSa. SaSa. — CaSa,Ca.
w* \\H:F
! f S

CP mixing: oy, & a, not independent




Higgs Portal CPV: EDMs

CPV & 2HDM: Type Il illustration As 7 = 0 for simplicity

All Constraints All Constraints All Constraints

Theoretically inaccessible Theoretically inaccessible

0.1} 0.1

0.011

|sin ap|

001

|sin ap|
|sin ap|

’ t '
00017 00017

1074

1074

Present Future: Future:
d,x0.1 d, x 0.01
d,(Hg) x 0.1 d,(Hg) x 0.1
: d-nx 0.1 drnXx 0.1
sin a,, : CPV o 1o
scalar mixing du(Ra) [10*7 e cm] da(Ra)

56
Inoue, R-M, Zhang: 1403.4257



Low-Enerqgy / High-Energy Interplay

Higgs Portal CPV: Source for EWBG?

Dorsch et al, 1611.05874

/2

EWBG viable

d; — 09

101k

— Byj—B; ]
CMS search

— eEDM

— nEDM

107‘2 L L L L L 1 L
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

tan 3

oo O, =0
b 170 57



Higgs Portal CPV: EDMs

CPV & 2HDM: Type Il illustration As 7 = 0 for simplicity
All Constraints All Constraints All Constraints
1
Theoretically inaccessible Theoretically inaccessible
Hg
0.1+
§ § 0.01}/ §
0.001 r’ I
DM
10~ N
Present Future: Future:
d, x0.1 d, x 0.01
d,(Hg) x 0.1 d,(Hg) x 0.1
: drpo X 0.1 drpo X 0.1
sin a,, : CPV e o
scalar mixing du(Ra) [10*7 e cm] da(Ra)
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Inoue, R-M, Zhang: 1403.4257



Higgs Portal CPV: EDMs & LHC

CPV & 2HDM: Type Il illustration As 7 = 0 for simplicity
B-a=n2
]. s T T T
All Constraints All Constraints
1 0-5 r
il i - : id Excl. by
Hg ol e : ) 3> WW/Z2 Theory Inaccessible
15 0.1 § 01k
7§ 005} I Excl. by
- = : e ' hy 4-Zh, -11bb
g & 001 -4 -
= = 0.01¢ eEDM Excl.
, 0.005 -
0.001( :
0.001 = .
1074 05 1 2 5 10 20 50

Chen, Lewis, Dawson: 1503.01114

Present Future: Future:
d,x0.1 d, x 0.01
d,(Hg) x 0.1 d,(Hg) x 0.1
: d-nx 0.1 drnXx 0.1
sin a,, : CPV o 1o
scalar mixing du(Ra) [10*7 e cm] da(Ra)

59
Inoue, R-M, Zhang: 1403.4257



Higgs Portal CPV: EDMs & LHC

CPV & 2HDM: Type Il illustration

As 7 = 0 for simplicity

All Constraints All Constraints 1
1 Theoretically inaccessible | Current LHC: ]
Hg Hy,s —Zh
0.1} _ 0.1F
£ 005f
§ § 0011 E
= = 001
p 0.005r
0.0017
0001b—— — 2
10~ ; 5 s 0 30 = _ 05 1 _ _2 5 10 20 50
(a0 Alignment limit 8
Chen, Li, R-M: 1708.00435
Present Future: Future:
d, x0.1 d, x 0.01
d,(Hg) x 0.1 d,(Hg) x 0.1
. dro x 0.1 dro x 0.1
sin a,, : CPV o 1o
scalar mixing du(Ra) [10*7 e cm] da(Ra)

60
Inoue, R-M, Zhang: 1403.4257



Higgs Portal CPV: EDMs & LHC

CPV & 2HDM: Type Il illustration As 7 = 0 for simplicity
1. . . ,
All Constraints All Constraints
1 0.5F LHC 300 fb 1
Theoretically inaccessible
Hg
01k _ 0.1 LHC 3 ab
$ 005K .
g § 0.01/ &
‘3 ‘3 001F
0.005F
0.001 ’
0.001% - - - 3
Lo 05 1 2 5 10 20 50
Alignment limit o, 4
Chen, Li, R-M: 1708.00435
Present Future: Future:
d, x0.1 d, x 0.01
d,(Hg) x 0.1 d,(Hg) x 0.1
. drnx 0.1 drnx 0.1
sin a, : CPV o o
scalar mixing du(Ra) [10*7 e cm] da(Ra)

61
Inoue, R-M, Zhang: 1403.4257



|sin |

Had & Nuc Uncertainties

CPV & 2HDM: Type Il illustration

ACME exclusion Neutron EDM exclusion/uncertainties
1 1
Theoretically inaccessible Theoretically inaccessible
0.1+ 0.1}
0017 S o001}
0.001 - 0.001} -
Range of hadronic
matrix elements ;
—4 —4 L L L e L T
10 10 1 2 5 10 20 50
tan
Present
sin oy, : CPV
Scalar mixing

Inoue, R-M, Zhang: 1403.4257

|sin |

0.1/
001+

0.001 -

1074

As 7 = 0 for simplicity

Hg EDM exclusion/uncertainties

Theoretically inaccessible

Range of nuclear N
matrix elements R
1 2 5 10 20 50
tanf

80



|sin |

Had & Nuc Uncertainties

CPV & 2HDM: Type Il illustration

ACME exclusion Neutron EDM exclusion/uncertainties
1 1 -
Theoretically inaccessible Theoretically inaccessible
0.1+ 0.1}
0017 S o001}
0.001 - 0.001} -
Range of hadronic
matrix elements ;
_4 —4 | 1 L e ) L M
10 10 1 2 5 10 20 50
tan
Present
F W R Y "BERW_S9S &=
sin oy, : CPV
Scalar mixing

|sin |

0.1/
001+

0.001 -

1074

ge

As 7 = 0 for simplicity

Hg EDM exclusion/uncertainties

Theoretically inaccessible

N ".
Range of nuclear R
. N
matrix elements SRR
L L - - | I L - \_\_\J:
12 5 10 20 50

tanf

Inoue, R-M, Zhang: 1403.4257 30



EW Phase Transition: Higgs Portal

\ F 1st order \ F 2nd order

Increasing m,

New scalars

C)l — /\C')]{ (:)T(I) HTH +...

64



EW Phase Transition: Higgs Portal

\ F 1st order

\ F

2nd order

 F
T>T,

/5 ¢>

) N

* Renormalizable

* ¢ . singlet or charged
under SU(2), x U(1)y

 Generic features of full theory
(NMSSM, GUTS...)

» More robust vacuum stability
* Novel patterns of SSB

65



Higgs Portal: Simple Scalar Extensions

Extension DOF |EWPT | DM
Real singlet: 3& 1 v x
Real singlet:  Z, 1 v v
Complex Singlet 2 v 4
EW Multiplets 3+ v v

May be low-energy remnants of UV complete theory
& illustrative of generic features

66



Higgs Portal: Simple Scalar Extensions

Extension DOF |EWPT | DM
Real singlet: ix 1 v x
Real singlet:  Z, 1 v v
Complex Singlet 2 v 4
EW Multiplets 3+ v v

May be low-energy remnants of UV complete theory
& illustrative of generic features (NMSSM...)
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EW Phase Transition: Singlets

 F
\ F 1st order \ F 2nd order

T>T,

v

Increasing m, m,>2m, —op—rrr—
~ 500 F '
) New scalars -
400 |
z  Hf
Real Singlet: ¢ — S =, 300 g
200 20}
Simplest Extension: . E
two states h, & h, 100 - .
qo_ L1 lz(l)ol L1 |3(|)0| m1 > 2m2
Profumo, R-M, Shaugnessy JHEP 0708 (2007) 010 m, [Ge™,
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EW Phase Transition: Singlets

\ F 1st order

)

F

2nd order

Modified Higgs Self-Coupling

SM
200 2111
C13% —
150+ 30% —
L 50% — . Lo
(S} [ . K
& 100+ . - -
r oo I:. o
50F . -,
[ ° s 2
0 10 20 30 40 50
8111

60

Profumo, R-M, Wainwright, Winslow: 1407.5342; see
also Noble & Perelstein 0711.3018

 F

T>T,

" 7 Trivial Singlet ve.v.

m2>2m1\||

T T T | T T 17T

S
o
Q
)
[
(7]

Precision <
-.ILC, CPEC,

llllllllllllllll]llllllll

IIII]IIIlI

200 30 My >2m,
m, [Ge . 69




EW Phase Transition: Singlets

 F
va 1st order \ ' 2nd order
T>T,
- /sS>
< T<T .
- Ho>
| A\
9
Modified Higgs Self-Coupling " Trivial Singlet ve.v.
SM m2 > 2 m1 i T T T T
ILc g111 HL-LHC | Mixed States: -
200 — v s00 A Precision +»
- 139 — \ 1 ..ILC, CPEC, ]
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EW Phase Transition: Singlets
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EW Phase Transition: Singlets
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EW Multiplets: Two-Step EWPT
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» Step 1: thermal loops
» Step 2: tree-level barrier

Patel, R-M: arXiv 1212.5652 ; Blinov et al: 15605.05195
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EW Multiplets: Two-Step EWPT
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EW Multiplets: Two-Step EWPT
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