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CP violation for baryon asymmetry

Sakharov conditions for Baryogenesis
|. B number violation

II.CP violation

11.Out of thermal equilibrium

np —Ng
+ Observed baryon asymmetry n = ——2 ~

N~
* SM:dckm and fqep < 107 insufficient

Gavela, Hernandez, Orloff, Pene '93
Huet, Sather '94

Need CP violation beyond the SM

[PLANCK/ESA 2013]
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CP violation in the Higgs sector

* Discovered Higgs compatible with JP¢=0++

CMS _ X-zZiww 197 fb'? (8Tev) +5.11t ETITEV) CMS Supplementa

VvV W
fa cos(o’)

-2 xIn(L, /L,

O

*Small CP-odd component possible
Aﬁﬁ.. W/s%s%/% /////
40% :;/ _____ 7 ___________ / ___________________________ =

A o T So far mostly searches for CPV in hVV
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EDM & LHC limits CPV Yukawas

Brod, Haisch, Zupan '13
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EDM & LHC limits CPV Yukawas

bottom Brod, Haisch, Zupan '13
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EDM & LHC limits CPV Yukawas

. Brod, Haisch, Zupan '13

Kude=1 Kude=

Higgs (LHC 3000 fb~!)

el. EDM

s S Y R R T 1.0 —05 00 05 L0
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Our Goals

EF, Losada, Nir, Viernik '19, 20 + ongoing

* Calculate baryon asymmetry Y, from several complex Yukawas in EFT

+ Confront CP violation required by BG with Higgs and EDM constraints
* Consider combination of phases

* Focus on CPV, assume ew phase transition can be enhanced separately

Find/exclude viable region in agreement
with these 3 complementary observables
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Outline

Framework Complementary probes

» Dim-6 EFT * EWBG
+ EDM

* Higgs production and decay

* Yukawa term

Single-Yukawa modification Combination of 2 complex Yukawas
* 3rd generation " tautb

* t+tau
* muon . t4h
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. FRAMEWORK
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SMEFT: dim-6 Yukawa

*Consider dim-6 Yukawa with real and imaginary part

_ 1 | _
Ly = YiFLFrH + p(xg +iX)|H|*FL,FrH. + h.c.

cf [de Viries, Postma, van de Vies 18] where X§ = 0,.X = £iY;

*Relative size of dim-6 normalized to dim-4

T =m{ /miY T v* X, T — v’ Xj
R — 2 ’ I — 2
202 Yy 2N

> Our coordinates ~
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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 el
E— tan@; = [ 7
mefrfr L+ 1
\

Y Yy f o ot

% [1 +T}J;+O(Tf2)] = {1+3TR+QZTI +O(Tf2)}.
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T T,y

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

1= (y/y>™)? [(1 + Tr)* + 17 ]

> 2 free parameter per fermion: T, T,

Modification of each vertex w.r.t. SM
AP (4 3Th)? + 91/
mg2/[m3ME (T2 4 T

ri (T, Tf) =
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II. HIGGS, EDM, EWBG OBSERVABLES

04/15/2020
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Higgs signal strengths

[ [ T I .l [ ‘ [ [ [ | [ [ [ | [ [ [ ‘ [
ATLAS Preliminary . 4 Stat. == Syst. 1" SM
Vs=13TeV, 24.5-79.8 fb
my, =125.00 GeV, |y, | <25
Py, = 71% Total Stat. Syst.
ggF vy pusl 0.96 +ois( 011, o)
ggF ZZ = 1.04 I3IE( +ons, zo0s)
ggF Ww hlaal 1.08 +o0a9( =011, =015)
ggF 1t HE-IEH 096 ‘g ( T0%. T0a)

"ggF comb. E"'""""'"'""""'"'"'11&)2;"';'ofo's{('"x'ﬁ_'o%',"E'g'gz')""
VBF vy = 139 0( 9%, )
VBF 27 ———— 268 “pa( T0ar. Tom)
VBF WW == 059 *03%( 033, zoar)
VBF w0 g ——— 116 0B ( .
VBF bb | 301 SIETC S8, 0%
VBF comb. = 121 S0E( W, W)
VH vy s = 108 R 5. 0%)
VHZZ  —a—y 068 HR( 1pE 0m

VHBb B e mognomy
VH comb. = 115 025 ( o018, T017)
tH+tH vy [ 1100 95 0% o)
ttH+tH VV +E-EH 150 (0% 0% cos)
ttH+tH 1t HE e— 138 R 0%, 0%
tiH+tH bb — =—=—= 0.79 38 ( :o29, :o0s2)

| tH+tH comb. k= 421 0B Ly, 0@y

| | | | | | | ‘ | | | | | | | | | | | ‘ |

—2

0

oi(pp = h) -BR(h — [f)

il = Tosop — ) -BR(h — ff)]su

decay I'(h — ff)/[D(h— fF)IM

production

Total width

r

SM SM
JggF/ OgoF — gfth/ Oh — Tt

Lp/T3M =1+ BRM(rp — 1)

b most relevant

" |dirclein (T}, T/ )plane
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Electroweak baryogenesis

PLANCK:

e

0 ~ 0 \_4y.

e LT
)

Lots of literature, e q.

Y = (8.59 +0.08) x 10~

B asymmetry
A

T~

sym. phase

broken
phase

> 7

wall

Approximations
- vev-insertion
- thin wall

- diffusion

Joyce, Prokopec, Turok '95; Morissey, Ramsey-Musolf '12; White '16; de Vries, Postma, van
de Vis, White '16; de Vries, Postma, van de Vis '18: ...
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Rates and transport equations

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

Ouf" = —Thphy — Typd + Thpe —TL il 4+ S;

relaxation Yukawa Strong weak source
/ sphaleron
Ty — (1+ T%VOT£)2 + TJQVOijQ Ty
TR+ T |
(1 + 302, TE)? + (3%, T)? . 2
Iy — NO— R e Sy o Im(mygmy) o< YiT;
(14 T3)? +T{

Solve for left-handed particle density or directly baryon density
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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 -

17
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Electron’s Electric Dipole Moment

[2T. 1B 12 s1aeapp ‘139maH]

ACME [Nature '18]:
smlT Tlme

@ é de < 1.1 x107*? ecm at 90% CL

Using [Panico, Pomarol, Riembau 18],
see also [Brod, Haisch, Zupan '13], [Brod, Stamou 18],...

EDM violates 7 and P (g) o2 2 2
= fe —40); Melhe ¥ xe (X + In? ™) =7
e f(16m2)2 m2 A27 T\ 3 my) T
! (b) 2 2
d e MMy U ™ m;
e ~ —4NC 9 e Xb 1 2 b
f e @ (167w2)2 mz A2 (3 o mi
ho! v, Z d(t) 16 62 m 2
/ ' € ~ € _Xt 2 1
- c e 3 (1672)2 my A? ( i nmh)
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IIl. RESULTS: Single-Yukawa modification
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T Yukawa — the winner

Ilvl ]
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T Yukawa — the winner

II"I ]

0.3} |t source

0.2+

/\\ -

~ g |

f R z
-0.1" A&

f / \
02 | Allowed byal
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b Yukawa — the broad

T T T T T

0.4+
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t Yukawa — the constrained

: 0.0006 [+t
0.3" [t sofirce]- e |t_tour el
0 ggF+tth 1 B | 1
’ : 0.0004 || i
0.2+ : . o |
i | s G
; i 0.01YY \ BG || N
01l : 0.0002 || " 00 B eebemee
T BG : L
= 0.0 ! ' = 0.0000
-0.1- -0.0002 - < | -
o
ﬁ :
i r o))
-0.2¢ ~0.0004 - o 4
L 00006 5 64 05 Z02 o1 00 o
-0.5 -04 -03 -02 -0.1 0.0 ST T e e ' '
Tk Tr
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U Yukawa — the surprise

Maximal EDM, BG:

04r
1A% | max = 6.5 x 1073 e cm |

contours of
V9 ey = 7.2 x 10712 0_5‘

NY S |max /2 and [d8 [max /2

gr? Eir Efﬁnd o2l EWBG from | Yukawa:
1 <17 (ATLAS) Allowed by EDM
0| Excluded by LHC

-0.6
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V. RESULTS: Two-Yukawa combinations
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Higgs production and decay

Totalwidth  Dp/TpM =14 BRyM(r, — 1) + BR2Y (r — 1) + BR)V (r, — 1)

op |T(h— F)| Ty ||f1, fo process i sm_ Ta
USM - Ufl —_ Fh/FSM
7,b |any production, h — 77, bb h re,
— =
SM| £ | fi.fol| t,T Vh+VBF, h — 77 1+BR} (ry, — 1) + BR: (ry, — 1)
t,b Vh+VBF, h — bb /
J1 SM | f1. fa|t,b/T geF+tth, h —» VV fo_ THTf
SRRV
t, T geb'+tth, h — 77 | e T
fl f2 flv f2 _ — SM SM
tb ooFLtth, h — bb 1+ BR} (ry, — 1)+ BRE, (ry, — 1)
Interplay of 2 complex Yukawas in production and/or decay
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EDM and BG coefficients

for TR =0

Yp =8.6x 107" x (45177 — 2377 — 0.44T} — 0.13T}")
de =1.1 x 1072 e cm x (22237 + 9.617 + 11.67° + 0.097%)

Different relative contribution of the 4 species to BG or EDM

Cancellations in EDM + enhancement of baryogenesis?
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f_
Tandb Tt -
e —
b,rs/urces
= l
0.2 ]
_0_47 \ i
6 Y A [ N
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Tj
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Tandb Tl

Allowed by all
3 constraints!

QI\\

[ 4
b, t s/urces

_/

0.6 —~~—

0.4

02

0.0

0.2

0.4

6 Y A [
-0.6 -04 -0.2 0.0 0.2 0.4 0.6
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tand T

0.4 7
i t, T SOUI‘d&S'*
oo B
/99F/tth,vV /

. f T'severly constrained by

ol
A

~0.2, |
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-0.4

-0.2
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tand T

0.4 ———— 0.002 ——
t, 7 sourdes|- | t, 1 sources
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0.2F — 0.001 - Y 1
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04/15/2020

EWBG, EDM, Higgs with complex Yukawas

° I _
t and b: not sufficient TS =0
/ 0.006 ——
t/b sources| , t, b sources(”
i ,/,
L ,,/
0.0045 ,/’ -
,/
I ©? X">
e >
0.002 - .\,’1:{0“‘ 5 i
I \Dod s
- - " ~
= 7 ,’,,/ “gl
0.000 »Z ]
,/
;/
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Cut-off scales A/ VXr.1

Minimal scales for maximally allowed T (collider, EDM)
*T:24TeV,31TeV

*b:1.5TeV, 1.7 TeV
*T: 247 GeV, 318 GeV (only vat Ty=-0.5, but larger at T~0);

» 8.7 TeV from EDM
‘I 10 TeV, 12 TeV

Maximal scales for minimally required T (EWBG)
*T: A//XT <18 TeV (0.01/17)Y?

04/15/2020 EWBG, EDM, Higgs with complex Yukawas
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Observations: 1 flavor

tau: Can account for observed B asymmetry! bottom

* Robust: reaches 2.4 times observed Y5 * Large BR(h~ bb) broadens LHC region
* no strong sphaleron washout q + Reaches only 4% of observed Y,

~ large diffusion ddvenitages

» still sizeable Yukawa

muon
+ Could explain Yy within EDM limit

* But ruled out by LHC h-> [
+ Reaches only 2% of observed Y, - Reaches 15% of obsarved Y,

top
* Severely constrained by EDM
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Observations: 2 flavors

T+b

* maximal
YT = —0.4,T7 = 0.4) ~ 7.8Y5™

T+t

* maximal

YT (T7 = —0.3,TF = 0.0016) ~ 6.4Y 5™

t+b
* Cannot account for BG together

+ Reach only 12% of observed Y,

What if eEDM=0 and Higgs rates SM-like?

« T+b with nonzero T, T,
SY ST, = 0,y = pr = 1) = 10.25Y5™
~ EWBG possible with O CPV signals!

04/15/2020
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Conclusions and future thoughts

* Complementarity of EDM, BG and Higgs physics
* LHC can constrain cosmology
* Importance of taking also real parts of dim-6 terms

* Cancellations and enhancements with 2 fermions

04/15/2020 EWBG, EDM, Higgs with complex Yukawas
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Conclusions and future thoughts

* Complementarity of EDM, BG and Higgs physics
* LHC can constrain cosmology
* Importance of taking also real parts of dim-6 terms

* Cancellations and enhancements with 2 fermions

* EW phase transition

* Concrete models THANK YOU!

* Future collider and EDM sensitivities

~ CPV observables, e.g.in h-> TT ATLAS PUB-2019-008
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APPENDIX
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2-step: baryon density from L density

“n,g'(z) — ;—ing(z) = Dq (Rnb(z) + an(g)> — thiz) Rny, + f(z)

0 A 1 _ k
YB:nb(Z>):1:<1_a>Bl Bl

S S S oy B Djoys

SF'LUS - _
= e” ““Tnp(x)dr.
2Dgjoy s )
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Chemical potentials

et _4a v b _ 4 P T
/J’M kt kq ) IJ’M kb kq ’ iu’ﬁf k';r

t q h b q h T [

t I S b _ 2 4 s T
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Matrix formalism: o.d.e. 1°' order

Lt N (L YAWER

b 1 b b 0

gé a Uﬁ; Q.t B % g;t + St/Dt

g;; UD_lz gb Drizg Jb Sb/Db

. . . bivb . .

i)\ S\ Y AU
— Y —Kx=25, KE(? I‘f)
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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.
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Thin-wall approximation

8.x10°1 -
6.x10 11 S
YB [ rM

4.x107" -
2.x1071 -

0_

| L L | I I L |
-1.0 -05 0.0 0.5 1.0

Z
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Uncertainty of Y, from input rates

f f
FM/Y — “M/YFM/Y

. — (1)
VB ; Fy(7)
| )
— [y(t)
1.x10°
0:1 | | | 0.|5I - 1I | | | é T I'I?0
K
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L HC results

channel experiment |\/s/TeV|.Z/fh~! comment [ Ref
ATLAS+CMS| 7+8 | 5420 1.115925 || [16]
R ATLAS 13 36.1 geF, VBF 1.097030 || [17]
- - " .
tr CMS 13 77 ooF bb, VBF, Vh  |0.75+0.17| [18]
ATLAS+CMS| 748413 all prod., priv. comb. [0.91+ 0.13||[16-18]
— ATLAS y 139 bound ot 95% C.L| 1.7 [19]
— ot t L.
oA CMS 35.9 | PO DOUHE AL IO <29 [20]
VBF+VH 1.23 4+ 0.26
ATLAS 13 79.8 - oo || [15]
tth + th 0.79+0-50
_ VH (0-2¢, 2 b-tags—jets) |1.01 & 0.22
h — bb CMS T+8+13| 41.3 [21]
all prod. 1.04 +£0.2
VH, priv. comb. 0.98 +£0.15
ATLAS+CMS| 748413 | < 79.8 , (14, 21]
all prod., priv. comb. |1.024+0.14
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LHC results - top

channel experiment |5/ TeV|. 2/ fh comment [T Ref
H — 7 096 +£0.14
ATLAS 13 < 708 H 77 096505 || [15)
all decays, fixed to SM (104 + 0.09
H — 1.16%520
gl CMS 13 35.0 H—orr L05T5 62 [22]
all decays, fixed to SM 1.22%090
H — ~~, priv. comb. L.00 4+ 0.12
ATLAS+CMS 13 < H — 77, priv. comb. 099 4+ 0.44||[15, 22
all decays SM, priv. comb.|1.07 + 0.08
H —
) i o H—7r .
ATLAS 13 <798 H b [15]
all decays, fixed to SM
tth +th H —
cMS 13 | 359 i [22]
H — bb
all decays, fixed to SM | 118701
H — ~~, priv. comb. 1.21 + 0.36
ATLAS+CMS 3 ~ H — 77, priv. comb.  |0.95 + 0.83 (15, 22
. ’ = H — bb, priv. comb.  [(L8T £0.43 s
all decays SM, priv. comb.|1.20 +0.21
pelF+tth + {H || ATLAS+CMS 13 all decays SM, priv. comb.|1.09 + 0.08
ATLAS 138 L3855 ||123, 24)
CMS 774 th 1708 123, 25)
h = ATLAS <798 | priv. comb. of all prod [1.02 £0.12|| [15]
CMS 35.0 L2403 | (22)
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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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