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CP violation in the top sector:

-2 nggS doublet Cohen, Kaplan, Nelson ‘94
- Composite nggS Espinosa, Gripaios, Konstandin, Riva ‘11

Supersymmetric CP violation: . . . o o o

- Chargino/Neutralino sector Konstandin, Prokopek, Schmidt, Seco ‘05
Cirigliano, Li, Profumo, Ramsey-Musolf ‘09

- Stermion sector Chung, Garbrecht, Ramsey-Musolf ‘09
2 Kozaczuk, Profumo, Ramsey-Musolf ‘12
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Conditions for Baryogenesis
Sakharov ‘67

e Baryon number violation

= Electroweak Sphaleron
» CP violation

= Dynamical CP violation from varying Yukawas
» Qut-of-equilibrium

= Strong first-order electroweak phase transition
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Electroweak baryogenesis

Sphaleron _ 7
<h> 7 0 active <h> =0 SiCPV ~ Im [VT (mT) mV} y
Sizgféifgd 4R where V s.t. VimImV is diagonal

e /ero for constant Yukawas

* Only active during the
qL variation of Yukawas

* Connection between flavour
and Higgs physics: Froggat-
Nielsen, Randall-Sundrum,
Composite Higgs, ...
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Composite Higgs

Higgs: composite object of new nearly conformal

confining sector H ~ Y Confinement scale

Masses of remaining resonances: 1, ~ ¢, J typical strong

_ coupling N2

Confinement scale set by the vev of the dilaton (x) ~ f

breaking conformal invariance

Mass gap: Higgs is a PNGB of symmetry breaking Q/H
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Composite Higgs

Variation of Yukawa couplings for CP-violation
e \What we need.:

Strong first-order electroweak phase transition

e What CH naturally Varying Yukawas through partial compositeness

provides: Joint confinement-electroweak phase transition
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Studying the phase transition
N the Dilaton-HIggs potential

X Needs to be made Espinosa, Gripaios,
strongly first-order Konstandin, Riva ‘11

e \What are the conditions for

trajectories b & c?

e |s the confinement PT

Y o )
Varying Yukawas strongly first-order”

/™ in one-step PT

e |s there enough CP

violation along the

- K trajectories b & c?
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Partial compositeness and Higgs potential

e SM Yukawas from linear mixing y.a.01 + yrGrOr = Ag ~ yL[X;yR 2
e Mixings explicitly break Goldstone shift symmetry
 Higgs potential generated by SM loops
. o h .4 h . >
e V) ~ asin ?%—Bsm 7 with a ~ 8~y and f ~ (x)

e However, v< f = |a’/B°| ~v?/f* with f > 0.8 TeV

e Potential quickly detunes for X # X0

a,3 >0 = valleyalong h/x =0 Trajectory a
o, <0 = valleyalong h/X ~ 7'('/2 Trajectory c
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Conformal symmetry breaking

he vev of the dilaton sets the scale of the strong sector:
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Need small explicit breaking of conformal symmetry
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m = |m/|e"

S x Im [VTmTHmV] = (|m\26”)/

. Agrees with semi-
-~ Classical treatment

¢ has to be space dependent!
Mz) = e f(2) + e g(2)

1 Flavour

* No varying phase needed

Multi-Flavour . "Need sizeable off-diagonal Yukawas

= Flavour symmetries can significantly

iINnfluence the final result
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Experimental signatures

e Light dilaton

 Modification of Yukawa coupling
e Real part: Measurable at LHC and future linear colliders
e |Imaginary part: electron and neutron EDMs

e Gravitational waves in LISA spectrum

15



summary

 Framework for CP-violation and diffusion for z-dependent
Yukawas.

* Fully consistent and general formalism (diffusion and CP-
violation from first principle).

* Application possible to low-scale tlavour physics

(Froggatt-Nielsen, Randall-sundrum, Composite Higgs etc.)

Baldes, Konstandin, Von Harling, Servant ‘16 SB, Matsedonskyi,
Servant '16 1612.02447 Von Harling, Servant
1604.04526 & 1608.03254 1803.08546, 1804.07314
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summary

* Composite Higgs is a prime model for EWBG with varying
Yukawas

e Strong first-order PT from combined confinement-EWPT
* Varying Yukawas from partial compositeness
* Detectable signal in gravitational waves

* Detection possible in electron/neutron EDM

17
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Phase transitions

V(h) V(h)
J T= TC/ / T>T, T=T, T<T,
h
w h
First-order phase transition Higher order phase transition

In the SM: not first order
Yukawa variation: Baldes, Konstandin, Servant ‘16
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Phase transitions

J / / > ch T<T,

First-order phase transition Higher order phase transition

h

In the SM: not first order
Yukawa variation: Baldes, Konstandin, Servant ‘16

Espinosa, Gripaios,
Konstandin, Riva ‘11

‘aher order operators: Delaunay, Grojean, Wells ‘07
gnhe P Grinstein, Trott ‘08

Joint confinement-electroweak phase transition: stay tuned

Singlet extensions:

18



Baryon asymmetry

NNB = nB(_OO) — 155 N dZ ws UL Exp |:_§A_ dZOPwS:|
S AT 00 9% ) _ oo Vw J -
-6 -4 -2 2 4 6
2 [ Ly,
Broken Symmetric

1. Sakharov condition (B-violation)
2. Sakharov condition (CP-violation)

3. Sakharov condition (out of %quilibrium)



Baryon asymmetry

— 135 N,
NNB = nB( OO) — i dZ ws UL Exp |:_§A_ dZOPwS:|
S AT 00 9% ) _ oo Vw J — oo
. Washout
-6 4 2 2 4 6
2 [ Ly,
Broken Symmetric

1. Sakharov condition (B-violation)
2. Sakharov condition (CP-violation)

3. Sakharov condition (out of %quilibrium)



Baryon asymmetry

ng(—oo) 135 N, [T

"B = s T 4r? 9% J—oo Az Lws pir
¢ N
-6 -4 -2 2 4 6
2/ Ly,
v
Broken v Symmetric
<:—>

Ly
1. Sakharov condition (B-violation)

2. Sakharov condition (CP-violation)
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Baryon asymmetry

ng(—o0) 135 N, [+°°

"B = S T 4r2 9% J_ oo Az Lws pir
¢ ‘\ Fws
-6 -4 —2 2 4
2 [ Ly,
v
Broken v Symmetric
<>

1. Sakharov condition (B—violaztuion)

2. Sakharov condition (CP-violation)
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Baryon asymmetry

np(—oo) 135 N, [T

nB = . = g | dz ',
i 1
¢ | | Lws
| |
| .
-0 -4 -2 E 2 4 0
i 2 [ Ly,
Broken VAN Fw Symmetric

<>

1. Sakharov condition (B—viola?ion)

3. Sakharov condition (out of %quilibrium)



System and Kernel

A(2) v (2) + B(z)v(z) = S(z)

Unknowns =
(MtR/L?MbR/L?MSR/L?MCR/L?Mh

utR/L7ubR/L7uSR/L7uCR/L7uh)
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System and Kernel

A(2) v (2) + B(z)v(z)

Unknowns =
(’utR/L’lubR/LHuSR/L’IuCR/L?luh +00
utR/L,ubR/L,uSR/L,uCR/L,uh) — dZ() G(Z, Z()) S(Z())
— OO
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System and Kernel

Unknowns =
(IutR/L sMbp s Msr s Mer s Hh

+ o0
dzo G(z, z9) S(z0)

Ug Ue , Uh)

Utp sy Wbg, s Usg, > Ucr,r
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System and Kernel

Unknowns =~
(,utR/La,ubR/LuusR/La,ucR/L,Iuh

Source
e CP-violation

+ Weak Sphaleron ™~
* Interactions (GF)

* Numerical factors N



Varying Yukawas across the
wall

Effective description following from Flavon-Higgs coupling

Broken phase  Free parameter Higgs vev in
Ny v broken phase

Y(Yo, Y1, d,n

?

Symmetric phase |

Higgs vev

Baldes, Konstandin,
Servant '16
1008.03254 & 1604.04526




Yukawas

- [ ey(1,0.008,p(z),n) y(1,0.04,¢(2),n)
th(zan)_< y(1,0.2, (), n) y(1,1,9(z),n) )

| n = 10

| — TOop

1'03' Charm

0.5+

--------- ---'---"'z-TC
~40 -20 20 40
Bubble wall
- Broken phase Symmetric phase =%
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Yukawas

- [ ey(1,0.008,p(z),n) y(1,0.04,¢(2),n)
th(zan)_< y(1,0.2, (), n) y(1,1,9(z),n) )

| — TOop
i Charm
| n = 0.5
ol5!
--------- ---'---"'z-TC
-40 -20 20 40
Bubble wall
- Broken phase Symmetric phase =%
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+00
nB = Z/_OO dzo Ki(z0) Si(20)

ng ~5.5-107 1 ng ~2.1-107 %
Kernel for n=10 Kernel for n=0.1
K(z)
z T, e e T,
° - 0. . 20 40 °°
TN 1075"
-2. %4076
-3.x10¢
-4 . x107R¢
-5.x107%"
-6.x1075}
C I Top !
Source for n=10 Source for n=0.1
S(z2) Charm S(2)
e \J/\ .......... z-T, 5.x1078}
40 -20 ; 20 40 :
~0.00002} SN0 | N NE— z-T;
' | ~40 20 M /20 40
~0.00004| -5.X107°
- —1.><1O‘7:—
0.00006} - |




Kernel for n=10 Kernel for n=0.1
K(z) K(z)




= TOp

Source for n=10 Source for n=0.1
S(z2) Charm S(2)
e \J/\ .......... z-T, 5.x1078}
~40 =20 ; 20 40 :
000002_ N T— /\ ‘ LN
I | -40 -20 M /20 40
~0.00004| -5.X107°
- —1.><1O‘7:—
0.00006/ o |




+00
nB = Z/_OO dzo Ki(z0) Si(20)

np ~5.5-1071 ng ~ 2.1-10712
= TOp
Source for n=10 Source for n=0.1
S(z2) Charm S(2)
— Y /\ .......... T 5.x1078!
~40 -207 | 20 40 °° |
0.00002} N N
e | ~40 20 M /20 40
~0.00004| -5.x107°}
~0.00006/ -1.x107"}
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EXperimental signatures

Lgqn ~ =Bx,s5sinfv/ f] + Aq(cs cos[v/ f] — s5 sinfv/ f])

12.7

13.0

3.5 [TeV]

14.0

15.0
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EXperimental signatures

Beta function of Yukawa
coupling of quark g

Lo ~ —Ba, 5 sinfv/ ] + Ag(cs coslo/ f] — ss sinfo/f)

12.7

13.0

3.5 [TeV]

14.0

15.0

24



EXperimental signatures

Beta function of Yukawa
coupling of quark g
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EXperimental signatures

Caan ~ — O )sinlo/ £] + Ag@coslv/ f] — @sinlo/ 1)

12.7

13.0

3.5 [TeV]

14.0

15.0

1.0 0.2 0.4 0.6 0.8 1.0
m,[TeV]

< 0.018 @90%CL

Y

CLIC sensitivity on Re [0A;] ~ 4% at 1o Im [(5)\t]

Cirigliano, Dekens,
24 de Vries, Mereghetti ‘16

Abramowicz et al. ‘13



EXperimental signatures

€ (Viot 0, 0] = Viog |, XO])Tn 5, T dSE
 — = 9 — = dn—F/7
Drad 3T2N2T4/8 H dT |,
1 ,
14 127 14 ' 127
i : 200
ol [ 200
: 13.0 MeSOn 2 13.0
| 200 |
10f c 10f
N 10 34 ™ N 200 34 M
: (TeV) 8f 3 (TeV)
-4.0 ’ ﬁ -4.0
a | 300
1 4 500
O.‘1 012 0.3 04 015 016 017 018 019 1.0 O.‘1 012 0.3 04 015 016 017 018 019 1.0
m, (TeV) my (TeV)

Grojean, Servant ‘06

_ 4
LISA: @« 201 & 15 68/H S 10 Caprini et al. ‘15
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EXperimental signatures

\ € (Viot 10, 0] — Vit [U7XO])Tn ﬁ ~ T dSE
 Prad 3m2N2T4/8 ' H AT |,
) / " Glueball | /
-3.0 I 56 -3.0

T [

10 1000000 10
N I 434 m, N I 134 m,
8 (TeV) 8 (TeV)
: a
6 7}/ 4.0 6 // 14.0
f 1000 @ f \1 oo—/
] P i
4} - 10/ 41 —
7 —_— | = | \ZOON | | | MZOO\

01 02 03 04 05 06 0.7 08 09 1.0 01 0.2 03 04 05 06 0.7 0.8 09 1.0
m, (TeV) m, (TeV)

Grojean, Servant ‘06

_ 4
LISA: @« 201 & 15 68/H S 10 Caprini et al. ‘15
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CP Violation

SEPV  Im [V‘L (mT)” mV}
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* Top-only: varying complex phase; couple top right to two operators

27



CP Violation

SEPV  Im [V‘L (mT)” mV}

11

* Top-only: varying complex phase; couple top right to two operators

e Multi-flavour: yqQO — Yij q; Oj — Iijyjj Q; Oj

27



CP Violation

SEPV  Im [V‘L (mT)” mV}

11
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* Top-only: varying complex phase; couple top right to two operators

e Multi-flavour: yqQO — Yij q; Oj — Iijyjj Q; Oj

Partial compositeness
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CP Violation

SEPV  Im [V‘L (mT)” mV}

11

* Top-only: varying complex phase; couple top right to two operators

e Multi-flavour: yqQO — Yij q; Oj — Iijyjj Q; Oj

Partial compositeness

Vik (G ki (QR)zz (R)ljh

Flavour model =

27



CP-Violation

mij ~ () ik U )ik (9™ Dt (W) (T7)150

I | vz | 95' | yr | lg | condition on d;; for Scpy =0
d | 2 d 2 d always
1 1 always
d | 2 d 2 d dy1 + dyp = dya + doy
1 2 always
2 1 always
1 1 always
d | 2 d 2 | d always
1 1 always
d | 2 d 2 d d11 = di2, do2 = do
1 2 always
2 1 diy = dy;
1 1 always
d | 2 d 2 | d d11 = di2 = da1 = da2
1 1 always
d | 2 d 2 | d diy = dig = dy; = dy
2 1 dy; = doyg
1 2 di1 = di2
1 1 always

28



Baryon asymmetry: multi-flavour case with U(1) flavour symmetries

iy~ (0P (9D i (7 ) cos (1) 7 S5 S

10712
~0.2+ 107"
8.6x10 "
~0.4
Yy
f 1079
-0.6+
-0.8+
0.‘0‘ | ‘012‘ | ‘0.4‘ | ‘0.6‘ | ‘0.8‘
Pavglf
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Baryon asymmetry: multi-flavour case with U(1) flavour symmetries

i 01 g0 ssin (7 ) os (7) £ e

Anarchic
10712
~0.2+ 107"
8.6x10 "
~0.4
Yy
f 1079
-0.6+
-0.8+
0.‘0‘ | ‘O.‘Z‘ | ‘0.‘4‘ | ‘016‘ | ‘0.‘8‘
Pavglf

29



Baryon asymmetry: multi-flavour case with U(1) flavour symmetries

mij ~ (Y )i (.?;_1)@' ()5 sin ( ) ( ) oo

. Anarchic |
Two large entries

10712
~0.2+ 107"
8.6x10 "
~0.4
Yy
f 1079
-0.6+
-0.8+
0.‘0‘ | ‘012‘ | ‘0.4‘ | ‘0.6‘ | ‘0.8‘
Pavglf

29



Baryon asymmetry: top-only case

LD nyLOL + y}%f}%()}% + y%%@%

30



Baryogenesis

351
- — Sin[8] x gy / (Tn 9:)
: Sin[6] Cos[8] x gy / (Th g.)
Vet
— Ve

— (Im[VT(m")TmV]y4 / T2)-10?

31



Dimensional Analysis and large N

|dea: restore dimensions of f
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Dimensional Analysis and large N

|dea: restore dimensions of f

7] .

V~gog* or V~g°f

47
Large N expansion: for a meson like Higgs g, ~ ——

VN

32



Canonically normalised fields
1
§(auh)2
h— h+2nfk (k €7Z) forconstant f
h — h+2nxk (k € Z) for dynamical X

1 1
f=h/x: 60— 0+2rk £:§X2(aue)2 2(aux)2

We need canonically normalised fields for vacuum tunneling:

Y1 = xsinf, 9 = xcosl
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Canonically normalised fields
1
§(auh)2
h— h+2nfk (k €7Z) forconstant f ]

h — h+2nxk (k € Z) for dynamical X

1 1
f=h/x: 60— 0+2rk £:§X2(aue)2 2(aux)2

We need canonically normalised fields for vacuum tunneling:

X1 = Xxsinf, s = xcost
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Canonically normalised fields

- (0,h)°
h— h+2nfk (k €7Z) forconstant f \/
h— h+2mxk (k € 2) foraynamical X I
0=h/y: 0—0+2rk L= %XQ(aue)Q ;(aMX)Q

We need canonically normalised fields for vacuum tunneling:

Y1 = xsinf, 9 = xcosl
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Canonically normalised fields

- (0,h)°
h— h+2nfk (k €7Z) forconstant f \/
h— h+2mxk (k € 2) foraynamical X I
0=h/y: 0—0+2rk L= %XQ(aue)Q ;(aMX)Q V4

We need canonically normalised fields for vacuum tunneling:

Y1 = xsinf, 9 = xcosl

33



Temperature Corrections

 Hard to compute In the symmetric phase

* From dimensional analysis and large-N counting:

Ferr[x = 0] ~ —cN*T* where ¢ depends on the number
of d.o.f. per color in the strong sector

e For definiteness we use a 5-D estimate to fix c:

FC’FT[X — O] ~

FA




Temperature Corrections



Temperature Corrections

* Use standard one loop result to interpolate between the
symmetric phase and the brocken phase.
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Temperature Corrections

* Use standard one loop result to interpolate between the
symmetric phase and the brocken phase.

* We use standard one loop result for SM fermions

- B nT* _ [m?* nT* _ [m*
AV = D gl |m| = 2. 571 |7

bosons - = fermions

Jb[m]:/ dk k*log {1—6_'162“3] and Jf[a:]:/ dk k*log {14—6_\/@
0 0

45N ?
Z n T Z Y

CFT bosons CFT fermions

35



V1ot(X)— V1ot(0) [GeV?]

lemperature Evolution

1x1010—

5x 109 -

0

—5x10°

0 o I2OOI I I4OOI I IGOOI I I800I o
X [GeV]
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Collider phenomenology

» Detect Dilaton
* Fit parameters of EFT to data

 E.g.: Dilaton quark coupling

(V) (V)
VCIQX ~ C5ﬁ>\q | 65)\ | 85)\q

f f

37



Collider phenomenology

* Detect Dilaton
* Fit parameters of EFT to data
 E.g.: Dilaton quark coupling

Beta function of Yukawa
coupling of quark g

{”U U

VCIQX ~ C5ﬁ>\q | 65)\ | 85)\q

f f
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Collider phenomenology

* Detect Dilaton
* Fit parameters of EFT to data
 E.g.: Dilaton quark coupling

Beta function of Yukawa
coupling of quark g

‘.

qux ~ 65/6>\q | 05)\

f

Higgs-Dilaton mass mixing.
Depend on parameters of potential.
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Collider phenomenology

e Detect Dilaton

* Fit parameters of EFT to data

 E.9.: Higgs quark coupling

Beta function of Yukawa
coupling of quark g

Lgqn ~ =B, S5 sinfv/ f] + Ag(cs cos|v/ f] — ss sin|v/ f])

Higs—DiIaton mass mixing.
Depend on parameters of potential.

38



~roggat-Nielsen

U(l)pny  with two FN fields X, 0

Charge assignment

RQrn(o) = Qrn(x) = —1

Yukawa type interactions after SSB
(X) (X)

Qs (0) Q2 (+2)
Us (0) Us (+1)

Q1 (+3)
Ui (+4)

L D i <A_X> QidU; + yi; <A_X> QipD; Ds (+2) Dy (+2) Dy (+3)

~

+Y;; (%) QidU; + Vi, (%) QipD; o

VEVs during EWSB
¢p:0—=>vy o0:A;/5—=>As/5 x: A, —0

X — ¢ -Potential =

50 100 150
¢ [GeV]

39
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~roggat-Nielsen

% . yccex yct6 4 0663 Y 6 ) 8(2)106
T Greey, yttEO Yicel Y€l
N . ~ TIRR I
Girg = Yizg =1 G =Yu=1/2 e e j\ 11111111111111 z- T,
~30 =20 =10 | 10 20 30
L5t
"""""""""" Z'TC _10:_
-15t

oo ~10
"B = Z/ dzo Ki(z0) Si(20) ~ 1.15 - 10
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Randall-Sundrum

Higgs localised
Charm Top on IR brane
>
5th dimension
<< >
UV |R : hori
At high temp. -> AdS-Schwarzschild

Low temp. -> RS metric

—> "Brane Nucleation” S —

Von Harling, Servant ‘16
1612.02447
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Randall-Sundrum

S(z)-10°

+00
N = Z/_OO dzo K;(z9) Si(z9) ~ 9.81 - 10~ Tg

10"

10 20 30

N
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Deriving the equations

Hermitian part of the Kadanoftf-Baym equations

Expand to second order in gradients (smooth background)
and at tree level

Neglect off-diagonals (fast flavour oscillations)

Fluid type Ansatz tor particle densities:
1
fi — eB(witvwks—p:) 4+ 1 | 5f7’

Take different momenta and average over energy and
momentum

43



Kinetic equations

(kzaz 1 ([vi(m'm)'V]) akz> fri~C+8

2
(2.5 ([ i v]) 20 s 08

COllISION 1EFMN mmeeeeeeeeeeeee e

CP-violating source term:

Source depends on m sienlk,]. T ;
[} S = o7 “Im _VTmT mV} y Ok, JL/R,i
ink to
Yukawa couplings (V are the Eigenvectors of m'm)

44



Network equations

Fluide type Ansatz:

k
B 1 | U = <—Z5f>
Ji = eBwitvwkz—pi) 4+ 1 0f; w0

CP-odd Energy-Momentum average, linear in: u;,u; and vy, :

Vw K1t + vy (m?) Ko+ u' — (C) =0

. 3 k.
— Kyt + vy Ks v/ + vy (m?) Kgu — < C> = 40, K5 Im {VTmTNmV}
Wos

Interactions e "
Source "
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Network equations

Fluide type Ansatz:

k
- 1 | u = <—Z5f>
fi N €ﬂ(wi+vwkz_lﬁi) 4+ 1 | 5f7, wo

CP-odd Energy-Momentum average, linear in: u;,u; and vy, :

v Ko pf' +vy(m*) Kep+u' —(C) =0 mn

- - k. 4
— Kyt + vy Ks v/ + vy (m?) Kgu — < C> — 4
Wosi

Vi,

Interactions e "
Source "

45



v K1 p + vy (m?) Ko p + ' — ' Z“i — 0

— Kt + vy K5 v + vyy(m?) Kgu + T = +0v,Kg Im [VTmTHmV}
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— Ky 1 + vy K5t/ + v (m?) Kg [ "y = +v, Kg Im [VTmTHmV}

e.g. Fromme, Huber '06
nep-ph/0604159  nteractions:

Couple different particle species together

46



— Ky 1 + vy K5t/ + v (m?) Kg [ "y = +v, Kg Im [VTmTHmV}

e.g. Fromme, Huber '06
nep-ph/0604159  nteractions:

Couple different particle species together

* Yukawa interactions e.g. ty <+ tr + h Fye=42x10"%y2 T
Helicity fI tp <>t ur
elicity tlip e€.g. U, <= UR Fm,q _ 63%
e W-scattering e.g. i, < br, [w = %
* Higgs number violation h <+ 0 I'n = Z}’fg‘i

e Strong sphaleron all L <+ all R [ye =4.9 x 10747

46



Collision term

- k
C) = vl ; 2 C ) = et
(C) E@ i <wo@- > u

Yukawa interactions e.g. tp < tp+h Dy, =42x10"°y:T

2

Helicity flip  e.g. tr, > tg L'm.q = 37

. I L
W-scattering e.g. tr <> b W = 60
Higgs number violation h <> 0 U'n = o1

Strong sphaleron all L <+ all R [y = 4.9 x 10747
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Fps =107°T exp(—ap(z)/T)
a ~ 40 NEW

Rate
in Literatur
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=W Baryogenesis

T Cohen, Kaplan, Nelson ‘O
Sphaleron
active

'

Chiral asymmetry
converted to
Baryon asymmetry

CP-violation
at
phase interface
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=W Baryogenesis

T Cohen, Kaplan, Nelson ‘9O

/

(H) =0

Sphaleron
active
Chiral asymmetry
converted to
Baryon asymmetry

l CP-violation
at
phase interface
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es|s

hen, Kaplan, Nelson ‘91

-~ =W Baryog

(H) #0 (H) =0
Sphaleron Sphaleron
Inactive active

\ B

Baryon number
frozen

+>

Chiral asymmetry
converted to
Baryon asymmetry

CP-violation

phase interface



CP-violation in the SM and beyond

In the SM: g 5 10_2A(;p Farrar, Shaposhnikov ‘93

_1
Acp ~ (MyT2) " [[ (m?—md) [[ (m?—m3) Jer Gavela, et al. '93
P> P>

w.cot d s.b . Huet, Sather '94

Jarlskog constant™ " Based solely on
reflection coefficients
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CP-violation in the SM and beyond

Inthe SM:  np <10 *Acp a\\\ ‘poshnikov ‘93

Gavela, et al. '93
Huet, Sather '94

" Based solely on
reflection coefficients

Acp ~ (M&VTE)_1 H (mi —m? “\‘00

Models with diffusion

| Calculate CP-
2 nggS doublet Cohen, Kaplan, Nelson ‘94 Vio|a’[ing source,
MSSM Cline, Joyce, Kainulainen ‘97 inject to Boltzmann

eqguation
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CP-violation in the SM and beyond

Inthe SM:  np <10 *Acp a\\\ ‘poshnikov ‘93

Gavela, et al. '93
Huet, Sather '94

" Based solely on
reflection coefficients

Acp ~ (MSTS) ™ H (m? —m? 7 \00

EARY
u,c,t

Jarlskog constan,

Models with diffusion Calculate CP-

2 Higgs doublet Cohen, Kaplan, Nelson ‘94 violating source,

MSSM Cline, Joyce, Kainulainen ‘97 inject to Boltzmann
eqguation

CP-violation and diffusion eguation Prokopec, Schmidt,
from first principles (Kadanoff-Baym) Weinstock '03

50



Source for i in SM

S ~ {VTmTHmV}




Source for i in SM

S ~ {VTmTHmV}

For constant v: m = y(z)

S~ [V‘LnyyV} " b
—0
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Source for i in SM

S ~ {V‘LmT//mV}

For constant v:
S~S[VTylyV]¢"¢

\ﬂ_g_/ EW scale flavour physics

Composite Higgs

— 7 dependent Yukawas | Froggatt-Nielsen
Randall-Sundrum

51



The phase transition in the SM and
beyona

first order phase transition second order phase transition
Vv
h h

52



The phase transition in the SM and
beyona

first order phase transition second order phase transition
Vv
h h

In the SM: not first order

52



The phase transition in the SM and

first order phase transition second order phase transition
Vv
h h

In the SM: not first order
Yukawa variation: Baldes, Konstandin, Servant ‘16

52



The phase transition in the SM and

beyona
first order phase transition second order phase transition
Vv
h h
In the SM: not first order
Yukawa variation: Baldes, Konstandin, Servant ‘16

Espinosa, Gripaios,

Singlet extensions: Konstandin Riva ‘1 1

52



The phase transition in the SM and

beyona
first order phase transition second order phase transition
Vv
h h
In the SM: not first order
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Need small explicit breaking of conformal symmetry

V, = cXgiX4 — e[x]x4 + ...

All scales in the strong sector (including f) are Yukawas vary
: — .
determined by X as X varies
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Conformal symmetry breaking

he vev of the dilaton sets the scale of the strong sector:
AVX
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| > X

Need small explicit breaking of conformal symmetry
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Typical coupling of the dilaton:
Meson-like dilaton: g, ~ N~ 1/?

Glueball-like dilaton: g, ~ N~
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Conformal symmetry breaking

he vev of the dilaton sets the scale of the strong sector:
AVX
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Need small explicit breaking of conformal symmetry
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e Use 45N° strong sector bosons to reproduce N = 4 SYM result for c.
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SM Yukawas
determined by Mass hierarchy generated
he mixi YLYR .
the mixings at ?)\ ~ by order one differences
the confinement Jx in the scaling dimensions
scale of O;

95



The Higgs potential



The Higgs potential

Explicit breaking of G through elementary-composite couplings:

LDy fqUy;

K_ SM-fermions don't

il complete multiplets of G

56



The Higgs potential

Explicit breaking of G through elementary-composite couplings:

LDy fqUy;

K_ SM-fermions don't

il complete multiplets of G

Higgs potential generated at one loop with SM-termions

56



The Higgs potential

Explicit breaking of G through elementary-composite couplings:

LDy fqUy;

K_ SM-fermions don't

il complete multiplets of G

Higgs potential generated at one loop with SM-termions

_ Y’ (v (N
Vi = i Gz 2 (g) . (f>

56



The Higgs potential

Explicit breaking of G through elementary-composite couplings:

LDy fqUy;

K_ SM-fermions don't

il complete multiplets of G

Higgs potential generated at one loop with SM-termions

Dimensional ===

Analysis o y2 Y D h
__ 274 | = Ii _
Vh g*f (47‘(’)2 ZC ( ) (f>

1

56



The Higgs potential

Explicit breaking of G through elementary-composite couplings:

LDy fqUy;

K_ SM-fermions don't

il complete multiplets of G

Higgs potential generated at one loop with SM-termions

Loop factor

Dimensional ===

Analysis ) Y Y Pi h
=it g e (5) 7 (3)




The Higgs potential

Explicit breaking of G through elementary-composite couplings:

LDy fqUy;

K_ SM-fermions don't

il complete multiplets of G

Higgs potential generated at one loop with SM-termions

Expansion in small
explicit breaking

Vi = 11 g D (i) (%)

Loop factor

Dimensional ===
Analysis




The Higgs potential

Explicit breaking of G through elementary-composite couplings:

LDy fqUy;

K_ SM-fermions don't

il complete multiplets of G

Higgs potential generated at one loop with SM-termions

Expansion in small - Trigonometric functions
explicit breaking  (Goldstone nature of Higgs)

_2p Y N (Y
Vh _g3f4 (47_‘_)2 ZCZ (g

Loop factor

Dimensional ===
Analysis




The Higgs potential

Explicit breaking of G through elementary-composite couplings:

LDy fqUy;

K_ SM-fermions don't

il complete multiplets of G

Higgs potential generated at one loop with SM-termions

Expansion in small - Trigonometric functions
explicit breaking  (Goldstone nature of Higgs)

Vh — gff4 (47_‘_)2 ZCZ (g

Loop factor

Dimensional ===
Analysis

2




Tuning of the Higgs potential
=i () 2 (3)

Jx X




Tuning of the Higgs potential
=i e (50) 7 ()

Chose characteristic Z; — sin®, sin*

VY = o' sin’ <ﬁ> + BY sin* <E>
X X




Tuning of the Higgs potential
=i e (50) 7 ()

Chose characteristic Z; — sin®, sin*

VY = o' sin’ <ﬁ> + BY sin* <E>
X X

Reproduce Higgs
mass and vev at

X=171

S/



Tuning of the Higgs potential

e () (2

Chose characteristic Z; — sin®, sin*

VY = o' sin’ <ﬁ> + BY sin* <E>
X X

Reproduce Higgs 1 .
massandvevat = & = —24"sin (U/f) B = gm%fZ/SmQ(U/f)

X=171

S/



Tuning of the Higgs potential
=i e (50) 7 ()

Chose characteristic Z; — sin®, sin*

VY = o' sin’ <ﬁ> + BY sin* <E>
X X

Reproduce Higgs . 1 .
mass and vev at o = =28%sin*(v/f), B° = ém%fZ/SmQ(U/f)

X=171

a”/B°] = 2sin*(v/f)

S/



Tuning of the Higgs potential
=i e (50) 7 ()

Chose characteristic Z; — sin®, sin*

VY = o' sin’ <ﬁ> + BY sin* <E>
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Reproduce Higgs . 1 .
mass and vev at o = =28%sin*(v/f), B° = ém%fZ/SmQ(U/f)
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