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Cosmic Baryon Asymmetry

Standard Model Universe
2 F-—

Park Energy

How did we go from
nothing to something ?

Astro: stars,
n+p— nucle/ | galaxies,..
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Cosmic Baryon Asymmetry

Dark Matte

Park Energy

Big Bang Nucleosynthesis:

Light element abundances
depend on Yg
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Cosmic Baryon Asymmetry

Dark Matte

Park Energy

Cosmic Microwave Bcknd:

Shape of anisotropies
depends on Yy

. 2
(Temperature Fluctuation)

10 100 1000
Spherical Harmonic on Sky



What is the Origin of Matter

Baryogenesis: When?
CPV? SUSY? Neutrinos?

| -l '_u.-_f‘::. i " rl

Can new TeV scale
physics explain the
abundance of matter ?

Leptogenesis:
less testable,
look for _
ingredients w/ vs

If so, how will we
know ?

Yp =2 = (9.2940.34) x 10!
Sy



Ingredients for Baryogenesis

* B violation (sphalerons)
» C & CP violation (BSM)

» Qut-of-equilibrium or CPT
violation (BSM)
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Ingredients for Baryogenesis

Scenarios: leptogenesis,
EW baryogenesis, Afflek-
Dine, asymmetric DM, cold
baryogenesis, post-
Sphaleron baryogenesis...

Standard Model BSM
* B violation (sphalerons) 4
* C & CP violation (BSM) x v/
* Out-of-equilibrium or CPT % v

violation (BSM)



EW Baryogenesis: Standard Model

Weak Scale Baryogenesis

* Bviolation —— |
« C & CP violation

* Nonequilibrium
Y dynamics
&=

Sakharov, 1967

Kuzmin, Rubakov, Shaposhnikov
McLerran,...

Anomalous Processes

Different vacua: A(B+L)= ANq

Sphaleron Transitions




EW Baryogenesis: Standard Model

Shaposhnikov

Weak Scale Baryogenesis

d
I

Sakharov, 1967

* B violation
« C & CP violation

* Nonequilibrium

A

J = 81,835,3 C12C123cz3 SINO, 5
=(2.88+0.33) %10
m

E ) dynamics

* CP-violation too weak
 No EWPT
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EW Phase Transition: New Scalars & CPV




EW Phase Transition: New Scalars & CPV

\ F 1st order | F 2nd order
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EW Phase Transition: New Scalars & CPV

| ' 1st order | ' 2nd order
T=T. / TaT.
T,
e

Increasingm, —»

<4+—— New scalars



EW Phase Transition: New Scalars & CPV

“ »  Aqst
| ' 1storder  F 2nd order Strong” 1st order EWPT

Increasing m, ——»

<+— New scalars

Baryogenesis
Gravity Waves
Scalar DM
LHC Searches




EW Phase Transition: New Scalars & CPV

“Strong” |15t order EWPT

| I 1st order | ' 2nd order
\ 4
Bubble
nucleation
Increasing m, —>» O O
<+— New scalars O O Q
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EW Phase Transition: New Scalars & CPV

“Strong” |15t order EWPT

| ' 1st order | ' 2nd order
\
Bubble
N nucleation
Increasing m, —>» O O
<+— New scalars >O O Q
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EW Phase Transition: New Scalars & CPV

\ F 1st order | F 2nd order

Increasingm, —»

<4+—— New scalars

Baryogenesis
Gravity Waves
Scalar DM
LHC Searches

“Strong” |15t order EWPT

\ 4
Bubble
nucleation

CPV|& EW EWSB
sphale/ons - —
BSM
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EW Phase Transition

\ F 1st order | F 2nd order

- New Scalars & CPV

“Strong”

Increasingm, —»

<4+—— New scalars

Baryogenesis
Gravity Waves
Scalar DM
LHC Searches

Y : diffuses
into interiors

1st order EWPT

v
Bubble

nucleation

O

mj




EW Phase Transition: New Scalars & CPV

“Strong”|| 15t order EWPT

| I 1st order | ' 2nd order
\ 4 \ 4
Preserve Bubble
N Vg nucleation
Quench
EW sph
Increasingm, —» \GD
<+— New scalars /@ O
Baryogenesis Yp - diffuses EWSB
. into interiors
Gravity Waves
Scalar DM
LHC Searches




EW Phase Transition: St’d Model

Lattice: Endpoint

va 1st order | ' 2nd order
Lattice Authors  Mf (GeV)
4D Isotropic [76] 807
- 4D Anisotropic [74] 724+ 1.7
3D Isotropic [72] 723107
3D Isotropic [70] 72.4+0.9

Increasingm, —»

S’td Model: 15t order EWPT
requires light Higgs



EW Phase Transition: New Scalars & CPV

\ F 1st order | F 2nd order
MSSM
I I
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== F-- | F-- | F-- +-
~ 7 ~ 7 \I/
I
%

Light RH stop w/ special M;ZR



EW Phase Transition: MSSM

\ F 1st order \ F 2nd order

Increasingm, —»

<4+—— New scalars

MSSM: Light RH stops

Carena et al 2008: Higgs
phase metastable




EW Phase Transition: New Scalars

| ' 1st order \ ' 2nd order _ , _
Lattice: Laine, Rummukainen
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EW Phase Transition: Higgs Portal

\ F 1st order | F 2nd order

Increasingm, ——» * Renormalizable

* ¢ . singlet or charged
<+—— New scalars under SU(2), x U(1),,

 Generic features of full theory
Oy=Xoy &' HH | + (NMSSM, GUTS...)

» More robust vacuum stability
* Novel patterns of SSM







CPV in EW Baryogenesis

Unbroken phase

Broken phase

CP Violation
& Transport



CPV in EW Baryogenesis

Unbroken phase
ﬁ _____ _> < MX) \/
Broken phase \
CP Violation
& Transport

Transport: A Competition R-M et al
[A+B—C)#T(A+B—C) cpPV
I'NA+B < C) Chem Eq

F(A + B A+ B) Diffusion




Quantum Kinetic Equations
CPV Sources

Kinetic eq (approx) in Wigner space:

2k dy G*(k.X) ==i| M*(X).G"(k.X)|-2[k- =.G"(k.X) |+ A[G(k.X)]

The G(k,X) are matrices in flavor space



CPV in EW Baryogenesis

Unbroken phase
ﬁ _____ _> < MX) \/
Broken phase \
CP Violation
& Transport

MSSM: ~ 30 Coupled Eqns

Transport: A Competition R-M et al
[A+B—C)#T(A+B—C) cpPV
I'NA+B < C) Chem Eq

F(A + B A+ B) Diffusion

Thanks: B. Garbrecht




CPV in EW Baryogenesis

| LH leptons Bubble interior

bt

'LH quarks

. Bubble exterior LH fer njions
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MSSM: Chung, Garbrecht, R-M, Tulin ‘09

MSSM: ~ 30 Coupled Eqns
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F(A + B A+ B) Diffusion




CPV in EW Baryogenesis

LH leptons

Bubble interior
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lllustrative Study: MSSM

Chargino Mass Matrix

M. =

CPV

@ mWw/Ecos/B

s @

N

Neutralino Mass Matrix
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lllustrative Study: MSSM

Chargino Mass Matrix

CPV

.

gva(x ) T ~T,, : Scattering

of I:I VT/ from
background field

I << Tgy: mixing

" lem e ]

Neutralino Mass Matrix
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lllustrative Study: MSSM

Chargino Mass Matrix T

= TEW
[ \
cPV m > 1§00
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Neutralino Mass Matrix j ~ o~ Resonant CPV:
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EDM Probes: EWB Implications

Y /\\N'\M Y
2 M < 500 GeV— singp < 1072
e

Universal |

gaugino 0s

phases o o B

(rad)
Arg(uMp’) = |
Arg(uMb’) 1
.04 -0.02 ¢P ((:.ad) 0.02 0.04

Cirigliano, R-M, Tulin, Lee ‘06 Ritz CIPANP 09 +
Cirigliano, R-M, Tulin, Lee ‘06



EDM Probes: EWB Implications

P Singcp~1 — M > 5000 GeV
Y /\‘UV\M Y
2 M < 500 GeV— singqp < 102
e

Viable EWB & CPV:

* EDMs are 2-loop
* CPV is flavor non-diag




EDM Probes: EWB Implications

r
- __‘__“_J_,
- ..
N

Heavy sfermions: LHC
consistent & suppress
1-loop EDMs

Viable EWB & CPV:
« EDMs are 2-loop

* CPV is flavor non-diag




EDM Probes: EWB Implications

f ! \ In

X (@

Heavy sfermions: LHC
consistent & suppress
1-loop EDMs

Viable EWB & CPV:

« EDMs are 2-loop
* CPV is flavor non-diag

e

0 ,’
T T

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



Heavy Sfermions: Two-loop EDMs

One loop EDMs suppressed in heavy g : :
sfermion regime xt W O T

. h.“,H'J.,."«"\.__ /z w+ A L 40 SV AN
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EDM Probes: EWB Implications

T. (@)
; JJ_,JJJf

In

X (@

Heavy sfermions: LHC
consistent & suppress
1-loop EDMs

Viable EWB & CPV:

« EDMs are 2-loop

* CPV is flavor non-diag

e

0 ,’
T T

Sub-TeV EW-inos: LHC & EWB -
viable but non-universal phases
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EDMs & EWB: 2 Loop Regime

Arg(uM,b’) # Arg(uM,b’)
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EDM Probes:

T. (@)
r
-

Light staus: LHC
consistent & suppress
1-loop EDMs

Viable EWB & CPV:

« EDMs are 2-loop
* CPV is flavor non-diag

EWB Implications

No CEDM (9% Hg): EWB-viable
but m, — New scalars for EWPT
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MSSM Baryogenesis: EDMs & LHC
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MSSM Baryogenesis: EDMs & LHC
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MSSM Baryogenesis: EDMs & LHC
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MSSM Baryogenesis: EDMs & LHC
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MSSM Baryogenesis: EDMs & LHC
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EDMs: What We May Learn

EXPERIMENT THEORY Present n-EDM Iimit
e Proposed n-EDM limit
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EDMs: What We May Learn
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Flavored CPV & EWB

CPV & 2HDM
L =—y}iQ (eH] Juf — yi;Q" Hud, Combination
—ANLQ Hguly — \LQ' (eH))dy, + hec.. of H, 4 vevs
Liu, R-M, Shu “11; X
see also Tulin &
Winslow ‘11; Cline
etal117 T ____ > <¢(X)\/
CP Violation
Viable EWB & CPV: clREn e

 EDMs are 2-loop
* CPV is flavor non-diag




Flavored CPV & EWB

CPV & 2HDM

L= —y}}@i(EHi}u‘L — y%@iﬂudg

~ALQ Hauly — ML QH(eH))d}, + hec..

Liu, R-M, Shu ‘“11;
see also Tulin &
Winslow ‘11; Cline
etal ‘11

constant ng/ s

Viable EWB & CPV:

« EDMs are 2-loop
* CPV is flavor non-diag

[ N T
D63
131 042 08
L0 42 Z
é LHCb 1
0.0l¢ ]
£ _
_{}5
163 -
021
=057 05
>
MY
—10} 084 : | _189:
—0.05 0.00 0.05
Sign( Pus s



Flavored CPV & EWB

CPV & 2HDM
L =—y Q' (eH} )ul — y{;Q"Hyd, = n:—‘*
~ALQ Hauly — ML QH(eH))d}, + hec.. |

042 O8f
Liu, R-M, Shu ‘11; 042 I
see also Tulin & 2 ool LHCb j
Winslow ‘11; Cline 7 |
etal ‘11 1 2]
121
—05105
constant ng/ s >
—— 042
—1.0} 084 - _199:
=0.05 0.00 0.05

Viable EWB & CPV:

« EDMs are 2-loop ,
Largely unexplored.:
« CPV is flavor non-diag flavored EWB




