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Questions & Progress:

 How & when was the baryon asymmetry (Y ) produced ?

» Which scenarios are most/least favored by experimental
observations ?

« How reliable are theoretical computations of Yy ?



Ingredients: EW Baryo & leptogenesis:

EW Baryogenesis

e 1st order EWPT
* Bubble nucleation

 CPV Interactions w/
bubble walls: APy,

e Particle transfer rxns:

cP cP
A*"gsm — A-"gu

Most testable

Leptogenesis

* Out of eq Ve, decay
* CPV In v, INnteractions

e Suppression of washout
rxns

Most popular



Questions & Progress:

 How & when was the baryon asymmetry (Y ) produced ?

» Which scenarios are most/least favored by experimental
observations ?

« How reliable are theoretical computations of Yy ?

* Improvements in formal machinery, particularly in
performing systematic qguantum transport calculations for EW
baryogenesis & leptogenesis — Focus on flavor

 New phenomenological implications for MSSM EWB
* New challenges for exploring a possible EWPT

* New ideas for linking Yg & 2.y — See J. March-Russell
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Outline

e Systematic Quantum Transport
» Flavor Effects in Leptogenesis

 Flavor Effects in EW Baryogenesis

« EWPT: Progress & Questions

* “ the flavor of flavor ”







Systematic Baryo/leptogenesis:

Formalism: Kadanoff-Baym to Boltzmann

CTP or Schwinger-Keldysh Green’s functions

- . G'(x, -G~ (x,
G(x.y) = (P9, ()0, () T, =[ te) 6 Loy )]

G (x,y) -G'(x,y)

e  Appropriate for evolution of “in-in” matrix elements
«  Contain full info on number densities: n

«  Matrices in flavor space: (e,u.7) , (1, tg), --.



Systematic Baryo/leptogenesis:

Formalism: Kadanoff-Baym to Boltzmann
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Systematic Baryo/leptogenesis:

Formalism: Kadanoff-Baym to Boltzmann

Schwinger-Dyson to Kadanoff-Baym
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Systematic Baryo/leptogenesis:

Formalism: Kadanoff-Baym to Boltzmann

Schwinger-Dyson to Kadanoff-Baym
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Systematic Baryo/leptogenesis:

Formalism: Kadanoff-Baym to Boltzmann

Schwinger-Dyson to Kadanoff-Baym
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Sum: Constraint eq — disp relation
Difference: Kinetic eq — dynamics
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Systematic Baryo/leptogenesis:

Scale Hierarchies

EW Baryogenesis

Gradient expansion

&

=, (K, ®)<<1

Quasiparticle description

&= I,/ w<<1
Thermal, but not too dissipative
Ecoll ~ Fcoll fo<<1

Plural, but not too flavored

Eose = A T <<1

— power counting

Leptogenesis

Gradient expansion
ey = i/ Iy<1
Quasiparticle description
&= I,/ w<<1
Thermal, but not too dissipative

€coll = Fcoll / w<<1



Systematic Baryo/leptogenesis:

Scale Hierarchies — power counting
EW Baryogenesis Leptogenesis
v Gradient expansion v Gradient expansion
= Vy (Ky/ 0)<<1 e = Tiny / Tp<1
Quasiparticle description Quasiparticle description
&= I,/ w<<1 &= I,/ w<<1

Thermal, but not too dissipative Thermal, but not too dissipative
Ecoll ~ Fcoll fo<<1 Ecoll ~ Fcoll fo<<1

Plural, but not too flavored

Eose = A T <<1



Systematic Baryo/leptogenesis:

Formalism: Kadanoff-Baym to Boltzmann

Kinetic eq (approx) in Wigner space: Lowest non-trivial order in grad’s

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



Systematic Baryo/leptogenesis:

Formalism: Kadanoff-Baym to Boltzmann

Kinetic eq (approx) in Wigner space:

2k 3y G (k,X) = —i[G<(k,X)] -2k 2.G*(k.X) |+ A[G(k.X)]

Diagonal after rotation to local mass basis:
M*(X)=U"m*(X)U

>.(X)=U"9,U () = (f,t;)



Systematic Baryo/leptogenesis:

Formalism: Kadanoff-Baym to Boltzmann

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)]

Flavor oscillations: flavor off-diag densities
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Kinetic eq (approx) in Wigner space:
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CPV in m?(X): for EWB, arises from spacetime
varying complex phase(s) generated by
interaction of background field(s) (Higgs vevs)
with quantum fields
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v = recent progress



Systematic Baryo/leptogenesis:

Formalism: Kadanoff-Baym to Boltzmann

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)]

CPV in m?(X): for EWB, arises from spacetime v
varying complex phase(s) generated by

interaction of background field(s) (Higgs vevs)

with quantum fields

Resonant enhancement of

CPV sources for small ¢
v/ = recent progress osc



Systematic Baryo/leptogenesis:

Formalism: Kadanoff-Baym to Boltzmann

Kinetic eq (approx) in Wigner space:

2k dy G*(k.X) =—i| M*(X).G"(k.X)|-2[k- =.G"(k.X) | 4

A G(k.X)]

EW Baryogenesis

I'y(Q — tH) APgsm = A sy
T'v(Q — QV) “Superequilibrium”

I'n(Q+q— Q+q) Diffusion




Systematic Baryo/leptogenesis:

Formalism: Kadanoff-Baym to Boltzmann

Kinetic eq (approx) in Wigner space:

(s)botton & (s)tau dynamics import

for moderate tang ; identify B Z[k’ 2,G*(k,X) ] + A[G(k,X)]
conditions for superequilibrium
EW Baryogenesis
I'y(Q — tH) APgsm = A sy v
Tv(Q — QV) “Superequilibrium” v

PD(t—I—H . Q+g) Diffusion




Systematic Baryo/leptogenesis:

Formalism: Kadanoff-Baym to Boltzmann

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)]

Leptogenesis

1_‘N(Vheavy — EH) 7& FN(Vheavy — EH*) CPV decays

C'w (€H — Vheavy — ?H*) Washout
I'y(L — (rH) Flavor sensitive rxns

I'yv(L— WL) Gauge interactions



Systematic Baryo/leptogenesis:

Formalism: Kadanoff-Baym to Boltzmann

Kinetic eq (approx) in Wigner space:

Determine transition from
“unflavored” to “flavored” regime w/  — 2[k° 2,G*(k,X) ] + A[G(k,X)]
implications for m; bound

Leptogenesis

1_‘N(Vheavy — EH) 7é FN(Vheavy — EH*) CPV decays

Cw(£H — Vheavy — ?H*) Washout
I'y(L — (rH) Flavor sensitive rxns ¢/

I'v(L— WL) Gauge interactions






Flavor Effects Iin Leptogenesis

Yz may depend on flavor-dependent interactions
EW sphalerons preserve B -3 L, ,,

Two limiting regimes:

“Unflavored”: flavor content defined by RH neutrino
Yukawa interactions; no charged lepton Yukawas in
equilibrium

“Fully flavored”: flavor content defined charged lepton
Yukawa interactions; at least some in equilibrium



Flavor Effects Iin Leptogenesis

Questions:

1. What are the regimes of validity of fully flavored
and unflavored leptogenesis?

2. For a given model and parameter choice, which

regime (if either) applies and what are the
implications ?



Flavor Effects Iin Leptogenesis

Implications: Lightest neutrino mass (m,) bound:

Unflavored: e~ M, /'m, ;
M, bounded by AL=2
Interactions being out of
equilibrium: m; <0.15 eV

Fully flavored: e ~ m, : no
m, bound

De Simone & Riotto ‘07

10" e —
Viable
10t leptogenesis UNFLAVORED
0% |
s e
[ 3
% 10" |
= 5:15__“;; :_________
g0 | FLAVOR >
.....
N P N
10° |
Fully flavored
leptogenesis
10 L 1 ]
L 10 107 10°
m; [eV]

Blanchet, Di Bari, Raffelt ‘06



Flavor Effects Iin Leptogenesis

Full guantum Boltzmann: Beneke et al (2010)
Two-flavor toy model: h_ >0, h, =0

[
g | A=0.030 ] .
1 1Y 22 Flavored: off-diag
_ 0 Yy, Y damped long
o T e before freeze-out
107! L ‘I\ Re le
Ay A : |
01 02 05 1.0 2:} 5.0 IEIII:?J 200
|
|
m_:._.__#.l. 0.004 |
Unflavored: off-
_ 10 . .
= diag Y persists
107 up to freeze-out
Il

01 02 03 1.0 20 SL'I IUU ZUU

7



Flavor Effects Iin Leptogenesis

Two-flavor toy model

6. 107 2
5.x107°E

— 4.x1077¢
3 :
+ 3.x107F
= )
— 2.x107F

Flavored

1_><:m'”;-

n]-[;]m mln ”;'12 “:;n mllm Unflavored

M, [GeV]

*Yukawa’s in eq * No Yukawa’s in eq

« weak or no m, bound *m,;<0.15eV






lll. Flavor effects in EW baryogenesis

* For a given BSM CPV source how effectively
does it give rise to a non-zero LH fermion density?

» For a given set of BSM CPV parameters, how
large is the CPV source?

* For a given BSM scenario, are Yg -viable CPV
parameters phenomenologically allowed?



Flavor effects in EW baryogenesis

* For a given BSM CPV source how effectively
does it give rise to a non-zero LH fermion density?

» For a given set of BSM CPV parameters, how
large is the CPV source?

| LH leptons Bubble interior

'LH quarks

. Bubble exterior LH fernjlons

¢
]

40 -30 20 -10 0 10 20
z[GeV 1]

MSSM: Chung, Garbrecht, R-M, Tulin ‘09




Flavor effects in EW baryogenesis

* For a given BSM CPV source how effectively
does it give rise to a non-zero LH fermion density?

» For a given set of BSM CPV parameters, how
large is the CPV source?

L LH leptons Bubble interior

'LH quarks
. Bubble exterior LH fern]ions
1 1 1 BH|SM |
40 30 -20 -10.°0Y] 10 20
2[GeVY]

MSSM: Chung, Garbrecht, R-M, Tulin ‘09




Flavor effects in EW baryogenesis

* For a given BSM CPV source how effectively
does it give rise to a non-zero LH fermion density?

I'y(Q — tH) APgsm = A sy
T'v(Q — QV) “Superequilibrium”

I'n(Q+q— Q+q) Diffusion



Flavor Effects in EW Baryogenesis

Superequilibrium: X — WUx?

Supergauge interactions
qg+V g
Chain of Yukawa interactions

qr, + H =tg qL—I—fI:fR...

Chung, Garbrecht, R-M, Tulin ‘09

|
15 Lo

10

—\XFUII results -

Y __
Y MAR

<4—No supergauge

1 \ 1

1
5 10 15 20 3 30 35 40

tan 7

Exact supereq



Flavor Effects in EW Baryogenesis

Down-type Yukawa’'s & tang

| — Small tang : negligible Yy, ,
] effects

: ~~__  tang=20:imptY,,
] effects (g,-2)

(ngfs) | (ne/s)cam

= ,f}s"’f mg, = 1TeV
_mi mz, = 90 GeV
0 200 400 60 800 1000

mp, (GeV')



Flavor Effects in EW Baryogenesis

Down-type Yukawa’'s & tang

<+—— Small tang : negligible Y, ,

effects

: ~~__  tang=20:imptY,,
g effects (g,-2)

(ngfs) | (ne/s)cam

-3 ;»s’/ ms, =1 TeV
_mi mz, = 90 GeV
0 00 40 60 800 100
mp, (GeV')
}/MSSM
b, T .

W = t&llﬁ

‘ Down-type Yukawa
{p —>tp+H int impt when

Iy > 1Ty

Z)LHBR—FH



Flavor Effects in EW Baryogenesis

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)]

CPV in m?(X): for EWB, arises from spacetime
varying complex phase(s) generated by
interaction of background field(s) (Higgs vevs)
with quantum fields



Flavor Effects in EW Baryogenesis

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)]

VEV insert approx

* Riotto
» Carena et al
« Cirigliano et al

Large resonant
enhancement but
not realistic in
small ¢, regime

Resummed vevs Resummed vevs

« Konstandin, * Cirigliano et al
Prokpec, Schmidt

Small resonant Exact solution in two-
effect but neglected flavor toy model:
diffusion and off- large resonant

diag ; G; terms enhancement



Flavor Effects in EW Baryogenesis

CPV Sources: how large a sing-p,, hecessary ?

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)]

VEV insert approx

* Riotto
» Carena et al
« Cirigliano et al

Large resonant
enhancement but
not realistic in
small ¢, regime

Resummed vevs Resummed vevs

« Konstandin, * Cirigliano et al
Prokpec, Schmidt

Small resonant Exact solution in two-
effect but neglected flavor toy model:
diffusion and off- large resonant

diag ; G; terms enhancement



Flavor Effects in EW Baryogenesis

CPV Sources: how large a sing.p, necessary ?

v(z) v(y) SQPV
g o 4
ST N 2.67(k.X) 1+ A[G(k.X
gow g L (k.X) Jir A[G(k.X)]
VEV insert approx Resummed vevs Resummed vevs
* Riotto » Konstandin, « Cirigliano et al
» Carena et al Prokpec, Schmidt

« Cirigliano et al

Large resonant Small resonant Exact solution in two-
enhancement but effect but neglected flavor toy model:
not realistic in diffusion and off- large resonant

small ¢, regime diag ; G; terms enhancement



Flavor Effects in EW Baryogenesis

CPV Sources: how large a sing.p, necessary ?

HB/Cngéfqﬁ M, =200 GeV | /Moy | M, =200GeV |

=4 [

3
TR
gx452g

Carena-Quiros-Wagner- il
Seco '00-'02-'04

S 26 (hX) [+ AlG(k.X))]

;‘w I)c 4;x 4‘;0 500 15—

e = : S0 200 250 300 350 400 450 S0
w (GeV) w (GeV)

VEV insert approx Resummed vevs Resummed vevs

* Riotto » Konstandin, « Cirigliano et al
» Carena et al Prokpec, Schmidt

« Cirigliano et al

Large resonant Small resonant Exact solution in two-
enhancement but effect but neglected flavor toy model:
not realistic in diffusion and off- large resonant

small ¢, regime diag ; G; terms enhancement



Flavor Effects in EW Baryogenesis

CPV Sources: how large a sing.p, necessary ?

Kinetic eq (approx) in Wign

2k 3y G*(k,X) =

VEV insert approx

* Riotto
» Carena et al
« Cirigliano et al

Large resonant
enhancement but
not realistic in
small ¢, regime

—i| M(.

Neglect o-d 3;G;

terms & approx A \wﬁ,b

2 o005 ’. o

¢ -
Full s
solution \L yd
s £ i G

Resummed vevs Resummed vevs
« Konstandin, « Cirigliano et al
Prokpec, Schmidt
Small resonant Exact solution in two-
effect but neglected flavor toy model:
diffusion and off- large resonant
diag ; G; terms enhancement



Flavor Effects in EW Baryogenesis

EDM constraints: how large a sing.p, possible ?

Wassm :@1 - Hy + Wyukawa

soft = @ ‘|‘@;VW ‘F@Bé) + c.c.
—(uauQH — g?adQHd — éaeEHd>

—QTmQQ L'm?L — um ’L:L

. Hq+ c.c.)

One-loop EDMs

¢ = arg (uM;b’)

T 2 * 2 *
— mHuHuHu — deHde

&.H
Q.l

&.R
('0|z
tDIN
R

Phase Universality

At mp = I TeV
1.5 1.5
) d,
! Y2 1 1 .
NS ,
~0 \
,\IUUU!Y 0.5 0.5 .
e 7
v P40 —+ 10 +
f (rad) (rad)
q 0.5 0.
a ¥ Ll | S
N EW i dy H dy
~0 \ \ | |
X Mww g -5 : ' -5 : :
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q oy (rad) ou (rad)

Cirigliano, Lee, Tulin, R-M



Flavor Effects in EW Baryogenesis

EDM constraints: how large a sing.p, possible ?

Wassm :@u : IA{d -+ Wyukawa

Lo = —%@§+@/W@Bé)+c.c.

—(1a,QH, — gZadQHd — ¢asLHy) + c.c.

¢ = arg (uM;b’)

- - - - - " =~ ~_T - -
—Q'm3Q — L'm2 L — am2i' — dm3d — ém2é' —m3 H:H, —m3 HjH,

. 0 T T
Decouple in heavy » " RN =Tk
sfermion regime | | - obf A
W Y GBSy |
- ' oW e ol ]
KO, AW Yoh 3 \ ]
X ) Ad P ;y -5 3 “‘ E
~ (b) 10; |“ ",f
/ 3 \ F
§ q _15; E
? ; \\H+ + -20:*‘ R B B ‘\.‘41.”. . .*:
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X il % / vt 2-loop: Non-universal Phases

1 () (@) Li, Profumo, R-M 09



Flavor Effects in EW Baryogenesis

EDM constraints: how large a sing.p, possible ?

Wassm :@u ’ ﬁd + Wyukawa

Lo, = —%@§+@/W@Bé)+c.c.

—(1a,QH, — gZadQHd — ¢asLHy) + c.c.

sin(@,.,:l

Decouple in heavy

1— —
¥ ;""--—__ - 4 =3x107 ecm
sfermion regime | | -y
Xa Xe Yo T a=10" e
WHLN o w ‘ g af
I T oy H? B
X 1A L [ d =310 eom

2-loop: Non-universal Phases
Li, Profumo, R-M 09




Flavor Effects in EW Baryogenesis

EDM constraints: how large a sing.p, possible ?

_ N\~ A

MSSM EWB requires phase
( hon-universality & is bino- c.c.
driven; conclusive test with

sin(@,,_l

probe of d__ ~ 1028 e-cm level o
w aaevg Ao seepes e wm?lcl — en

qu + c.c.)

Decouple in heavy

I e
¥ ;""--—__ _ d =3x107 ecm
sfermion regime | | -y
Xa Xa Yo T a=10" e
W0,/ . - § ot
. f’ T . ! H:" 1 w
X 1A L [ d =310 eom

2-loop: Non-universal Phases
Li, Profumo, R-M 09




Systematic Baryo/leptogenesis:

Outlook

EW Baryogenesis

 Full solution for realistic
fermion CPV sources & apply
beyond two-flavor toy models

* Beyond the gradient
expansion to full K-B sol'n

 Limiting case of very weakly
coupled BSM sector:
Kadanoff-Baym may not be
needed (Gagnon &
Shaposhnikov ‘10)

Leptogenesis

* Beyond two-flavor toy
models to realistic scenarios

* Beyond the gradient
expansion to full K-B sol'n
(Anisimov et al ‘10)



Summary

 Definitively explaining the origin of the baryon
asymmetry remains a key unsolved problem at the
Interface of cosmology with particle & nuclear physics

» Considerable recent progress achieved in obtaining
systematic quantum transport computations relevant for
two broad baryogenesis scenarios: leptogenesis & EW
baryogenesis — On the way to clarifying the role of
flavor

 New phenomenological implications are emerging
(EDM'’s & light neutrino masses)

 Many challenges remain






IV. EWPT: Progress & Questions

* Was there a first order EWPT? (bubble
nucleation for EWB; B-L — B for leptogenesis)

« Was it sufficiently strong to preserve initial Yy ?

* How reliably can we address these questions?
(pert theory vs lattice; low energy phenomenology;
gravity waves)



EW Phase Transition: New Scalars




EW Phase Transition: New Scalars

 F 1st order F 2nd order

Increasingm, ——»

<4+— New scalars

LHC Searches
Scalar DM




EW Phase Transition:

 F 1st order F 2nd order

Increasingm, ——»

<4+— New scalars

LHC Searches
Scalar DM

New Scalars

Theory Challenges

e Lattice: most robust
theoretically but expensive
— Not optimal for broad
BSM exploration

» Pert th'y: tool of choice for
BSM exploration but (a)
computations to date not
robust and (b) reliability as
EWPT indicator uncertain



Baryon Number Preservation “Washout factor”

S = pp(Atpw)/pp(0) > eV

Final baryon / \ Initial baryon

asymmetry asymmetry



Baryon Number Preservation

“Washout factor”

S = pp(Atgw)/pp(0) > ™V

¢ =F(g)

Two qtys of interest:

e T, from V4

. Esph from I




Baryon Number Preservation: Pert Theory

S = pp(Atgw)/pp(0) > ™V

¢ =F(g)

Conventional | @(7T¢)
treatments Tc =

H. Patel & MRM, arXiv: 1101.4665



Baryon Number Preservation: Pert Theory

S = pp(Atgw)/pp(0) > ™V

Conventional
treatments

¢ =F(p)

Gauge Dep

H. Patel & MRM, arXiv: 1101.4665



Baryon Number Preservation: Pert Theory

H. Patel & MRM, arXiv: 1101.4665

S = pp(Atpw)/pp(0) > e

Conventional
treatments

Gauge Dep

* GI T, from either hbar
EXP Or Vet (¢79)

* Use Gl scale in E,
computation

H. Patel & MRM, arXiv: 1101.4665



Baryon Number Preservation: Pert Theory

S = pp(Atgw)/pp(0) > ™V

(—6In¢ >In(Zty) — 6ln( —|—ln/<c+ln AtEW lnN

\

Freq of sph Fluct Det ratio Ve '”'t&

unstable mode entropy
Duration of dilution
EWPT

H. Patel & MRM, arXiv: 1101.4665



Gravity Waves from EWPT: Pert Theory

Abelian Higgs Model

2
h2 O

my, = 35 GeV, e = 7+

2
4
T 1 1 11
%

i
=
|
& |
L L

—  Hamiltonian 1
Landau, £ =10 _

10-3

1072

10-1

f (Hz)

C. Wainwright, H. Patel, S. Profumo, R-M in prep






Flavor Effects Iin Leptogenesis

Preliminaries: Lepton asymmetries
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