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BSM CP violation for baryon asymmetry .

Sakharov conditions for baryon asymmetry
|. B number violation
I.CP violation

11.0ut of thermal equilibrium

* Observed baryon asymmetry yges = 28 —"B _ 14-10

Ny

* SM:éckm andfgep < 10710 by far insufficient
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Need CP violation beyond the SM
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(" Electroweak baryogenesis:\
during e.w. phase transition
- connected to the Higgs
- potentially testable

\__atcolliders -
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Constraints on CP violation - schematic
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Constraints on CP violation - schematic

PLANCK: observed baryon asymmetry

Yg = "B "B qp—10
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Constraints on CP violation - schematic

ACME [Nature "18]: upper bound
d. <1.1x107%?ecm at 90% CL

PLANCK: observed baryon asymmetry
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Electric dipole moments restrict CPV
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Timely: CP-odd observables at LHC

CMS 2110.04836, CMS-HIG-20-006
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Outline

1.) Framework

2.) Baryogenesis

3.) Electric dipole moments

5.) Complementarity
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Complex Yukawa in SMEFT dim-6

* Consider dim-6 Yukavva with real and imaginary part

Ly = Y FLFrH + F(Xf +iX|H|*F,FrH. + h.c.
cf [de Vries, Postma, van de Vies "18] where X = £1Y%

§) 4
* Relative size of dim-6 normalized to dim-4 1" = m; )/m; )

Our coordinates > Tf o
R, I —
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Ly = Y FLFrH + F(Xf +iX|H|*F,FrH. + h.c.
cf [de Vries, Postma, van de Vies "18] where X = £1Y%

o . . | (6) , (4
+ Relative size of dim-6 normalized to dim-4 1" = m; /mf
9 J
Our coordinates > Tf v XR,I
R, I — 2A2 Yf
jyffv v? XL +iX] E § Ys 302 XL +iX] | E
£ _i‘\@ ! 2A2 Ryf : foRﬁ\ﬁ L I\ 2 : ; : foth Full Lagrangian
~-----------}-------} --------------- P P P > focus on Yukawa
Xp +1X; hh Xp +1X; hhh.
Q\fAZ( +iX7) frfr +2\f ~( X% +iX7)frfr & mass terms
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Impact on fermion mass & Yukawa

Y Y .
my = j§(1+Té+sz) )\f:\/—%(1+3T§+3zT{)
rotate into basis where mass is real T
— tan9f: ! 7
msfrfr L+ 15
\
)% Y .
% [1+T}J;+O(Tf2)] 7% 14375+ 2T] + O(17)].
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Higgs characterization model

Consider also simpler description of effective Higgs coupling modifiers (kappa framework)

Lyuk = — Z f Cf—l—Z’Y5Cf) fh, ___h___ ]_B

[
J— Y . — 2 UQ XR’I
Translate kappa SMEFT: gr =cyt+icy =3 — [ TE 71 With Tf’fz . ;f
M, M2
Allow also modifications of real parts of HVV couplings Ly =cy H ( —27,7" + UW W+W ”)

Capture BSM effects in effective Hgg and Hyy couplings: Cgy Cgy C~ 5 C~
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“Limits on CPV in Higgs couplings

_ 1 ¥ o f PR used in EF, Losada, Nir, Viernik 19, 20, 20
SMEFT of dim. 6 Lyuk :—Z yrFLFrH + F(XR + X JH[*FLFrH +h.c. secalsode Vries, Postma, v. de Vis "19;
f Brod, Cornell, Skodras, Stamou 22
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“Limits on CPV in Higgs couplings

L

SMEFT of dim. 6 Lyvuk = nyFLFRH + — A2 (X]J; + ZX{)|H|2F—LFRH + h.c.

used in EF, Losada, Nir, Viernik 19, 20, 20)
see also de Vries, Postma, v. de Vis "19;
Brod, Cornell, Skodras, Stamou 22

\.

kappa framework Lvuk = — Z

f (¢y + ivsés) fh,

used in Bahl, EF et al 2202.11753
see also Aharony Shapira 21
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“Limits on CPV in Higgs couplings
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( Y¢ = . =
kappa framework Lyvuc=— ) 7% (cp + ivsey) fh,

~\

\ [
Inclusive LHC Angular Electric dipole
Higgs rates Higgs distributions moments
[Remaimng allowed regions for 1 or several complex Yukawas? ]
Goals:
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Higgs rates Higgs distributions moments

r Remaining allowed regions for 1 or several complex Yukawas?

Goals: (Calculate baryon asymmetry )

within experimental limits —= Maximal possible asymmetry?
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“Limits on CPV in Higgs couplings

\
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Remaining allowed regions for 1 or several complex Yukawas?

\.

(Calculate baryon asymmetry
within experimental limits

——=> Maximal possible asymmetry?

J

BSM for baryogenesis: focus here on CPV, assume electroweak phase transition can be enhanced separately > later: models |
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Electroweak baryogenesis

Lots of literature, e.qg.

Joyce, Prokopec, Turok '95; Cline '‘06;Morissey, Ramsey-Musolf 12; Konstandin “13; White "16;
de Vries, Postma, van de Vis, White "16; de Vries, Postma, van de Vis "18; Garbrecht "18; Bodeker,
Buchmuller 20; Alonso-Gonzalez, Giorgio, Merlo, Pokorski 21...

e [PLANCK/ESA 2013) J

e S

'_.w'""..- =

insufficient in SM: need BSM for

CP violation
* T order electroweak phase transition

N A

’ (=)= Bubbles of the

0N \mg/ * broken phase
N AN &b

i
91\ 7 expand
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Electroweak baryogenesis

Lots of literature, e.qg.
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e [F;LANIC.K/ESA.QOBJ ,f: ﬂymmetric phase \
S— sphaleron
insufficient in SM: need BSM for i
CP violation N Baryon
* T order electroweak phase transition asymmetry
N
()~ Bubbles of the V=0
0 T ?/ * broken phase
N oY ~  expand broken phase
' N

. N o -
O o /A \
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Electroweak baryogenesis

Lots of literature, e.qg.
Joyce, Prokopec, Turok '95; Cline '‘06;Morissey, Ramsey-Musolf 12; Konstandin “13; White "16;

de Vries, Postma, van de Vis, White "16; de Vries, Postma, van de Vis "18; Garbrecht "18; Bodeker,
Buchmuller 20; Alonso-Gonzalez, Giorgio, Merlo, Pokorski 21...

o i [PLANCK/ESA zom ,: symmetric phase
S— sphaleron
insufficient in SM: need BSM for §
CP violation Baryon
* T order electroweak phase transition asymmetry
! A
()= Bubbles of the V=0
0 T ?/ * broken phase
LY 7 L
. 96/: : : expand broken phase
B \\ ° o 2 /
! Higgs physics - testable at colliders ‘S\
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Transport equations for baryogenesis

Transport equations for each fermion and Higgs, set of coupled differential equations

Ouf" = —Thping — Doy + Dhpies — Dhopd o + S5

relaxation Yukawa Strong weak CPV
sphaleron source
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Transport equations for baryogenesis

Transport equations for each fermion and Higgs, set of coupled differential equations

0, - R 5

CPV
source
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Transport equations for baryogenesis

Transport equations for each fermion and Higgs, set of coupled differential equations

0.~ R 5

Approximations g)DL\l/rce
- vev-insertion (VIA)

caveat: VIA — WKB /
dis;repancy YB X Sf x Im [m}m’f] Ef
- thin wall Same scaling
- diffusion as EDM
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Transport equations for baryogenesis

Transport equations for each fermion and Higgs, set of coupled differential equations

0,7 - . -

Approximations
- vev-insertion (VIA)
caveat: VIA—-WKB

discrepancy

CPV
source

/

Y x Sf o< Im [m}?m’f] Cy

Same scaling
as EDM

H—I

- thin wall
- diffusion
Y,
Benchmark i
of wall Ygoe
properties:

— 98¢, 2026, — 0.036, —2-107%, —9.107 %, — 410775,

~ ~ o EF, Losada, Nir, Viernik 19, '20, 20
B 11(3-,- —1 0.16# —3-10 Ce Aharony-Shapira 21
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Electron’s Electric Dipole Moment

[2T. 1® 1= s1=appn ‘139mal]

VsmiT Time

—_—

@%@%

EDM violates 7 and P
= CF

ACME [Nature "18]:
d < 1.1 x107% ecm at 90% CL

Using [Panico, Pomarol, Riembau “18], [Brod, Haisch, Zupan "13],

[Brod, Stamou "18],...

See also recent [Brod, Cornell, Skodras, Stamou '22]
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Electron’s Electric Dipole Moment

[2T. 1® 1= s1=appn ‘139mal]

ACME [Nature "18]:
d < 1.1 x107% ecm at 90% CL

Using [Panico, Pomarol, Riembau “18], [Brod, Haisch, Zupan "13],

smnT Tnme
h )/ .4
EDM violates 7 and P - u p
= CF

[Brod, Stamou "18],...
See also recent [Brod, Cornell, Skodras, Stamou '22]

de

—1082.661;)
L. T

~AGHE |8 (> + €198) +@8& + 0.01¢, + 8- 107°¢, + 7 - 107°¢, + §ideP+ 0.03¢,)

+ 62 (GIBMBY -+ 311 + 23& + 0.01c, + 7- 10°¢, + 6 - 10~°cy +218Ep + 0.02¢,
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CP structure of Higgs couplings - T

Bahl, EF, Heinemeyer, Katzy, Menen, Peters, Saimpert, Weiglein 22

L = Z f ¢p +ins€f) fh, Global fit using HiggsSignals + recent analyses

. (ef, ér;) free | Py

r 4 15

5 0.0 -3 10

—0.5F

; D
—1.0 A = .~
_ _ 0 § ¢r = £1 almost |
—1.51 : 1 L 1 degenerate minima |
=15 =1.0 —=0% 0.0 05 O 5 of Ay2 :

Ring-structure from upper/lower bound on BR
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L = Z f ¢p +ins€f) fh, Global fit using HiggsSignals + recent analyses

~ 2
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I 20 \ R SR R S R
0.5 s h-> TT CPV analysis hl:
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_ _ 0 - ¢r ~ +1 almost | C 0
—1.5 degenerate minima | —1.5 bt . —
=15 —1.0 —0.5 0.0 05 10 1.5 Cof A 3 _15 _10 05 ()0 05 1.0 15
3 X |
Cr Cr
Ring-structure from upper/lower bound on BR CMS analysis excludes large ¢
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Complementary (T): LHC, EDM, EWBG

Bahl, EF, Heinemeyer, Katzy, Menen, Peters, Saimpert, Weiglein 22

(¢, C;) free

F —— LHC 90% CL !

1.5

[ — cEDM 90% CL :

-1.5 —-1.0 =05 00 05 10 15

(JT
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(¢, C;) free

F —— LHC 90% CL !

1.5

[ — cEDM 90% CL : ;
) - vyIA vghs
Electron electric 1.0t .

dipole moment : _

-1.5 —-1.0 =05 00 05 10 15
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Complementary (T): LHC, EDM, EWBG

Bahl, EF, Heinemeyer, Katzy, Menen, Peters, Saimpert, Weiglein 22 See also |

~ . Brod, Haisch, Zupan 13
(C’T: CT) free De Vries, Postma, van de Vis 18
r— LHC 90% CL |} 1_-15 EF, Losada, Nir, Viernik 119, 20, 20
p —— cEDM 90% CL : : : ] | Aharony-Shapira 21 |

N Y,[\-;;Ii\ff Yglrs

Flectron electric 1.0 : _ 10 Brod, Cornell, Skodras, Stamou 22
dipole moment [ : : : : :

de x 6f 0.5 _

1.5

1

Electroweak
baryogenesis
YB X 5f

VIA obs
YB / YB

1
[

Caveat: “optimistic” scenario,

large uncertainty

(vev-insertion approximation)
— almost upper bound

: : : : : . Basler, Mhlleitner, Miller 20
Y S SN S S SR B Cline, Kainulainen 20
—1.5 —1.0 —-0.5 0.0 0.5 1.0 Cline, Laurent 21, Postma ‘21

Cr Kainulainen 27

Postma, van de Vis, White 22 |
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Baryon asymmetry of the universe
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[
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- Complementary (T): LHC, EDM, EWBG

Bahl, EF, Heinemeyer, Katzy, Menen, Peters, Saimpert, Weiglein 22 See also |
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Role of muon

(C,u,: C,Uf) free Bahl, EF, Heinemeyer, Katzy, Menen, Peters, Saimpert, Weiglein 22
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—3.0
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Role of muon

(C,u,: C,Uf) free Bahl, EF, Heinemeyer, Katzy, Menen, Peters, Saimpert, Weiglein 22

' : = i Excluded by LHC, but 17% contribution i

L —— LHC 90% CL : : - e e e--mS-ee-S-eeeeSSSSSSSSmsme-mmmmmmeeeesssssssmmmmmmm————

15 F— eEDM 90% CL _ —1.5 Confirmation of EF, Losada, Nir, Viernik [PRL 2020]
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EET) AN R S TR Py

LHC probes cosmology
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Complementarity

Top: EDM very constraining
(Ct: 5{) free x10~2

— LHC 90% CL _| 5 O
— eEDM 90% CL | ~°
— yg'I_-\“-ﬁlm

x 1073

H
I
Y()l)s
B

4 0.0

/

VIA

t, b: cancellations of EDM allow larger CPV

(Ct7 ét? Cp, éb) free:
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Summary of baryogenesis outcome

o e M e e R M e e e

Maximal Y8/YE™ within LHC and EDM limits /s Calculated in VIA approach )

t b c T [

p— Yp/YE™ <1
o | 042 009 ——=> Disfavored by EWBG/
c 1l 0.37 1 0.19 001 additional CPV needed

71 69 | 69 | 69 | 3.2
| 0.18 [ 0.19 | 0.16 | 3.2 | 0.16
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Summary of baryogenesis outcome

Maximal Y&/Y5™ within LHC and EDM limits /* Calculated in VIA approach >
. * In near-optimal benchmark scenario
t b c T 1 |
: '——=> Robust upper bound )
t ﬁ].03
\ Yp/YE™ <1
b || 0.42 | 0.05

——=> Disfavored by EWBG/
c ['] i?p? ['] lg /0 01 additional CPV needed

71 69 | 69 | 69 | 3.2
|l 0.18 | 0.19 | 0.16 | 3.2 | 0.16
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Summary of baryogenesis outcome

Maximal Y8/Y8™ within LHC and EDM limits

/

o o e e e o =

* Calculated in VIA approach

* In near-optimal benchmark scenario

t b c |7 1 | |
; U ; \——=>_Robust upper bound g
t il.OS
; Yp/YE™ <1
b || 0.42 |10.05 ——=> Disfavored by EWBG/
c 037 | 0.19 m additional CPV needed
A 69 | 69 | B9 B2 Yo Y™ > 1
- - 10 | \ * ——= EWBG possible in VIA,
H 0.18 | 0.19 | 0.16 |@:25| 0.16 but WKB might need additional CPV
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17 | 45



Summary of baryogenesis outcome

o o e e e o =

Maximal Y8/Y5™ within LHC and EDM limits /* Calculated in VIA approach \:
— i * In near-optimal benchmark scenario |
t b c T 1 | !
; U ; '——=> Robust upper bound g
t ﬁ).US
| e Yp/YE™ <1
b || 0.42 110.05 ——=> Disfavored by EWBG/
c ['] i?p? ['] lg 0 01 additional CPV needed
‘7169 | 6.9 | 6.9 3.2 Yp/YS>™ >1
_ : 1~ | R * ——= EWBG possible in VIA,
H 0.18 1 0.19 | 0.16 @ 0.16 but WKB might need additional CPV

**************************************************************************************************************************************************
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SMEFT: Cut-off scales

A VX [ Maximal scales for minimally required T (EWBG)

4 o« T T F5 12
Too litHe EWBG T A/ X7 <18 TeV (0.01/17)

i
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SMEFT: Cut-off scales

A/ XrT

A

Too lit

NP eff

le EWBG

i

pCt too large

Maximal scales for minimally required T (EWBG)
*T: A/\/X7 <18 TeV (0.01/T7)"/?

/Minimal scales for maximally allowed T (collider, EDW
AN X, ANXT 2

*T:24TeV,31TeV
*b:1.5TeV, 1.7 TeV
+t:8.7TeV from EDM

Kp: 10 TeV, 12 TeV /

15/06/2022
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Role of the electron

1.5 T—— (C?vcejétafk) frge

— LHC 90% CL
eEDM 90% CL :
Ce £ [0.8,_ 1.'2]

1 .O 1 - YB\;’I_-'\I})EI;:-;

: Interpretation of eEDM depepds strongly on ce.
4 If cesmall » bound on other ¢ much weakened

R R mr et it et ettt
B e e

| RS SRS Y . SSRGS

—1.5

—-04 —0.2 0.2 0.4

Qa@
N o
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Role of the electron

1.5

] 1 [
— LHC 90% CL

eEDM 90% CL:
—_—— e [0.2]

1 O T e € [028,_ 1.2

—— YB\-"I_'\X' }’§1)5

Interpretation of eEDM depends strongly on ce.
If cesmall » bound on other ¢ much weakened

0.5 1

___?_10_+_____

N :

5 0.0 -- A -+-—1

’ 11

PRI

: i 11

: 7 11

| i

: 4 11

-15 . A !

0.2 0.4

|
o
e
|
.O 1. .............:
(\)
__Qe ©
§ o
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EDMs and CPC LHC Higgs rates

-6 -3 0

x10~1 8 x10~ 2 Brod, Cornell, Skodras, Stamou 2203.03736
/ | Global fitin SMEFT
iIn Mass eigenstate basis
_ n, Hg, e EDMs
=1 B 1 23 =1 0 2 _
cﬂ_H_ ><10‘2 * RG evolution

de most sensitive to c and 3" gen.
* From 90% upper limit to

likelihood: assuming Gaussian

distribution of exp. uncertainty

LHC Higgs rates

3 6 - .
Cun- Comr. %1071 Cru- x1070* CP-conserving
QIOOS! d, W dy, (MRE J, [0 LHC  (WEEE EDMs+LHC
A=1TeV
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Directions to improve tests of CPV

*Long-standing discrepancy in EWBG calculation
> Perturbative VIA gives much larger prediction of Ygthan WKB, up to orders of magnitude

*Need likelihood from EDM bounds for global fit

*Improve (HL-)LHC studies of CPV in Higgs couplings
* CP-odd observables

*Machine Learning
* LHC HXSWG CPV subgroup in WG2, e.q.

» CPV Benchmarks for UV models and EFT
" Interplay of LHC and EDMs

Investigate further to which extent CPV in Higgs couplings can account for EWBG

15/06/2022 Elina Fuchs (CERN|Hannover|PTB) 21/ 45



Conclusions

Complementarity of EDM, EWBG and LHC Higgs physics

* LHC constrains cosmological scenarios, separates flavors; now also 2" gen.

Electron Yukawa has big impact on interpretation of electron EDM

SMEFT generates Yukawa modifications, preferred scale A /,/ X ~ few-10-20 TeV

THANK YOU!
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BACKUP
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T,T,Y.

Relation between SM mass and Yukawa fixes Y, (a priori free coefficient of dim-4 term)

T, T,Y.>2free parameters per fermion: T, T,

o A g2/ | ASM|2 14 3T4)% + 972
Modification of each vertex w.r.t. SIWf(Tf;ij) =~ 5 fSM 5 — ( }}) fI2
Imy| /lmf | (1+ TR)2 + 17

production,
decay

Total Higgs width Iy/ToM =1+ BR?M(T]? —1)

15/06/2022 Elina Fuchs (CERN|Hannover|PTB) 24 | 45



Transport equations
af — auf“ ~ ?)wf, — D f” Diffusion approximation

Ot = =Ty — Ty sy 4 Dostiss + Sy
0b = _FMMM Iy UY + DUssttss + Sp
0q = —O0t — Ob

Ot = —I'ypyy — Dy py + 55

ol = —0r

Oh = 4Ty psy — Ty py — T3 i
Ou = +ssttss -

25 /45
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Electron’s Electric Dipole Moment

[2T. 1® 1= s1=appn ‘139mal]

@
e
EDM violates 7 and P
= CF
Y
t
h )/ 7,4
o
e € €

ACME [Nature "18]:

d, <1.1x107%?ecm at 90% CL

2
) Tf Using [Panico, Pomarol, Riembau 18],
see also [Brod, Haisch, Zupan "13], [Brod, Stamou "18],...

d(g) e m my v 2 m2

€ ~ _4 2 € XE o 1 2 _E —

e Qi (1672)2 m% i ( 3 il m% =l
d e2  memp v m? m?

©  ~ —4N,.Q? ¢ X[ +1n%2 2

e @ (1672)2 m2 A2° 1 ( 3 T m#

d(t) 16 €2 m. v m?

© o~ & Ke |2 n—o

e 3 (1672)% my A? I( " nm%)
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EDM & LHC limits CPV Yukawas

tau Brod, Haisch, Zupan "13 (also for t, b)

Ky de =1

Higgs (LHC 3000 fb™")

el. EDM

Z10 —05 00 05 10 o
projection
de [e cm]: ~O(10‘30)
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EDM & LHC limits CPV Yukawas

tau Brod, Haisch, Zupan "13 (also for t, b)

Ky de =1

1.0}

0.5}

Higgs (LHC 3000 fb™")

el )Zﬁ}’(

w00 /%1'
i @
—0.5}
- 1.0}
1.0 -05 00 05 10 o
X, projection
de [e cm]: ~O(10‘30)
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EDM & LHC limits CPV Yukawas

tau Brod, Haisch, Zupan "13 (also for t, b)

Ky de =1

Whatis Y, in these
remaining areas?’

“@

Z10 —05 00 05 10 o
projection
de [e cm]: ~O(10‘30)
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EDM & LHC limits CPV Yukawas

Brod, Haisch, Zupan 13

tOp
Ku,d,e—l Ku,d,e—l

IIIIIIII nggsprod 'III

04l 0.0004

; Hg EDM ﬁ

0.2} 0.0002_

neutr. EDM
w 0.0 w 0.0000

—0.0002}

—0.0004

90 =05 00 05 10 090 095 100 105 110

K; K¢
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EDM & LHC limits CPV Yukawas

bottom Brod, Haisch, Zupan 13

Ku,d,e=1 Ku,d,e=1

AR A R~ MR ] 0.04f ===

Higgs
[ (LHC 3000 b~ 1)
0.02F

S 0.00

~0.02}
[el. EDM

neutr. EDM |

_0-04 -'| PR T i S S RS R B
=6 -4 -2 0 2 4 6 0.85 0.90 0.95 1.00 1.05 1.10 1.15
Kp Kp
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Top, bottom, and their combination

¢, Cr) free 2
1.0 : (e ) : Ax
[ Bahl, Bechtle, Hejnemeyer; Katzy, 20
0.5 LWelglein'20 ‘i .
: : \
0.0 v - 10
—0.5F st N 5
_1.0 I (A l Loy | pee ) I IS (ST | O

0.4 0.6 0.8 1.0 1.2

Top: ellipse (ggF) cut
offby b — 3

Bahl, EF, Heinemeyer, Katzy, Menen, Peters, Saimpert, Weiglein 22

(cp, Cp) free Ax?

20
15
10
: - 5
[ SN DU DO S
—2 -1 0 1 2
Ch

- Bottom: ring (h~ bb)
- reduced by ggF
- (positive interference with t)
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Top, bottom, and their combination

Bahl, EF, Heinemeyer, Katzy, Menen, Peters, Saimpert, Weiglein 22

Floating several coupling modifiers simultaneously

(¢, &) free Ax?

[ Bahl, Béchtle, Heinemeyer% Katzy, 20
- Klingl, Peters, Saimpert, Stefaniak,

110

0.5 I e e 15
I i \
00 e ..................... ........ t‘/ ........... 10
—05 _ ....................................................... b)

0.4 0.6 0.8 1.0 1.2

Top: ellipse (ggF) cut
offby b — |

(cp, Cp) free Ax?

20

[ SN DU DO S
—2 -1 0 1 2
Ch

Bottom: ring (h~> bb)
- reduced by ggF
- (positive interference with t)

(ct, €, b, &) free  Ay?
S 2

t+b: small ¢pcan be
- compensated by ¢,
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Varying vector couplings

2
20

(C_f= Ct, CV, Ky, &Q) fr_ee Ay

cy Epositi;gve

0.5 Bl
o 0.0 :_ .............. A ........... ..... 10

_0.5 Bl

o

=1.0 :_ .............. ﬁ .............. .............

| | | | PP

~15-1.0 -05 00 05 10 1.

o

Universal fermion
- coupling modifier:
- Dominated by top

Bahl, EF, Heinemeyer, Katzy, Menen, Peters, Saimpert, Weiglein 22

epvaly)flee Ay

0.8
i 20

0.4 _ ......... .............. .............. ......... . TA— 15

........... 10

8 L, o nrefilbnnnnflnnnalle s
—15-10-05 00 05 1.0 1.5

General mixing scenario: ¢s= Cy
- No CPVincluded in vector couplings
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Varying vector couplings

Bahl, EF, Heinemeyer, Katzy, Menen, Peters, Saimpert, Weiglein 22

2 2
(cf: €t cv, Ky, Kg) free Ay? 0.8 —— (Cf/‘”?f ) fr@ee e AXQO

20

cy épositi;éve : ; : : :
| | : 0.4 | gl = ______________ ......... L 7
0.5 Bselomadlecs T

i 0D :_ .............. A ........... ..... I e '+ 'S R | | S 10

_0.5 Bl

o
|
o
e
T

1.0 P

- E ; ; ; : 0 _{)Slfl!l
o i s e =15 -1.0 —0.5 0.0 05 10 15
“1.5 -1.0 05 00 05 1.0 15 ’

Universal fermion + fitted more models General'mixing sgenario: Cr=Cv
coupling modifier: ‘withupto9free ~ NoCPVincludedinvectorcouplings |
- Dominated by top '~ parameters |
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General model: 9-parameter fit

Bahl, EF, Heinemeyer, Katzy, Menen, Peters, Saimpert, Weiglein 22

(Cq”’ Caus Caa Caar C1s O CV 5 Koy K:FJ) free (C(Iu’ Cqu» Can» Canr €1 €1y €V, Ky, F“'_C]) ree (Cgus Caus Caas Caa» Cls Cis €V Ky "ig) free
Ax? Ax? Ax
2 ; ; . 15 N B H : o "
20 r ; ; ; 20 . ; : i : ; 20
1.0 &
i 0.5
10 S0 e 10 T 0.0 10
—0.5F
5 i, = 5 : 5
—1.0
_2-]lljiljlliljllillll ﬁ1'5:llLJJEIIllillllijjllilllléll.Jjj
o _1 0 1 9 1.5 -10-05 00 05 1.0 15
CQu Cl
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Lepton vs Quark Source
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Lepton vs Quark Source

* Lepton advantages:
~ No strong sphaleron washout
~ Large diffusion
> T: still sizeable Yukawa
* U weak EDM bound
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Lepton vs Quark Source

* Lepton advantages: » Robustness: T overshoots Y,

* No strong sphaleron washout o
> O(1) uncertainties do not

~ Large diffusion _
change conclusion

> T: still sizeable Yukawa

© W weak EDM bounc > Quarks larger uncertainties
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Lepton vs Quark Source

* Lepton advantages:

~ No strong sphaleron washout

~ Large diffusion
* T: still sizeable Yukawa
* U weak EDM bound

+ Robustness: T overshoots YbObS

~ O(1) uncertainties do not change
conclusion

* Quarks larger uncertainties

* Benchmark choices:
~ Wall velocity, thickness, ...

> = investigated impact in 2007.06940,
see also Postma, van de Vis, White "16; de Vries,
Postma, van de Vis "18;

15/06/2022
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2-step: baryon density from L density

Solve for left-handed particle density or directly baryon density

() = poh() = D (R + Sna(e)) = P Ry 4 102
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Chemical potentials

e _t 4 e _ b g r_ Tt
/J’M kt kq b IJ’M kb kq ) lu’ﬁf kq- k{ b
S A . b O 8.8 o T LB
20 kt kq kh, 3 20 kb kq kh y 120% k'r ki kh, 3
2 2q; U d
“Sszqu, " ke, ka
=1 L
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Matrix formalism: o.d.e. 1t order

ARTCNEE AR

YAWER

b 1

2 _ ) : _ r . :

g D, gt Dike a | T | syp

/ Vaw 5 y
i o 2 I I
\i) \ S\ o) \i) \ )
—/ — . O IN
— x —Kx=28, K:(F V)'
- det(K) = det(-T) = (—1)" det(I)
Fuchs, Losada, Nir, Viernik 20
15/06/2022 Elina Fuchs (CERN|Hannover|PTB) 36/ 45




Particle dynamics

+ CPV interactions across the expanding bubble wall generate a chiral
asymmetry

« CPCinteractions wash out the generated asymmetry
* Strong sphaleron process produces further washout in the quark sector

* Some of the remaining asymmetry diffuses into the symmetric phase; more
efficient for leptons than quarks.

* Weak sphaleron process is efficient only in the symmetric phase, acting on
left-handed multiplets and changing baryon number.

* Finally, the bubble wall catches up and freezes in the resulting baryon
number density in the broken phase.

15/06/2022 Elina Fuchs (CERN|Hannover|PTB) 37 | 45



Thin-wall approximation

8.x10°1 -
‘1‘1:
6.x 10 | S
B 4 x1011 -
2.x10°11 -
O_
| |
-1.0 05 0.0 05 1.0

Fuchs, Losada, Nir, Viernik 20
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Uncertainty of Y, from input rates

f f
FM/Y — KM/YFM/Y

5.x10°10 [

— m(7)
Fy(7)
i (t)
— Ty(t)
1.x10°"" -
0:1 | | 0I5‘II | | IéIIII‘I’O
Fuchs, Losada, Nir, Viernik 20 K
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Parameter dependence; 1-/2-step

| . . S
\ Fuchs, Losada, Nir, Viernik 20
101 \; — T
[Ys| ' t
b
10712 -
1018 i X 4
"~ 0.001 0.005 0.010 0.050 0.100 0.500
Vw
T Source t Source
01 . 06 - .
0.0 0.4-
- _ 03
o [ (o]
< -0.1 < ok
_02l 0.1F
0.0
_0_3_ " " 1 1 | _01 L " 1 " 1 1 1 1
0.01 0.05 0.10 0.50 1 5 10 0.01 0.05 0.10 0.50 1 5 10
Kws Kws
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CP violation in the Higgs sector

* Discovered Higgs
compatible with J*~=0**

* Small CP-odd
component possible
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CP violation in the Higgs sector

* Discovered Higgs
compatible with J*~=0**

* Small CP-odd
component possible

Until recently:
mostly searches
for CPV in hVV

CMS1903.06973: HVV anomalous couplings
51" (7 TeV)+19.7 fo' (8 TeV) + 80.2 b (13 TeV)
CMS

—— Observed

---- Expected

—— Observed, H - 4¢

---- Expected, H - 4/
—— Observed, H » T

"\, -~~~ Expected, H = Tt

102_

[ I
002 0 002 02040608 1

f,3 cOS(@,3)

Fraction of CP=odd cross
section contribution

Phase of CP-odd
coefficient
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2020: LHC bounds on CPV in Yukawas

top tth +th,h — vy

See also

ATLAS 2004.04545 CMS 2003.10866

sin(a)

1. ;_ e 26

o P
o5 S

e

e N I A
F —bo | Best fit Xsmo 2
;

K,

-1.51- {5-13TeV, 139 fb" =

[ RN BN SRR RV S R
15 -1 05 0 0.5 1 1.5 2
K,cos(a)

At 959% CL: || < 43° (CP mixing angle)
Pure CP-odd excluded at: 3.90
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2020: LHC bounds on CPV in Yukawas

top tth +th,h — vy

tau

See also

ATLAS 2004.04545 CMS 200310866
%2_"—'1&' O e Xem
215 .20 i, E
1= 30 ........ _;
0.5+ E
05 =
= e R SO =
- ATLAS ]
—1-5;* Vs =13 TeV, 139 fb” E
L e e e
K,cos(a)

At 959% CL: || < 43° (CP mixing angle)
Pure CP-odd excluded at: 3.90

CMS HIG-20-006

h-> TT

137 tb~! (13 TeV)

CMS Preliminary

] T T TA | T T T T T
10 — Observed: $ob> = 4+17°(68% CL)
Expected: o = 04 23 °(68% CL)

—90 —45 0 45 90
¢ (degrees)

Sensitivity to ¢ ~4%17°
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CMS htt CPV

_ &P CMS 2003.10866 Many proposals

P+ R S8R
CMS 137 b (13 TeV)
c 100¢ \ | Z
8 gof + Data _ E
P sob — =0 3 e /1 1 Bortolato, Kamenik, Kosnik, Smolkovic 20
E E_ Hit - E
‘tht| <0 67 E 70F —fep=1 595/CEXPECte =
CP : 60F e ]
50E T 52040808 1
E |le‘l| |
40F -
0f
20 E
O ;
00— . . :
bin 1 bin 2 bin 3
Dy.

Pure CP-odd excluded at: 3.20
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CPV ATLAS h-> TT: Prospects for HL

10||\||\||\|||\\\||\|\\\|||\||\|||||‘||\

A NLL

This note presents a study for the prospective measurement of the C# quantum number of the
Higgs boson coupling to T leptons with 3000 fb~! of proton—proton collisions at /s = 14 TeV
using the ATLAS detector at the HL-LHC. Only H — 71 events where both 1 leptons decay
via the 7+ = p*v; — 1’7y, chain are analysed and the acoplanarity angle ¢op- the angle
between the planes spanned by the pion pairs, is used to determine the C#-mixing angle. It
is shown that considering only statistical uncertainties, a pseudoscalar Higgs boson can be 5
excluded at 95% confidence level. The C#-mixing angle can be measured with a statistical 4
precision ranging between +18° and +33°, depending on the precision of the 7° reconstruction 3

ATLAS Preliminary * Nominal n° reso - x1.2 n° reso

=

s:14TeV,J- Ldt=3000fb"
Simulation and Projections from Run 2 data al(—xts ¢ reso -)l(—xz ¥ reso

;
=°

L = g (cos(¢r)TT + sin(¢)TiysT)h

ATLAS PHYS-PUB-2019-008
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EDMs: e, n, Hg

Brod, Stamou 18

[with short-distance theory error]

[with short-distance theory error]

20 100
10 Electron EDM *0
& strongest if c.=1 g&’
% 0 o 0
g <
—10 —50
—20 —100
—20 —-10 0 10 20 —50 0 50
Kb COS Py K¢ COS G
L_—_——__1 neutron EDM [signyy = +] 10000000 Hg EDM
I—.—.—.— neutron EDM [signy = —] 1 eclectron EDM
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