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Evidence of Matter-Antimatter Asymmetry

- CMB anisotropy
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Three Sakharov Conditions
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- Baryon number can be generated dynamically, if
- violation of baryon number
- violation of Charge (C) and Charge Parity (CP)
« departure from thermal equilibrium
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Group Work

In the Standard Model,
what are the accidental
symmetries?



Baryon Number Asymmetry beyond SM

 Within the SM:

» CP violation in quark sector not sufficient to explain the observed matter-
antimatter asymmetry of the Universe

» accidental symmetries Le, Ly, Ly, total L
» massless neutrinos, no cLFV

* neutrino oscillation = non-zero neutrino masses

 physics beyond the Standard Model
* new CP phases in the neutrino sector

* neutrino masses open up a new possibility for baryogenesis  Fukugita Yanagida, 1986

Leptogenesis
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Plans

e Theoretical Foundation of Baryogenesis:
e Sakharav’s Three Conditions
« Mechanisms for Baryogenesis & Their Problems
« Sources of CP violation
o Standard Leptogenesis (“Majorana” Leptogenesis)
e Dirac Leptogenesis
e Gravitino Problem
e Non-standard Scenarios
« Resonant Leptogenesis
e Soft Leptogenesis
e Non-thermal Leptogenesis
« Connection between leptogenesis & low energy CP violation
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Three Sakharov Conditions (1)

Baryon Number Violation

e necessary for baryon symmetric Universe (B=0) —
Universe with B # 0

e GQUT theories:

e quarks and leptons in same representations — B-violation
naturally through interactions with gauge or scalar fields

« SM:
« B & L accidental symmetries

e preserved at tree level
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Three Sakharov Conditions

Standard Model:

B & L accidental symmetries

Classically: B & L conserved

At quantum level: non-vanishing ABJ triangular anomaly through
interactions with EW gauge fields

Ny
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Group Work

O Jt = 8,J" =

327_‘_2 (92W5VWP'MV . g/2B,u1/B'LW)

What are the broken symmeftries?
Are there any unbroken symmeftries?



Three Sakharov Conditions (1)

e Classically: B & L conserved

o At quantum level, non-vanishing ABJ triangular anomaly
through interactions with EW gauge fields
Ny

Oully = 0T = 5

<92W5uﬁ7p“ ¥ —¢”B,B W)

= (B+L) violated, (B-L) preserved

e vacuum structure of non-abelian gauge theories:
e changes in B & L < changes in topological charges

E[A]

AB = AL = N;AN,, = +3n.

OB—l—L: (QLiqLiqLigLi)
i=1.2,3
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Three Sakharov Conditions (1)

e 12 fermion Processes, e.g.
U+d+c—d+2s+2b+t+ve+v,+v,

« T=0: transition rate negligible Kuzmin, Rubakov, Shaposhnikoy

I~ e S = emi7/a = O(107169)
« In thermal bath: transition by thermal fluctuations

« at T > height of barrier: no Boltzmann suppression

I M M
e T<Tew: ?;_L = kﬁe_ﬂEM(T) ~ ot Egp(T) =~ " (H(T))

° - I“B L _ ) )
T>Tew? 7~ na” T = B-violating process
« Sphelaron processes in thermal equilibrium unsuppressed

Tew ~ 100 GeV < T < Tsph ~ 1012 GeV
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Group Work

process  branching fraction AB

X — qq Q 2/3
X gl 1 -« -1/3
X —qq o -2/3
X — gt 1 -« 1/3

What is the net Baryon number produced due
to X, X decay?
What is the condition such that the net Baryon
number is non-zero?



Three Sakharov Conditions (2)

C and CP Violations process  branching fraction AB
X —qq Q 2/3

« superheavy X boson decay X gt 1-a -1/3
X —3gqg a -2/3

e Baryon number produced X ZZ 1 fa 1//3

Be=a(2)+u-a(-L)=a-1
pecal3)w-(3) (1)
e net Baryon number e =Bx + Bx=(a—a)
o« if CP is conserved: a=ua ec=0.
e Toy Model: two heavy scalar fields: X, Y; 4 fermions f;

L=qXfIf+gXflfs+gsY f{fs+auY fifs+he.

 possible decays X = /it Sz fstfa
Y = fs+ fi, fat [,
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Three Sakharov Conditions (2)

« at tree level < < < <

T(X — fi+ f2) = |g1]° Ix

~ T\ k127
PX = fit [2) =l Ix phase space factor Ix and Iy equal
= no asymmetry

e at one-loop

D(X — fi+ f2) = 1959395 Ixy + c.c. Ixy: phase space + kinematics
T(X — f1+ f2) = g1 929394Ixy + c.c.

DX = f1+ f2) = T(X = fi+ f3) = AIm(Ixy)Im(g} 9295 94)

DX = f3+ f1) —T(X = fs+ fu) = —4Im(Ixy)Im(g}g29594)
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Three Sakharov Conditions (2)

e total asymmetry

(By — B2)AT(X — f1 + f2) + (Bs — B3)AT(X — f3+ f4)

Ex — FX
4 *k *k

€x = EIW(IXY)IW(91929394)[(B4 — B3) — (B2 — By)]
4 *k *k

€y = Efm(fky)fm(g1g29394)[(32 — By) — (B1 — B3)]
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Group Work

Is it necessary that the total

asymmetry € = €y + €y is non-zero?

If not what are the conditions that
must be satisfied in order to have non-
vanishing total asymmetry?



Three Sakharov Conditions (2)

e total asymmetry

(B1 — Bo)AD(X — f1 + f2) + (Ba — B3)AL(X — f3+ f4)

Ex —

I'x
4 *k *k
€x = EIW(IXY)IW(91929394)[(B4 — B3) — (B2 — By)]
4 *k *k
€y = Efm(f%y)fm(glgzgsgzl)[(& — By) — (B1 — B3)]

e non-zero total asymmetry € = ex + €y

e two B-violating bosons with masses > sum of loop
fermion masses

e complex coupling constants: CP violation from
interference between tree and 1-loop diagrams

e non-degenerate X and Y masses
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Three Sakharov Conditions (3)

Departure from Thermal Equilibrium
e B: odd under C and CP

 inequilibrium: < B>; = Tr[e ?# B] = Tr[(CPT)(CPT) te PHB)]
= Tr[e "#(CPT)"'B(CPT)] = —Tr[e " B]

= average <B>7t=0

« Possible ways to achieve departure from thermal
equilibrium

e out-of-equilibrium decay of heavy particles:
« GUT baryogenesis, leptogenesis
« EW phase transition: EW baryogenesis
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Three Sakharov Conditions (3)
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Three Sakharov Conditions (3)

Out-of-equilibrium decay of heavy particles in expanding universe
superheavy particle X: decay rate ['x , Mass Mx
at T ~ Mx: become non-relativistic
e if'x <H:
e X cannot decay on the time scale of the expansion
« remains initial thermal abundance nx = ng ~ ny ~ T, for T < My
at T > Mx: interact so weakly, cannot catch up expansion
e decouple from thermal bath while relativistic
e populate at T ~ Mx with abundance >> than in equilibrium

recall: in equilibrium
nx =ny ~n, for T2 Mx,
nx = Ny = (MxT)3/2e " Mx/T « n, for T S Mx
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Three Sakharov Conditions (3)

« Over abundance at T < Mx
= departure from thermal equilibrium

= final non-vanishing B-asymmetry

T r 1 Tohave ' <H

— X
1 H Mx = heavy particle

decay thru renormalizable operators
=

deprture from thermal |

meoemeneon | (GaUge boson: Mx = 10(15-16) GeV
A Scalar fields: Mx = 10(10-16) GeV

Equilibrium—

it i —=== 1 Precise computation

0.01 0.1 1 10

In(Mx/T) = Boltzmann equations
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Relating AB to AL

« weakly couple plasma: chemical potential
« SM: Nr generations of fermions + 1 Higgs
e (5Nt + 1) chemical potential pi

« number density of non-interacting, massless fermions

i + O((Bus)), fermions
26y + O((Bus)*),  bosons .

« thermal equilibrium — relations among pi

i — Ny = _TS
ng — N 69 {

» sphaleron process Ogst @ ) (3Hg, +he,) =0

« QCD instanton processes, Hi(qLiqLi&%idCRi): > " (2ug, — pu, — p1a,) =0
e hypercharge charge: Z

2
> (tg; + 24tu; — B, — Ht; — He, + k) =0
f

1
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Relating AB to AL

e Yukawa coupling and gauge interactions:

luq'i — MH — /'Ldj —
Mg, + HWH — IU’Uj —
e, — UH — ,UJej = 0

« T=100 - 102 GeV: gauge interactions in equilibrium

e Yukawa interactions: more restricted range of temperatures —
flavor effects

« B and L in terms of chemical potentials:
np = %gBCF2 nL': %ngTQ

B = Z(QIU% + fu; + pd;) L= ZLZ’ Li =2pe, + fle,
1

1

e equilibrium among generations:

2Ny +3 6Ny +1 ON; — 1 1 ANy

e — 9 - - ) u = - 3 67 H = 7nr— o
He =GN, 1310 M= TeN 43 M T e 1t M TN BT eN Rl
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Relating AB to AL

e Corresponding B & L asymmetries:

4 _ 14N7 + 9Ny

B = =3 Nspe 6N; + 3

foe
e Relation between B and L:
B=cs(B-L), L=(c,—1)(B-L)

* Where 8N + 4
“ = 99N, 1 13

« For model with Ny Higgses

8N; + 4Ny
Cs —
22N; + 13Ny
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Mechanisms for Baryongenesis

« GUT Baryogenesis
« single particle physics interaction at high T
G—H— ...~ SU(3)e x SU@2) x Ul)y — U(1)gum
e B-violation natural
e quarks & leptons in same representation

e superheavy gauge boson mediating B-changing
processes

e C & CP violation: naturally built in
e Out-of-equilibrium
o GUT effects at very early times
e cosmic expansion much faster (than gauge interactions)

e decay inherently out-of-equilibrium ' < H
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Mechanisms for Baryogenesis

« GUT Baryogenesis
e problems:

e require high reheating temperature after inflation —
dangerous production of relics -- gravitino problem

« extremely hard to test GUT models experimentally at
colliders

« EW theory violates baryon number and can erase
pre-existing asymmetry, unless GUT mechanism
generates excess in (B-L) = SO(10) attractive
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Mechanisms for Baryogenesis

« EW Baryogenesis

e departure from thermal equilibrium provided by strong
1st order phase transition

e can be tested at collider experiments
e problems:

e require more CP violation than provided in SM (may
be found in SUSY)

e need strong enough 1st order phase transition
« MSSM: strong bound on Higgs mass < 120 GeV

« stringent constraints on SUSY parameter space
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Sources of CP Violation: SM

SM: CP is not exact symmetry in weak interactions (Kaon &
B-meson systems)

e charged current interactions in weak basis
Lw = iUL’Y”DLVVM + h.c. where U, = (u,c,t)p and D = (d,s,b)r

V2

e rotate to mass basis
diag(my, me,my) = VA MYVy U, =V¥Up and D}, =VEDy

diag(mdpm&md) — VgMdV}%l ‘ Uckn = ViL(Vﬁ)T

g = /
%% \/5 LYc Y LYY
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Sources of CP Violation: SM

o CKM: 3 families, unitary matrix
e 3 angles
e (6-5) =1 phase

« CP phase in CKM matrix:

4 3
oy, 1’

Acp ~ 10~20

B ~ T(172 ~

dop = 10_85013 dop =~

 effects of CP violation suppressed by small quark mixing

Acp = (m?2 —mH(m2 —m2)(m2 —m?) (mj —m2)(m; —m)(mi—mz) - J
—_— B ~ 10—28
e too small to account for the observed value

B ~10~1Y
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Sources of CP Violation: MSSM

e soft SUSY breaking terms — new sources of CPV
« superpotential of MSSM
W = uHi Hy + K" Hy Q0 + h*H,Qd° + he Hy Lée

e parameters in soft SUSY breaking sector

e tri-linear couplings:

T“HyQ + T4H,Qd° + TeH,Le¢ + he.  Dwde) = gludie) | p(ude)

e bi-linear coupling in Higgs sector: u3H:H,

e gaugino masses: M; fori=1,2,3

e soft scalar masses: my

e cMSSM w/ mSUGRA — 2 physical phases — soft

leptogenesis
¢4 = Arg(AM), ¢, = —Arg(B)
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