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At present only a few facts point to physics beyond the Standard Model (SM)
of particle physics:

smallness of neutrino masses (m, < 1 eV)

dark matter

matter - antimatter asymmetry, more precisely: baryon asymmetry
of universe, quantified by

Nparyon — nbaryon ~ 6 x 10_10

Ui
Nphoton

Contents of these lectures:
* why SM fails to explain n
* some (presently) popular BSM scenarios that succeed
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Some basics of cosmology: standard big-bang model (SCM)

Units

h = ¢ = kBoltzmann = 1
= [energy] = [mass] = [temperature] = [length] ™! = [time] ™!
1 GeV ~ 103 K
1 (GeV)™ ! ~ 6 x 10725 sec
1 parsec =~ 3.2 light years
Standard Cosmological Model (SCM):  age of universe ~ 2 x 101Y years

present extension of “visible” universe: HO_1 ~ 10 G parsec




Cartoon of history of the universe
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From observations:
“visible” universe ~  spatially homogeneous & isotropic on very large scales

= ART metric for such a space: Robertson-Walker metric

dr?

2 1.2 p2
ds*=dt" — R (t){l—kTQ

+ r2d6? + r? sin* Hdng}

coordinates t,r, 0, ¢
space of constant +, -, O curvature: k£ =1,—1,0

R(t) = scale factor, [R] = [length]




Dynamics of universe governed by Einstein eqgns.

G, =81GNT, + Agp (1)
G'n = Newton's constant, T}, = energy-momentum tensor of univ., A = cosmological constant
symmetries of RW metric = T}, diagonal and T; = T3y = T33

simplest model for matter/energy distribution on large scales: perfect fluid

TH = diag(p,p,p,p)  (la)

p(t) = total energy density, p(t) = isotropic pressure

RW metric and (1a) into (1) = Friedmann eqn.  (from 00 component of (1))

H? =

§_87TGN _E_'_é
R2- 3 P RT3

H (t) = Hubble parameter at time t = expansion rate of universe




Energy conservation (= covariant conservation of 7},,)
= d(pR’) = —pd(R*)  (3)

= 1. law of thermodynamics: dU = dA = —pdV
Use equation of state:

p=wp, w =~ const (see below) (4)
Integrate (3), using (4) = poc R7304W)

Vacuum dominance,p = —p = p = const,.
Radiation dominance,p = 4p = pxR™
Nonrel. matter dominance,p =0 = px R

Use this in Friedmann eqn. to solve for R(%): =
R(t) oc €** in vacuum dominated epoch,

R(t) o< tY/? in radiation d.e., R(t) o< t*/3  in matter d.e.




Side note: T#" for relativistic particles moving at random:

TH = p*  (4-momentum), where E? =p* +m? ~ E?,

THY = phit .
Use p/E =¥
= p/ =FEi’
p'p’
E

s B
= T'LJ — __52 ~
av. 3 E J 3

= TY =
Average over angles

holds for massless and relativistic massive particles
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Equilibrium thermodynamics:

After inflation, early universe & gas gas of relativistic particles,
are most of the time in equilibrium.
Species A distributed in p-space according to

1
falP) = Zmmrr -1

bosons: —1 , fermions: +1, 14 = chemical potential of species A

(Grand canonical ensemble adequate because particles are created/destroyed.)

If species A, B, C are in (chemical) equilibrium = their u's are related

A+B<C = pua+pup=uc.

number density n4 = ga [ dp fa(p), dp = (27)3
energy density  pa =ga [dp E(P)fa(p),

L2
isotropic pressure pa = ga | dp %fA(ﬁ),
entropy density s4 = %.

ga : 7 of internal degrees of freedom of A
e.g., electron: g, = 2, neutrino vy: g, =1




Integrate these equations (drop index A).
For relativistic particles, i.e., for T' > m, and for T' > pu:

ne~ayx g T3,
p = bX g T47
p~£, equation of state

constants ax,bx, X = boson, fermion.
For nonrelativistic bosons or fermions, i.e., for m > T"

n~g(2L)*?e=(m-—u)/T

p=n-m,
p>nl < p, l.e., eqn. of statep = 0.

Total energy density and pressure of all species in terms of photon temperature T:
Sum over all species A;
take into account that species A may have thermal distribution with T4 # T




Total number g, of effectively massless degrees of freedom (m; < T)
in the 3-generation standard model

Because p;,p; of non-rel. species are exponentially suppressed
with respect to rel. species

7.‘.2

= p:prel:%g*TLLa Pret = —5—

where T is photon temperature and

T\* | 7 7;\*
gy« = Z gz(f> +§' Z i (T) form; < T.
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Early universe in radiation-dom. epoch: For most of the time

reaction rates of most particles j: I'; > expansion rate H

=  particles j ~ thermal equilibrium =- entropy = const.

Consider entropy density

S P —+ P dominated by rel. particles 2772 3
g2 _PTD Y s T
%4 T 45

where g, = g, most of the time (see the figure)

entropy S =const. = sxR > = g.g T°R>= const.
(x) = T x R™!

Furthermore, number N of some species

NER3TLOCB
S

= n/s is not changing if this species is not produced/destroyed!




That's why one considers, for dynamical explanations (see below),

np Nbaryon — Dyarvon np
— 2% rather than ==
S

S Tl

These quantities are related by

np

g«s = const only after time of eTe™ annihilation.
From then on




Departures from thermal equilibrium

Departures from TE occured of course during history of universe —
otherwise, present state of the universe would be a system of 2.75 K.

Examples: v decoupling, decoupling of v background,
primordial nucleosynthesis,

more or less inflation, 1. order phase transitions in early universe,
speculative:  baryogenesis, decoupling of WIMPs, ...

Particles that fall out of equilibrium:
Particle species A: compare its interaction rate I' 4 with expansion rate H:

I'a=0(A+ target — X) Niarget |V, L4l = sec™ !

expansion rate in radiation dominated epoch:

8rlG T2
7T3 Np:1.66 Jx ——

Friedmanegn. = H =




Useful rule of thumb:

Reactions of A are rapid enough to maintain thermal equilibrium if
'z H.

If I'y < H then A out of equilibrium

Precise method: Compute time evolution of particle distribution f(p)
by integrating Boltzmann eqn(s).

R
m+3§n,4:/d¢0[f]

and compare with equilibrium distribution
Collision term C[f] is determined by matrix element(s) |M|?
of most important reaction(s) of A:

A+a+b+..>i+j+...




Example: “Freeze out” of massive, non-relativistic particle species A:

Y, ¢

equilibrium

actual abundance
abundance

/

Y4 = na/s as function of inverse temperature




The baryon asymmetry (BAU) 1 ~ 10710

Searches for anti-nuclei in space — NO primordial antimatter found

e cosmic rays contain some fraction of p: n;/n, ~ 107*
consistent with secondary production

p— ISM; eg. p+p—>3p+p

e No evid_ence for D, He, ... found
e.g. N(He)/N(He) < 107°% BESS collab. (2002)

e If large domains of matter and matter would exist (e.g., galaxies and galaxies)
— annihilation at boundaries:

pp — (4 — 5)m, 7’ — 2+, peak ~ 140MeV

no anomaly in v ray background observed

Conclusion: universe consists only of matter on scales <a few x 10* — 10° Mpc
Cohen, DeRujula, Glashow (1998),

No mechanism is known that would separate matter from matter on such large sca-
les.




Determination of density ng — ng >~ np

compare with number of «'s in microwave background:

_2(3)

—~T° ~ 420/cm”
T

Ty

"B

Most precise determinations of = T, come from

e Theory of primordial nucleosynthesis: present abundances of D, *He, *He, (Li)
calculated in terms of input parameter n

data — 7 =(5.80+0.27) x 10°'"Y  [1008.4765]
e WMAP (2003): measurement of cosmic microwave background

fits to data — Qy — n = (6.21 £ 0.12) x 107" [1212.5266]

t ~1sec t~few x 10°y
T~1MeV T~03eV
| |
| |
nucleosynthesis recombination today

CMB




For models of baryogenesis a more useful quantity is (see above)

Yp = — where s = entropy density of universe

remains constant during isentropic expansion

value today: s >~ Tn,




Can order of magnitude of 7 be understood in SCM? - NO'!

Start with n = 0 — B-symmetric universe, no B interactions
Compute (anti)nucleon N, N densities
Equilibrium numbers of non-relativistic N, N:

_ 3/2
s (1Y it
ny n, \T

Number of N, N decreases when universe cools off
and as long as Uanninit. = NB{(Tannini.v) 2 H

O annihil. ™~ 1/7’)7,3r =  D'onninii. = H at T~ 20 MeV, freeze out

: : np ng —
insert into (¥) = —o~-—2~10"°

N, N densities 8 orders of magnitude off!

.. np 1 ~10
Requiring — = 6 X 10 = T ~ 38 MeV
Ty
Thus, to prevent N N annihilation, some unknown mechanism
would have to operate at T' > 38 MeV and separate N and N




What do these numbers tell us?

In principle, universe could be matter-matter symmetric,
but, from observations = matter must be segregated today at mass scales > 10 M,

On the other hand, to avoid complete N N annihilation in early universe,
some unknown mechanism must have been at work at T' = 38 MeV to separate N from N.
However, horizon at that time contained only 10~" M.

Thus, causality precludes separation of N, N of the required order of magnitude!

Most reasonable conclusion: At early times, i.e. T' 2 38 MeV,
universe possessed a baryon asymmetry

%k 3k 3k 3k 3k sk 5k ok sk ok >k ok sk sk sk ko ok sk ok sk sk skosk sk sk ok sk ok skosk sk sk ok sk skosk skosk ko skok kok ko

Imposing np/s ~ 1n/7 ~ 107'° as initial condition?
® at tyuniverse = 0: makes no sense in view of inflation

e after inflation:  very unnatural




The Sakharov conditions

In old days of big bang model, n ~ 107 '° was accepted
as one of the fundamental cosmological input parameters.

Attitude changed, however, with Sakharov's 1967 paper:

Within big bang model + model of particle physics interactions
n # 0 can be explained, i.e., generated dynamically

if
e I3 interactions
e ( and UP interactions

e departure from thermal equilibrium TE (“arrow of time")

Which (experimentally testable) theories/models yield right order of magnitude of 7 ?

Ninitial = O natural in view of inflation




e Requirement of B obivous

e  and P :
baryon number operator B = 33> [ d’z q'q — —B under C and CP

— (B) = 0if C and/or CP invariance holds

o UL :
if CPT invariance holds — mass m 4 = m j for any particle A
—> equilibrium distributions in phase space

fi(p) = £ (p)
—> in thermal equilibrium

d3p q
e — N_ ’
(2m)3 74 4

S
|

holds also in quantum theory.

Notice: in general, the Sakharov conditions are sufficient, not necessary.
If CPT invariance is given up = requirement of, e.g., B can be avoided




Gedanken-Experiment to illustrate 2 of the 3 Sakharov conditions

v, V
heat up empty box JANNY A
T >>m _.ceon Tt T
K, K’
K? K°
photons etc.
. ) . - . - mesonic asymmetry

\\_, -

4
excess [ escape

equal # of K° and K° CPV in semileptonic decay K; — 774y — N(n~) > N(n ™).
As long as system is in thermal equilibrium — CPV in reactions like

7w 47« n Dy and 07 < w7 v, will wash out temporary excess of 7.
If thermal instability, excess T can escape,

inverse reactions with £ “blocked” — mesonic asymmetry N(w~) — N(mwt) > 0




B in the standard model (SM) of particle physics
The SMs of cosmology and particle physics have, in principle, all the ingredients:
e I from expansion of universe

e  and P due to SM weak interactions

e I3 also by the SM weak interactions — non-perturbative effect!
tiny effect in the laboratory, but large in early universe

q q 6_7 Vy €+7 Uy
B |1/3 -1/3 0 0
L 0 0 1 -1
No hint of B or I in the laboratory
Corresponds to circumstance that
'CCSZJC\LZSS = Lqocp + Lsu@)xu)y

has 2 global symmetries: U(1)p and U(1)1
Noether theorem =- 2 classically conserved charges: B and L number




Currents Jf, J/f, conserved classically (= tree level)

1 _
O =30" > avg=0, 9" =0"} L =0.
q 14

associated charge operators
B = /dgx Jf, L = /d?’:c JOL t-independent at classical level
However, these symmetries are broken at quantum level!

Recall f'Y,qu = foYMfL_FfR’YMfRa f=gq,¢.
Clash between gauge and chiral symmetries:
chiral U(1) currents are not conserved at quantum level.
Adler-Bell-Jackiw anomaly

2 2
" qryuqr = _go F,, F" 0" qrv.qr = I °R F,, F"
3272 \ﬁ/_)—/ 3272
E.-B

cr, = cr in QCD, no anomaly in vector current g-,q.
BUT, gauge fields W, Wj B,, of SU(2)r,xU(1)y gauge theory
couple differently to f;, and fr

w 3B _ Aaqu L ny 2 a Yyrpva 12 o UV
= 00 = ") = L (—gh W W+ g7 BLB) ()

ns = 3 generations, abelian anomaly BWB’““’ irrelevant for the following




(*) = OJ.;—J)=0
= B — L conserved in SM

but not B, L separately!
How does B + K come about?
Right-hand side of (*) is a total divergence,
B L
3“Jp zzaﬂJp:::nfﬁul(u (%)

Gauf
/d3xdt aMKM =" Ncs(ty) — Nes(ti) = ANc¢s,

where Chern-Simons number (in gauge W, = 0)

g5
9672

Ncs(t> = /d3$ eijke“bCW“injWCk

integral assigns a topological charge to a classical SU(2) gauge field.




Non-trivial vacuum structure of SM, i.e. SU(2)1 gauge theory

energy functional E[field] at temperature T' =0

\E
T#)
/N
Esphaleron
>
1 N fieds WY, &

T=0

infinite number of ‘n-vacua’,
vacuum gauge field configurations have topolocial charges AN¢cg = 0, £1, £2, ...
True vacuum = coherent superposition of the n-vacua




Back to anomaly in B and L current:
Define AB = B(t;) — B(t;), likewise AL

Integrate anomaly eqn. (*) and use (**)

= AB = AL = n;ANcg (s * %)
Interpretation:

e Perturbation theory <+ small gauge field gauntum fluctuations around WS =0
= r.h. side of (***) is zero, B and L conserved

e “Large” non-abelian gauge gauge fields W/f ~ 1/gw with ANgcg = £1, £2, .... exist
[(anti)instantons]
they induce, at quantum level, B + I transitions 't Hooft (1976)




Thus, B and L symmetry explicitly broken at quantum level
by “large” gauge field fluctuations WZ‘ ~ 1/gw

Results : 't Hooft (1976)

e B, L violated, but
B - L conserved in SM

e in SM, all reactions
i (Li, Bi)) — f (Ly, By)
obey the selection rule
AB = AL = Ngen ANCS
where ngep, = 3, and AN¢ggs = 0, £1, £2, ...
l.e., if B violated then |AB| = |AL| at least 3 (no proton decay!)
Precisely: B+F¥. transitions involve
9 left-handed quarks qr. (3 color states for each generation)

3 left-handed leptons £, v, (one per generation)
respectively qr, €1, v, — qr, Lr, VR




One of the B + ¥ amplitudes in SM

arrow <> flow of fermionic quantum number




't Hooft (1976):

SM prediction for present lab. energies E.,,, < a few TeV
(we are in heat bath T' ~ 0):

B and I reactions with, for instance, AB = AL = F3-and A(B — L) = 0:

ur +dp — dgp+25r + ¢r+ tr + 2br + Ve + Uy + Uy,
g+ dr — dp+2s;+cp+tp +2bp + ve+ vy + s,

but cross section exponentially suppressed for above kinematic situation!

(Amp)p4+L ~ exp (—27/aw)
s, ~ 107" pb at V5 ~ 10TeV .

Total inclusive B + K cross section, which involves reactions
qq > 74+ 3 +ng H+nywW

could be substantially larger at § > 10 TeV and ng,nw > 1
Ringwald; Espinoza (1990)




Situation changes, when SM is coupled to heat bath of temperature 1" # O:
For large I', B + V. processes are no longer suppressed!

Reason: ground states with different N¢og are separated by potential barrier

4 A
Esphaleron(T) = — Ur f -
agw agw
vr = v/2(0|®|0)7 Higgs v.e.v. at T' # 0, f~2
Esphaleron is energy of “sphaleron” = gauge + Higgs field configuration,
(unstable) solution of classical field eqns. (Klinkhamer, Manton (1984)) with

1 :
A N¢s(sphaleron) = 5 + (integer)

expect that
e 3 + I processes e~ Esphaleron (/T energy of thermal excitations < barrier
e 3 + I/ processes above barrier

Here we note that (see below)
EW gauge symmetry broken  EW gauge symmetry restored




Periodic vacuum structure of standard EW theory

AE
T
77N
Esphaleron
>
| A ields W', &

T=0

sphaleron = Higgs + WS field configuration which sits on top of energy barrier
Klinkhamer, Manton (1984)




B + ¥ reaction rates at T" # 0  (Kuzmin, Rubakov, Shaposhnikov 1985)
o ' < Trw ~ 100 GeV: EW gauge symmetry broken

B + ¥ reaction rate (sphaleron-induced processes):

8%

4
Cur = o7 (52) exp[~(anf /qu)(or/T)
where v = v/2(0|®|0)r < 246 GeV = vr—g

® in unbroken phase T' > Trw: B + K reactions unsuppressed

T
100GeV

I'pyp = K,/OC?/VT ~ 10%°

[sec™]
(Moore et al.; Bodeker et al., 2000)

Compare with expansion rate of universe

in radiation dominated era, H = 1.66,/gc57 T2/Mplamk, gers ~ 100

— B + ¥ SM reactions are in thermal equilibrium (I'g,, > H) for

Tgw ~ 100GeV < T < 102 GeV

important constraint for baryogenesis scenarios above 15y !




Scenario 1: Baryogenesis at EW phase transition

Suppose there is only SM physics at T" < T}y, t1ation-

Assuming Minitial = 0, how to explain n ~ 107192

early universe @ T" > Ty : plasma of massless SM particles.

For Tew ~ 100GeV < T < 102 GeV

B reaction rates I'pyp > H

i.e., any temporary excess of B, L washed out by inverse reactions




sizeable 'PE required !

plausible instance: electroweak phase transition
SU(Q)L X U(l)y — U(l)em

EW gauge symmetry broken at 7. = T'ry by some spin 0 condensate,
in SM by <0|(I)SM|O>T 75 0.

Phase transition must be strongly 1. order
i.e., “order parameter’ vy = (0|®|0)7/+/2 must have a sizeable jump at T,

A A

—

strong 1. order p.t. 2. order p.t.

el
gl

Tcrit Tcrit

That's what is needed
in order to block the B reactions
in the region(s) of space where the VEV vp # 0




Example from houshold physics: The phase diagram of water

continuous
Cross over

solid

1. order phase transition

i > |

2. order phase transition




Dynamics of a 1. order phase transition

liquid T=T¢ . bubbles form
T < Tq and expand
t=+t, AN P4 w P
» Y » N
AaN : ”
» Y




Why the SM fails
Thermostatics of a gauge field theory — well developed technology

compute free energy F' = —T In Z with the Euclidean functional integral

F(J,T) = =T In [/D[ﬁelds] exp(—/daz(ﬁEW +J-®))|,
B B
Lew (P, W2, By, g, ¢) is electroweak SM Lagrangian, J is an auxiliary external field, 8 = 1/T.
F(J, T)/V —— effective potential Vf7(¢,T)

by Legendre transformation, where ¢ = OF /0J|j—g =< ® >r.

v.e.v.(s) < @ >r from stationary point(s) OVers(¢,T)/0¢ = O.




Ve in case of a 1. order phase transition Ve in case of a 2. order p.t.

Ver 4 T=T,>T, Vetr a
T,
T=T, T¢
T=T,<T,
/T1
| >
I
O q)crit q)

v



Condition for strength of phase transition:

. A .
jump EC >1 required

in order to suppress B sphaleron reactions in broken phase for T' < T:

aw

Ipir, = kT (Eyexp [— (47 f/gw)(vr/T)]

Results for SM SU(2) gauge-Higgs field theory

T I T 1 1 I ] i [

} O va WA }L,\—M‘H/‘/\'“‘ "(\
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M, [GeV]

lattice calculations — smooth crossover for myg > 73 GeV




In view of LEP lower bound sz > 114 GeV and LHC result: mg = 126 GeV =

e smooth crossover from symmetric phase (17" > Ty ) — broken phase (T < Trw)

Ao o;& kuvm
k'..\- .hE. e Ab ’\!-C

I'p41, 10
o | T=Tgyw ™~ 10

e at I' = T'gw:
B reactions rapid everywhere, i.e., in thermal equilibrium
and, for T" — 0, I'gy1, — O adiabatically.

Conclusion:

(BYp = 0, also for T — 0
SM cannot explain BAU 7

irrespective of role of KM P




Some SM extensions

non-SUSY extensions:
e & — & + singlet ¢
e ® — 2 doublets &, P,
i.e., Higgs potential Vgpr(P) — V (P, ) or V(Pq, Py)

These models have phenomenologically acceptable parameter regions such that
lightest Higgs boson my = 126 GeV and EW phase transition is 1. order

SUSY extensions:

e minimal (MSSM), contains 2 Higgs doublets

Strong 1. order EW phase transition in MSSM?
State-of-the-art before discovery of 126 GeV resonance at LHC:

yes, if
lightest Higgs boson mpy, < 120 - 125 GeV and 1 light stop (tr), mi, < 120 GeV

(Carena et al. (1996), Cline et al. (1996), ...)




Recent reanalysis, in view of production cross section, etc., of 126 GeV Higgs resonance
and negative SUSY searches at the LHC:

Carena et al. (2012)

conclude that 1. order p.t. in MSSM still possible in extreme scenario:

mg, < 110 GeV and m; > 50 TeV

This scenario probably ruled out rather soon (?)

e next-to-minimal SUSY (NMSSM), contains 2 Higgs doublets + 1 singlet

requirement of 1. order p.t. and lightest Higgs my = 126 GeV can be arranged.
(Huber, Schmidt (2001), ....)




New CP interactions

Examples: ® Higgs sector P, e.g. 2 Higgs doublet extension of SM
explicit CP in Higgs potential V (&1, ®5) —

< 0[]0 > = vie1/V2, < 0|90 > = ve"2/V2,

— neutral Higgs bosons H;, (j = 1,2, 3) no longer CP eigenstates
I.e., couple both to scalar and pseudoscalar quark and lepton currents

Lyuk=—)_ (Cw%ﬁLwRH — CZ@&RlbLH)

o.H v

At nonzero temperature — here 1" ~ T'gy: assume EW phase transition is 1.order.
In the broken phase

<0110 >r = pi(2) e /V2, < 0]¢3]0 >r = pa(z) € /V2.
Then
Ly = —hyrprey + hoc. = —my(2)Prpr — my ()Pt + ...
where (analogously for < ¢35 > )
my(2) = hypi(2) e /2

Ly = Yriy"Oubr + Yrin"Oubr — my(2)hrpr — my(2)Yripr .




bubble wall profile CP phase O = O(2)
A A

= (=)

—> moving wall

\ qu
—— < qr RR% L
o
- qr
— < qv RL—) R
=
broken phase  unbroken phase reflection
probability

likewise for G, — Gr, Gr — qr, (here: L,R = particle helicities)

CP violation: R; .z # Rpr»r and Rp_.; # Rror

CPT invariance: R;_.p=Rror and Rz.,; = Rr-L

(1)

—  flux(qr) — flux(qr) = flux(qr) — Alux(qr)

I.e., no net quark number yet




The reflection q;, — ggr and the P-, CP-, and CPT-transformed process

=
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C
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qL
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The EW baryogenesis scenario for models with strong 1. order p.t.
Cohen, Kaplan, Nelson (1991)
M wen

unbroken phase d.!'r =0

broken phase

Ll el

e (UP in bubble wall —— asymmetry in reflection probability
ARcp =Rig—Rr-1 #0, analogous for transmission probability

e E by expanding Higgs bubble: v,y 7# 0
— non-zero injected chiral flux into unbroken phase

Jr = flux(qr) — flux(qr) # 0

@ in region with VEV ¢7 =0: B + K reactions rapid; both & and B
e.g., tr +br — Tqr + 3vy,
tr +br — 7qr + 3R
e Il : expanding Higgs bubble blocks B + K wash-out reactions
— (B)r # 0 frozen. If signJp, >0 — n,—n;>0




e EW baryogenesis in MSSM:

constrained MSSM version: several new CP phases:

e complex mass parameter p <> mixing of the 2 Higgs superfields
e SUSY breaking terms:
complex gaugino masses m;
complex trilinear couplings A <+ mixing of sfermions and Higgs doublets

here, the principal mechanism considered
is the chargino reflection /transmission at bubble wall
charginos = WfR, th

CP phase ¢, = arg(p) — arg(mso) — chiral asymmetry in W and h
decays and scatterings transfer CP asymmetry to quarks & leptons

via vertices like hJr — tr + b’k »— tr+ b.

B sphaleron processes affect L (R) (anti)quarks — non-zero quark number




Results:

e 2 Higgs doublet extensions:
Joyce, Prokopec, Turok; Cline et al., Huber et al.,

n 10 A0
B 10712
S Vwall

requires A ~ O(1) — electron and neutron EDMs close to exp. upper bounds

e MSSM:
of relevance here: (P phase ¢, in Higgs-chargino interactions
np

? ~Y f X 10_10 SiIlQOM

Considerable spread in predictions of f, resp. in required magnitude of CP phase:
v, ~0.1—0(1)

Carena et al., Cline et al., Prokopec et al.,

severe constraints from exp. upper bounds on electron and neutron EDM.

e NMSSM:
model can accommodate 1. order phase transition and np/s ~ 10~

Huber, Schmidt;




Is the SM CP relevant?

|f Lee = —g—\/%JgLuarkW: + h.c., i.e., KM phase d s were the only source of P

resulting CP asymmetry A Rcp at EW phase transition probably much too small !

d _
CP ~ 10 19

naively : ARcp ~
EW
where

dop = [[(mi—m]) [[(m!—m]) Im(ViaVerVy,Via),
i>7 1>]
u,c,t d,s,b

Im(VaaVer Vi V2 &~ 1077 sin Sk

— ng/s ~ 10~ %

Detailed investigations: Gavela et al. (1994); Huet, Sather (1995)

(But statement not fool-proof, ARcp may be enhanced. Farrar, Shaposhnikov (1995))




Side note:
In 4-generation SM,
the CP asymmetry ARcp at EW phase transition can be dramatically enhanced!

W.S. Hou (2008)

Assume 4th sequential quark generation t’, b" with masses ~ 500 GeV

d%g;n — dég;n , enhanced by 15 orders of magnitude!
However, existence of sequential 4th quark generation (almost) excluded

® by negative searches at LHC
e measured production cross section of 126 GeV resonance at LHC <+ SM predictions




Conclusion on EW baryogenesis

scenario is testable, i.e., falsifiable, in particular at LHC!

requires

e new particles with masses of O(100 GeV) - O(1 TeV)

in particular more than 1 type of Higgs boson H  (for 1. order p.t.)
e and new (P interactions

New P interactions:

— non-zero electric dipole moments (EDM), in particular of electron and neutron
present exp. upper bounds:

lde|] < 1.05 x 107> ecm,  |dn| <2.9%x 10 °ecm
— CP inH — 7717, tt, ...

— new (P in B and D meson decays

(For baryogenesis, flavour-diagonal £°P sufficient = small efects in B & D decays)




Side note on recent parity-determination of 126 GeV resonance H by ATLAS and CMS:

Angular distributions in H — vy and H — ZZ" — 4/

data = spin Jg = 0.

From angular distribution of H — ZZ* — 4¢, ATLAS concludes J* = 0% (scalar) favoured
However, this does not prove that H is a pure scalar!

Reason:
e the very fact that H — ZZ™ was observed with (SM-like) strength implies
that H cannot be a pure pseudoscalar, JY = 07, because
* no tree-level coupling of pseudoscalar to ZZ or WTW ~
* these couplings must be induced by fermion loops (¥ required)
investigation in a number of BSM models = induced couplings very small
W.B., Gonzalez, Wiebusch (2010)

Conclusion: still an option that H is a CP mixture,
pseudoscalar component is not detectable in H — ZZ

Unambiguous P and CP determinations possible in

+

H— 7't — 1l-prong, 3-prong

W.B., Brandenburg (1993), Berge, W.B.,.. (2008,2009,2011)




Scenario 2: Baryogenesis via leptogenesis

Variant A: Thermal leptogenesis:

Mechanism:
Out-of-equilibrium decay of superheavy Majorana neutrinos at 1" > Ty

V. decay —» L # 0 SM sphalerons (conserve B — L2 B #0

7

proposed by Fukugita, Yanagida (1978) since then: ~ 10° papers

Popular scenario
in view of fact that observed light v; are massive & non-degenerate

Light neutrinos v: either Dirac or Majorana particles

must be clarified by experiment




If v = Dirac — v # v

Theoretical description: introduce vg; (i = e, u, 7), SU(2)r X U(1)y singlets
gauge-invariant coupling to SM particles only via

L"Yukawa — - Z Ezhzj VRj(i) -+ h.c.

iJ

Ly = (vi,00)i, = ioa®" = (¢, —9-)
Generation of  masses via Higgs VEV < ¢° ># 0
in complete analogy to Iy = +1/2 quarks

transform from weak basis to mass basis for v and 4.
In complete analogy to quark sector: lepton flavor mixing and P
described by unitary 3 X 3 matrix Up (PMNS matrix)
Up has 4 observable parameters: 3 angles and 1 CP phase
N
v oscillations
¢P, e.g. prob(ve — v,) # prob(v, — U.)
but no v-less 2 B decay: °Ge - Se + 2e”

lepton number = conserved (but not lepton flavor nr.)
v = Dirac requires tiny Yukawa couplings h;; — unsatisfactory




Some basics about Majorana fields/particles

CL ,lvbl:wL—'_?vbz
A {¢2=¢R+¢§z

field 41, annihilates fermion state |17, >, ¢ annihilates [ >, ....

Mass terms: Dirac mass term: constructed with chiral fields 17, and ¥R :

Lp — mpYrir + h.c.,

Majorana mass terms: constuctible with 1, (or 1 r) alone:

(1) mi - — mi c
Ly = —7¢1¢1 = _7¢L¢L + h.c.,
Mo — m
Ly = by = ——"Ufr + hee.,

(have used that Y s = zp—il??bj = 0 for A=L,R)
Majorana mass terms violate the “i)-number” by 2 units,
For instance < QZR|¢—E¢L|¢L > 0,

i.e., the first term in Eg\? flips a left-handed |1 > into a right-handed |yr >.
Because Y)-number is not conserved when Majorana mass terms are present,
distinction between ) particle and antiparticle looses its meaning

ALy,| = 2.

If neutrino = Majorana, then “v” and “U” are the 2 helicity states of single particle v

M




Now to model building: “See-saw mechanism”

1 flavor only

in addition to v, (Iw = +1/2) introduce v (Iw = 0)

and assume that, in addition to Dirac mass term, also a Majorana mass term for vy is present
(o.k. with SU(2)r, x U(1)y gauge symmetry)

_ED—i—M = mp VRV, + ?V_]CDLVR—F h.c. (3)
1 - - 0 mp ¢1>
_ 2(¢17 TPQ) (mD M ) <¢2 9
where
Y1 = v + I/z, Yy = vp + I/IC%

are Majorana fields.
Diagonalize mass matrix assuming M >> mp: =

Ty, ™myN —
—Lpiy = vv + —NN (4)
2 2
where the mass eigenfields
Vv =~ ’l,bl , N ~ 1702, (5)
and
2
mp
m, ~ — << mp, my ~ M




For M >> mp the neutrino mass eigenstates consist of
very light Majorana |v) (weak doublet, 2 helicity states)
and very heavy Majorana |IV) (weak singlet, 2 helicity states)
Introducing a very large Majorana mass term for v explains m, << my ¢
M = O(Mguyr) suggested by GUTs

0 (Mgur) N
M = Su T S\'\-\‘M W\\/L\ .
Fopth B &HLQ)LRIW;

> -
v v

hr\b-;O(StV) -+ —_ —

M= ﬁ ?_O(\o" e,V) L _\_,__
M Sl Majrvans
' s
st VY WA VL

e ale a\-ns{wﬂ;\




Case of 3 lepton generations

consider SM fields 4+ 3 heavy right-handed neutrinos, weak singlets, with Majorana mass terms.
Nj = vgj + vg,; (J = 1,2,3) = heavy Majorana fields in mass basis
Coupling of the N; to SM fields:
_ ~ M. —
L = .... — Zz’j LZ(I)h’LJ Nj — Zj TijNj + h.c.

Li = (Vi, Ez) (I = ﬂavor), (E

(gbg’ _¢—)’

Transform from weak basis to mass basis for light v and £.
— charged current interactions that determine v phenomenology

_Guw g

clert — btV UnmnnW, + h.c.

cc \/§
Vp, = VL, + Vi, = Majorana
PMNS matrix U now depends on 3 angles and 1 4+ 2 additional CP phases

=
small v masses by seesaw mechanism
v oscillations
¢P, e.g. prob(v, — v,) # prob(v, — U.)
but Majorana CP phases do not enter here
lepton number violation: v-less 2 3 decay, e.g., °Ge — °Se + 2¢~




Now to thermal leptogenesis - da capo:

Inflation

GUT phase transition ?

YOIV RDIDIIIDIVIIII NI

£ T
/@L\o% SR N NN
T W /{m.fxf NIE L NN
— 41
10 EW phase transition Tew~ 100 GeV
-}
10 quark-hadron phase transition = Toun~ 200 MeV
2 -2
10 24 formation of light nuclei Tns ~ 1 MeV
/1043 X Hecesun L;\g‘ COM WA C_ Ml tyd weve Dok & omad —— _‘_Ev\-q ~ 0.1 V

today

ol




Basics of thermal leptogenesis scenario: M > Try
early universe at T' > Trgw

Simplest model:
assume SM particles + very heavy N1, Na, N3 with masses M; (SU(2)r X U(1)y singlets)

N, couple to e, v, 7, v;, and Higgs bosons, i.e. to neutral & charged component of ®

‘CYukawa —- Z l_/z : éi)h@) Nj —+ h.c.
]

Li = (vi, &) (i = flavor), @ = (¢, —d_),
hi; complex coupling matrix, & and P

N, produced thermally: gg — N,v;, T — Niﬁji, ..... (hence the name thermal l.g.)

assume mass hierachy M < My, Ms;
consider temperatures 1’ ~ M,

£_+¢+7 Lf:+1

X : eg.indecays Ny —> (Y +¢~, Lj=—1




CP in Lyykawa generates lepton-antilepton asymmetry in Ny — L;®, L;®

L L

here L = charged lepton or light neutrino, ® = ¢° or ¢+

CP asymmetry in Ny decays in “one-flavor” approximation = treat all Yuk. coupl. equal
(relevant if lepton flavors are indistinguishable in particle plasma)

) [r(z\r1 — L;®) — T'(N; — Li@)] _3M;Im >, mIR],
>, [0 +T] 8mo? 325 mil Ryl

€1 —

where m; are masses of light v;
ec; #0 <> v, non-degenerate

e in one-flavor approx.: P relevant for leptogenesis <4 CP in v mixing matrix




R is complex orthogonal matrix related to Yukawa matrix h by

1
h=-vVMRmU'
(¥

where M = diag(My, My, M3), m = diag(m1, mo, ms),
and U is v mixing matrix (PMNS matrix) (Casas, Ibarra (2001))

e The relevant couplings in €; arise from product
1
hh! = —VM RmR'VM
v
which does not depend on the CP phases of U

e There is a upper bound on the P asymmetry €q:

. 2
From orthogonalitiy of R, >R, =1, =
3 M, 3 M, Amgtm 6 M, Amgtm
e1] < (m3 —mq) = =1
7'("U2 871'?)2 ma -+ ms 1010G6V ma + s

with \/Amitm ~ 0.05 eV (Davison, Ibarra (2002))




TE : N (singlet): only very weakly coupled to “heat bath”

N7 decouple if

decay rate I'y, < expansion rate H (T") (rule of thumb)

then “inverse decays” L;®, L, — N; & wash-out reactions “blocked”
more precisely: density distribution n, determined with Boltzmann eq.

taking into account decays, inverse decays, and scatterings, e.g.,
TPt 44T L (JAL| =2) N1 £ < tq,...(|[AL| = 1),

n 4
S

I'lN1

>

T—l

Buchmiiller, Plimacher (2000)

Result: Excess of IN; particles with respect to equilibrium distribution n?\?l ~ e M/T

— generation of non-zero lepton nr. density




Thus (L)1 # 0, (B)1 =0 do not wash out
B + ¥ SMreactions
ie., (B—L)r #0 ’ (B— L)y #0

B + ¥ SM reactions convert np #0 into np#0 atT > Tgw
e.g. by

ph+Th = 9ar+e;  (AB=3)
pr+71, = 9dr+ep  (AB = -3)

Recall that B + I sphaleron processes affect only f;, and fr

Formula: (Harvey, Turner (1990), Khlebnikov,Shaposhnikov (1996))

npg nr 28
— = c—, c¢ model-dependent, cspy = ——
S S 61

: _ 1




One may write:
Nr = 1 €1 Ny

where efficiency factor i typically 0.1 - 0.01 (from solution of Boltzmann egs.)
and n., is photon # density

Entropy density for T > Tgrw: (only SM particles):
s$ = 1.8 X get 1y = 1.8 X 118 n,,
Then

n E1n _
B e~ 210 e
S 1.8 gefr 14

Today's value np/s ~ 107! requires CP asymmetry |e;| > 1077

All factors above are model-dependent
likewise: leptogenesis <+ light v masses and mixings

General conclusion:

Leptogenesis with Majorana neutrinos works

for light » masses 107° eV<m;<0.1 eV, compatible with oscillation data
and M, > 10° — 10'° GeV

cf., e.g., Buchmiiller, arXiv:1212.3554




Taking lepton flavor into account:
Abada et al., Nardi et al. (2006)

one-flavor approx. holds rigorosly only if ALL lepton interactions are out-of-eq.

with respect to expansion rate H

holds only for T ~ M; > 10'? GeV

For M;<10" (10”) GeV the 7 (1) Yukawa couplings induce scattering rates > H
i.e., these flavors equilibrate earlier

— lepton flavors are distinguishable

e — € x I'(N; = L;®) — T'(N; — L;®)

e INE

geff i

and

This adds several uncertainties.
e Larger CP asymmetries possible
e Now: CJP phases in light v mixing matrix U — non-zero €

Flavor effects can reduce lower bound on M; by 1 - 2 orders of magnitude
Antusch et al., arXiv:0910.5972




Variant B: Low scale leptogenesis:

A number of leptogenesis scenarios were proposed
with singlet neutrinos (sterile neutrinos) with much smaller masses (TeV - GeV range)

Sketch here only Neutrino Minimal Standard Model (LMSM) Shaposhnikov et al.

[hep-ph/0503065, ....]
Goal:

Explanation of 1 by minimal extension of SM, in accord with v oscillations,
AND provide Dark Matter candidate

Extend SM by three SU(2)1, xU(1)y singlet neutrinos v ;:
| N
Lovism = Lsy + twpdrvr — (LLFI/R(ID — §VJC~2M’/R + h.c.)

where L = (v, 1), generation indices suppressed, O = (dgs —P—)
M, F : 3x3 Majorana mass and Yukawa coupling matrices.
Block diagonalization of full 6 X6 mass matrix

mass matrix of ‘active’ neutrinos: m, = —HMGT, 0 = mpM !
mass matrix of sterile neutrinos: My = M + % (QTQM + MTHTQ*)

where mp = F'v
3% 3 matrix € <> mixing of active v and sterile N; suppressed (|mp| < |M])




active mass eigenstates v;, masses m;: mainly mixings of SM neutrinos vy, ,

sterile mass eigenstates Ny, masses M7:  mainly mixings of vg 4
This model assumes masses M below the EW scale ~ 100 GeV.

In order to obtain the right order of magnitude of light 1; masses m;
= Yukawa couplings F' must be tiny: FF = v/m, My /v < 10~

Scenario:

1) one sterile neutrino, N1, much lighter than N5, N3, provides (warm) Dark Matter,
plays no role in leptogenesis

2) the other two, N5, N3, generate BAU via leptogenesis
and generate masses of light v; via seesaw mechanism

requirement 1) = lifetime of IN; > age of universe
Main decay mode: N1 — v,0gvg

ko
N}: Va /Vyﬂ,ﬁv M v,;t/'<kll'N
NN ARV NN N

" 10keV\° (1078
Tn, = 10" years M, 02
la

Recall @ = v FM 1.




Radiative decay N1 — v,y subdominant,

(N1 = vyy) =

2 5 Cane [Mi]Y
sin®(261,)M; = 5.5 X 10 “°0 [ ] S

102474 la 1 keV

Non-observation = 67 < 1.8 x 107°(keV/M;)°
From these constraints

and reqiring to get the right order of magnitude of dark matter density Q2par ~ 0.25

= 1lkeV < M; <50 keV [0901.0011]




Leptogenesis via sterile neutrinos No, N3:

The Ny are produced thermally in early universe at T' > Trw ~ 100 GeV
q7 — Nive, ¢4, ¢ vy <> N1, ¢F < Nit=,  ¢° < Niva, Nivg ...

Because of very small Yukawa couplings F', they are never in thermal equilibrium

Total lepton nr. is

L = Lj; + Lg, L = Z Ly q, Lr = Z Lr 1+ Z LR

a=vy,lr, I:N1’2,3 a=lnp

Interactions in L,y /50 violate lepton-flavour nr. L, via F'
violate total lepton nr. L via Majorana mass M,
but total ¥ suppressed if M /Tpw < 1

Due to interference of CP-even and -odd amplitudes at quantum level

Processes where Ny 3 scatter/decay/oscillate into ordinay leptons & antileptons
— n(éL) — n(ER) 75 0

|.e., through these processes a non-zero L-chiral lepton nr. L; # 0O is produced

—evenif L=L;p+ Lr~0 i.,e., n(¢r) — n(lr) = —(n(fr) — n(£y))

Sphaleron processes affect only L-chiral leptons, i.e. “see” only Ly,
Because B — L is conserved = convert L asymmetry into B-asymmetry at T' 2> Trw




Result from numerical study of coupled Boltzmann eqgns.

2/3
— =2 X 10 ocp R —
S AM2Z,/M? 10GeV

(Akasa, Shaposhnikov, 0505013)

dcp = combination of N and v mixing angles and CP phases, can be O(1)

constraint: AM3, = | M3 — M3| < M22,3

I.e., No, N3 must be almost degenerate




Constraints on masses My 3 ~ M of N33
and on active-sterile mixing U? = Tr(676)

10—12 | 5 ] 5
0.2 0.5 1.0 2.0 5.0 10.0

M [GeV]

Canetti, Drewes, Shaposhnikov, 1204.3902
Within the red line, m and €2p;s can be explained




Predictions:

o As M; = O(keV) = one of the active v very light: m; = O(10 V)
e normal hierarchy: mo ~ 9 X 1073 eV, m3 >~ 5 X 1072 eV

e inverted hierarchy: mo3 ~ 5 x 1072 eV

e effective Majorana mass m.. in v-less double 3 decay:

1.3 meV Smee S 3.4 meV (normal) 13 meV <me. S 50 meV (inverted)

The vMSM model can, in principle, be experimentally tested,
by searching for production & decay of Ny 3 in the lab.

e production cross section at LHC tiny,
i.e., prediction: nothing new besides the Higgs boson will found there.
o M>s3 < Mp, My3 < Mp: missing energy signal in decays of D, B mesons
luminosity of B factories not enough
® The case M3 3 > Mp seems extremely difficult
in principle: production of N3 3 by high intensity beam dump exp.
search for decays No3 — putpu~ v, No3 — v, ..




Summary

e BAU cannot be explained in SM:
SM predicts the EW transition symmetric — broken to be a smooth cross-over phenomenon

lack of DE

3-generation KM (P irrelevant for baryogenesis scenarios

We discussed here 2 popular scenarios:
e EW baryogenesis at Tz ~ 100 GeV
* works only in SM extensions with sufficiently strong 1. order EW p.t.
In minimal SUSY, 1. order p.t. only for ‘extreme parameter scenario’
Non-SUSY multi-Higgs extensions work, but where are the additional Higgses 7
* new P required

Scenario is testable (falsifiable) in the lab.:
find new particles at LHC / find new CP

e Baryogenesis via Leptogenesis

A) by ultra-heavy Majorana neutrinos, My > Tpw

Direct tests seem impossible

Nevertheless: future experimental findings on

v-less 23 decay, lepton flavor violation, masses of light v, search for P in v; — v; oscillations
will have a bearing on this scenario

B) Low scale leptogenesis, vMSM:

attractive scenario — no new mass scale introduced; in principle testable




