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“If we accept the view of
complete symmetry between
positive and negative electric
charge so far as concerns the
fundamental laws of Nature, we
must regard it rather as an
accident that the Earth (and
presumably the whole solar
system) contains a preponderance
of negative electrons and positive
protons. It is quite possible that
for some of the stars it is the
other way about, these stars
being built up mainly of positrons
and negative protons.”

(from Paul Dirac’s Nobel Lecture
December 12, 1933)




Plan of the [ectures:

* Understanding our universe with Big Bang and wndication of baryon asymimetry
* Electroweak baryogenesis

* (eptogenests

* Some recent developments

References used:

The 2arly Universe by Kolb and Turner

[utroduction to Cosmology by Ryden

Neutrinos tn particle Physics, Astronomy and Cosmology by Xing
hep-ph/ 0609145, hep-ph/ 0406074 ....



Part-l: Understanding our universe with Big Bang and tdication of baryon asymmetry



* Our observable Universe s mostly made of matter,

* Antimatter only seen tn cosmic rays or produced tn the (aboratory

[uformation on baryon asymmetry

Predictions of Big Bang Nucleosynthests

n
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+ CMB + WMAP Results
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Understanding our Universe with Big Bang Model

Fundamental Observations

o At large scale (largen than 100 Mpc): Universe (s homogeneous and isofropic

. Aob — Aem . . . HU _ . .
o Redshift z=— - 15 proportional to the distance: 2= —r.  Expanding universe

em C

* Cosmic Microwave Background Radiation: 1sofropic and characteristic of blackbody temperature
~ T = Z.:}'Zé K

Modelling our Universe
Own cosmological scales, gravity becomes dominant
Etnstein: Mass-energy tells spacetime how to curve and Curved spacetime tells mass-enerqy how

to move.

[Tohn Wheeler)



Describing Curvature and expanding universe

According to STR, the spacetime separation between fwo d’g‘l = - A v 4 gt
events (Minkowski metric):

expanding universe

Positive Curvature Negative Curvature Flat Curvature



Describing Curvature and expanding universe

According to STR, the spacetime separation between fwo d’g‘}‘ = - A v 4 gt
events (Minkowski metric):

. . : PA 2
[ an expanding universe (FRW maetric): der = - + OLC’r)Id“‘l'F ik(:") d—D-:ﬂ
Saale $n® K=
: ¢ f&b%( K g rEN K: curvature
measure of size of the universe n K.=0
. . R4imt K=-
Light fravels along null geodesic: R
dt
r—=r,
( 0 dr

|
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Positive Curvature Negative Curvature Flat Curvature
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Relations tnvolving energy deusity (p), pressure (D) and scale factor (a): G = Ty,

ot

Friedmann equation: ({1)2 8 ke* 1 Withk=A=0 »

8) 8GR Ly . ia

a 3 a2 3 - [£N\3(+WD

0.5 = Jn)
: : dp PY& _ =3 (1+@
i Baapr )i -
Pty  afm=t
Equation of state: % —w w0 s e
p N z"é’ q\Maa ordinaézlt:natter
Origin of CMB: goes back to Recombination and Photon decoupling era ' dargsrg/itter
Pe =Nty y+e = y+e il

fook place around [2 ~ 1090 or T ~2970 K] Our universe today



Nucleosynthests and prediction for baryon to photon ratfio
Butlding blocks for nucleosynthesis: neutrons and profons p+n=D+y.
h — P tnfer-conversion: n+ves=p+e n+et = p+ v

Around KT ~ 3 MoV, all particles (neutrons, protous, electrons, positrons)

. kc . “pe . ‘\ - 9
were n Kinefic equilibrivm mkT\ > My c>
n, = g2, R €X —
n = 8n 2 P kT

m,kT e my,c?
”P = gf’ Eﬁz— CXp\ — xT

* For T drops below Qu ; n./n, decreases exponentially

n and p were Nou-Relativistic by this fFime




These (nuteractions: considered to be in equilibrium [luteraction rate 'z YL @VY ~ 2 (%)g— & ]

v
Hubble parameter (radiation dominated): W = J9x C_;LV_. ¢l
' N
oS Matter-radiation <quality (KT ~ 3 <V)

r ~ E‘_:r’___ % Pm___{;m,’a—lﬁ
E 0“-1—MW Pﬂ‘ﬂ',oa—;q

> Pm,.(H;g =P‘,)o@*'5ﬂq

M wz\"i’l
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+ =E%:._.'Q"\\g 590
+2 _thwz;

Freeze out of the n-p inferconversion happens around KT ~ 0.3 MeV (universe was tr ~ 1.5 secounds old)

9";0

. C n./ np ~ 0.2
However, neutrons decay having lifetime t,~ 880 sec [ n—p+e + v, )

@, e
For fimes, fr< F < Tu; My |



BBN proceeds through a sertes of two-body tnteractions, building heavy nuclet step by step.
[. Deutertum formation p+n=D+4y. Bp = (m, + m, — mD)('2 = 2.22 MeV.
Assuming chemical equilibrium of p, v, D

np 2p ( mp )3/ . ( kT )_3/ * ([m,, + m, — HID](‘E) (m,,k'l‘)""’ . (B.))
= 5 exp =6 5 exp | —
NpMy — 8p&n \MpMy, 2 h” kT mh- kT

"\ = =  ; MNg =02h36 (_KT)'% N does nof change much from the ousef of
nucleosynthesis and today

’Y\,P ~0-8My, = o-g\’]‘ﬂx

np 6.5 o . Bp
—_— 2 001 X ——
n, } m,c> P kT KT, ~ 0.0F MoV




baryon density parameter Q2gh?

Beyond Deuterium . s
After a significant fFormation of deuterium, other % 0.26} :
reactions became important: “He Formation EUZ ,/

€ 0.24 E
(happans pretty fast) . _5

Bottom line: abundance of heavy nucler (D, *He,

“He, Li) during BBN depends on parameter N
+
Acoustic peaks tn angular power spectrum of CMB

n
n=—~6x10"1°
y

Li/H

* No anti-baryons at the time of BBN...

* Should have its origin at much early 1071 baryon.to-photon ratio 1 — mu/n
- =

universe, How early?

107°



Possible explanation for matter-antimatter asymmetry

Can tt be just an tmtial value for n at the time of Big Bang
(accepting the fine tuning)

No ....

Universe underwent an exponential phase of expansion: luflation

[uflation: erases any pre-existing asymmetry, i1f any.

Hence, asymmetry must be created ouly after mflation,



Possible explanation for matter-antimatter asymmetry

A

i E ~1¢eV
|

|
NO BBN | E ~ 1 MeV

Can if be Just an witial value for n e
: : : Recombination
(accepting the flne tuning) ?

Universe underwent an exponential phase of

expansion: |nflation

~ 150 GeV

I
I
EW Phase Transition |
I

B —

I Creation of BAU

Radiation
_..Domination

: Reheat
asymmetry, (f any.

Inflation
Hence, asymimetry must be created only \ /

after wflation.

[wflation: erases any pre-existing

~ 105 Eel/




Part-ll: Electroweak Baryogenesis



Search for dynamical origin of baryon asymmetry

Sakharov's Conditions

B Violation

C and CP Violation

Departure from Thermal Equilibrium




Sakharov's 1+t Condition: obvious
Sakharov's Zud Cowdition: B gt s Ky ' " T (X~9+&
i wju:ja-h. TOM' x—a_yﬂa\ & Y‘(}( ‘{-\-@ T'('X '71'5)
Cﬂﬂgllw X—-& i"\'B ' Tle bm—am aAde’j o Awlion .ll

W bansibw £ 3 oo Sym k B w V&*\H)"‘T’[%*‘}—P@ _ bo.

Now cousider, C is violated, but not CP

o N—= QLQL and N — QrQr

@ For non conservation of C: I(N — Q. Q) # F(!\_I — @L@L) and
F(N = QrQR) # NN — QrQR)

e Under CP transformation, Q; — Qg

@ CP conservation implies: B o B o
[(N = QLQL) +T(N = QrQr) =T(N = QrQr) + (N — QLQL)

So both C and CP violations are required



Sakharov's 3rd Condition:

Artefact of CPT symmetry: for every state with baryon number B and energy €, there exists a
state with baryou number —B and identical energy E,

* states with baryon number B and —B will be 2qually populated

* | the system s tn thermal equilibrium: [N = X+Y)=[(X+Y = N)

(B) = Tr(e P2 B) = Tr(00~ e PHEB)
= —Tr(ePEB), ©=CPT

Hence, <B> = 0

Out of thermal equilibrium 1s required to have ¢<B> # 0



Can the three conditions be met within the Standard Model framework?



[s there Baryon number violation tn SM?

Experimentally, baryon number violating events are yet to be observed, proton (s stable (proton lifetime >
6.6 x 10% years. This bound ts 5xT0% Himes longer than the age of the Universe

Kinetic terms for the fermion fields i the SM: £, = QiPQ, + 4,14, + Unid Uy + Dyidf Dy, + Fpidl By

. 1 — .
The baryonic current: J) = 3 Z (@ Vuar + TrYur + drY,udR) Vactor ltke U(T) symmetry
generalions

Howevar, ouly left-chiral componants
The Leptonic current: JE- = Z (ItvulL +ervuer) couple to the SU(2) gauge field

7
generations

Divergence o;jvflaem currents due to triangle anomaly: BuTh,, = ilngz( _ g WG,WWQ + 2B B,)
_ apvYIsa .
OuJp = Y39n2 2( ;W W, + g1 B" Bu,) Violated by the  §,J% , =0,
8, J" = 23‘];&?2( g2Wa“VWa + g%BMVB ) Same quamfify
s

[B-L s conserved, but B+L s violated]
Ne=3; SfWU(Z)L and U(1)y gauge fields



Baryon number violation in SM contd.. _ _ f 20178 1i7% 2 ~
v 8,74 = 8,7t = =1, (~gWi, Wi + B, B")
baryon number B = fd3x J2 ()
B
g B+L) (B-L) ap=B+L)
2 2 2

[epton number [ = fd3x J[U (z)

. Violation of B+L in any physical process (or coupled to it) necessarily violates B
are violated

r.h.s can be written as total divergence Kk = 24400 | (8, W)W + %ggijkijgwéc]
o ]P’J — 6 ]-,u, — Nf 28 CH f26 KH KH = 2eHVPo [(61/8'0)80.] P
B YuvL 327_[2 —9g i +g 7]
A
Violation of B in finite time tnterval: related to the vacuum structures of the U(1) and SU(R) sectors
Y2
AR = K o dB
. d4-
‘Lz T to generate non-zero baryon number in
= K dbi&% {i{ii(—gﬁ’),,m +2 VJJQ AB = AL = Nf (ANCS — A”CS) transitions from t1 - t2, we need
+ S fluctuations of the SU(2) gauge that change

L - NCS:
= ot N &Nes _ dE Np G
L\ s Ry S; £ 77



Baryon number violation in SM contd..

* The term ucs being gauge tnvariant, a redefinition of it can be set so as to

AB = AL = N; (ANpog — Angg)  puake it vanishing at the boundary

* The same is wot applicable to Necs due to the exotic vacuum structure of SU(2)

Vacuum structure of the non-abelian gauge theories posses an infinite number of topologically
distinct vacuum, the field configurations of which are characterised by Chern-Simons numbers.

[‘t Hooft 1976, Callan et al, 1976, Jackiw and Rebbi, 1976]

Hence, (n order to gemerate non-zero baryon uumber tn transitions over a fime inferval, we

need Fluctuations of the SU(2) gauge that change Nes.



Vacuum of SU(2) in R

The natve estimate for vacuum does not hold..

W.o=0  (Kinhic form vmiS@

M
~ W,tb’ ;:q%w;;’\ =G Vacuum ts ot unique, I,(- N}'N =9 , W';;_@o) con be o pYie guuge
= _\.. N 1 “®
UNCRS: Ufwg.ule
UGy & 4ute) .

[wfinite degenerate ground states: physically identical, distinguishable
only by tnteger-valued winding number of the field

SU(2) is topologically equivalent to S (representative of 3-sphere)



Baryon number violating processes are associated with a transition of the SU(2). gauge Fields
between Topologically different vacua

[mplication: a transition befween vacuum states may

Each vacuum 15 defined by a charge Nes = w. For a trausition (ead fo an asymmetry in the baryon wisber which

between two vacua defined by the classes of mappings Un(x) could take part in baryon asymbmetry generation

and Upa(x), n # b, arises a change ANcs = n—m. (Baryogenesis) in the early universe.

Ald =N, = ch@—m)

E A
T=+#0, sphaleron

% S (1) The quantum mechanical tunneling between two such vacua
(Fhe so-called instanton processes in the SU(2) EW sector) is
Eeph assoctated with a factor: '_451\:73‘2 _\70
YA ~ 4D

=k § e p® 4 W Hence, it (s heavily suppressed.

T=0, instanton

v

Energy of the gauge field configuration as a function of Nos (i1) lnstead of tunneling through the barrier, the system

9 goes over the barrier (called Sphaleron), a classical
Lo, walz": r - LMJ&N-GS () —Nes(®) thermally aided transition,
— toe gy




Baryon number violation and Sphaleron trausition rate (femperature dependent)

Tw g-e,mfrol,, {8 5‘:%&(@@ ‘hsar\S'er\ Al T o0 Q.#fstT.

e TS Tre D fEaR gt ST Tt
N T

"M Very W%W?LYATWVJ

W Aélm wWon meot broken  VEV van'tshe
No basuier hdwem voo. gholle”

s 5P~ Tsonsitions were ot Bo{{%mmm é\kﬁ)va&ﬁ-

0,
[N OOiTLr D‘wzg-,ﬁ.-

\Y



The Sphaleron process rematns tn thermal equilibrivm

(compare its interaction rate with the expausion rate of the umiverse.)

T‘Ew“’\%@tﬂ\/ LT <Tg? v 40> 6

Yedevak= w i wh( UMW (el ,



C and CP violation in SM

CP violation in SM

Jarlskog invariant quantity:| ]
J = (m§ — mZ)(mg — mg)(mZ — m3)(mp — m3)(mj — m3)(mZ — m3)K

where

K = 5125253 C162C35ind

= Im(ViVyViVi)  for i#]

From the above quantity, CP violation strength be:

_J . 10-20
(100GeV)12 10

Too small for explaining baryon asymmetry of universe



Departure from thermal Equilibrium
Compare interaction rate with the expansion rate of the universe

* Sphaleron enters in thermal equilibrivum around T ~ 107% GeV
o After EWPT, its rate is exponentially suppressed tmplying Sphaleron tnteraction goes out of equilibrium
* To maximize the asymmetry generation, a First Order Electroweak Phase Trausition ts required,

Veﬂ'

T VT
0 ¢ . o 0
24 order PT (no disconttnuity) 1 oder PT (discontinuity prevails)

The local and global minima are separated by a barrier



FOPT countd..

The local and global minima are separated by a

barrier

The FOPT proceeds via bubble nucleation [luside
bubble: symmetry 1s broken and outside bubble:
symmmetry unbroken]

The bubbles starts to appear randomly throughout
the universe, then grow and eventually Fill the

universe,

q q ;
e L/' L Symmetric phase
Broken
phase =E= v=20
=) ; (s)
?é Fsph

I‘(b) € O,

sph \

Adg

Out of equilibrium scenario tn the
victntty of bubble nucleation

sphalerons remain highly active n the symmetric phase, whereas heavily Boltzmann-

suppressed tnside the bubbles



EWBG tn nutshell
$(2) = 1‘}6;) 2162 Py = % (\_wv:f;)

Symmlrie ff‘wu_.
~a
/h/ , -HE mive thon Jot iy } f;\(,g?r&q Eob,p = E“ﬂ‘Y L\’(?\H’]
5/ ) /}WG’) ﬂ‘m*ﬁﬁaim—%— -ﬁi_/"“ 'T]
Cvo _ W, bocyrn Avpn generotad
R Lo e W Wt B onymmetey
o _ .
\_’%“B =9 c?-i }4,,' kcs“a)\ bt Symmdhile
E ' =
buwbble. woll TS,P 73

feapiee - e

Sfnson aqealian” Finally as the bubble grows, it captures the asymmetry




Realising First Order EW phase trausition in SM

Form of effective potential at high T

2
Tree [evel Higgs potential: V =2 (\H|2 - %‘02)

. : 1 1
T-loop correction at high T: Vi_joop = H?T? |:§)\ kil 13_6(392 +¢"%) + ZyQ}
TH* 3
_ 303+ 2(a? + a2 /2 10 )\)
12\/%(9 + 5097 +97)7"+ 0N

The effective potential with the cubic term (responsible for the barrier) takes the form:
Viot = m%(T)H? — ETH® + \H*

mzH(T) = —\? + aT?



Realising FOPT in SM contd..

2
The critical temperature s defined when Vies = AH? (H - %)

Degenerate minima at H = 0 and H = v.

v

comparing with  Viey @m%(T)H? — ETH® + \H* — » ET, = V2,

3¢ ve E _ 3¢
I —Espn/T = T. 2J/) 167\
sph ™~ € Q’ETT' c
Egpn 8T (v The raf.[o. (5 a measure of the strength of the phase fracfm'z.‘{om,
T ~ g (T) determining how strongly the sphalerons are suppressed wside

the bubbles,
A strong suppression requires

Not possible to have strongly
N, A
’:‘ri' Z,i 7 N { BT?':I-S‘VN 0V6h Hmﬂ:\/;”<32eev First order EWPT (v SM



Realising EWBG (v BSM scenarios

Scalar singlet tensi 2 .17
C?. ar single \(s) extension V(h,s,T) = ﬁ n2 ’0(2,- N U—cs2 it K 22
\ | 4 w2 4
H field S freld 1 5(T2 — T?)(cp h? + ¢4 52%)

Broken ph | '
roken phase ‘ Symmetric phase

* Effectively generates a barrier at free [evel

(independent of earlier EW® Ferm of the SM alone)

Liw: Bubble wall

/

* v/T: can be realised without contradicting the
constraints on the SM Higgs mass.



Part-1ll: Leptogenesis



Leptogenesis and connection to neutrino physics

* Neutrimo oscillation -->  neutrinos are massive but very light

* [ Standard Model, neutrinos are massless --> need to go beyond the SM

Oue of the most economical extension: Type-| seesaw

[introduce heavy Right Handed Neutrinos (RHN) |
— e 1 —
—L,=40Y,HNg + §N§MRNR + h.c.

* [u very early universe with very high temperature, these RHANs can be thermally produced.

* When the temperature of the universe drops below their masses, they decay.



Overview of Type-| seesaw and

Neutrino mass [SM + 3 Right-Handed Neutrinos)

L My -
Lesm = Y% 0r HN; + TNNZ- N; + h.c

1T
m, = —mpMy"m
After S.S.B. < i
c T * __ . block Ve 0
o i) (B e () et (e )
L i mys  Mnsys Nr Active-sterile mixing e
—Y Ulm,U* = D,,
mseesaw
VL — Ul/m _|_ VNm Dmgxg O3X3 >
Y Y - Usx3 -Dngg\
=m
PN y Dy = diag(M;, Mg, M3)

Dm = diag(m17 msa, m3)



[mplications of seesaw tn cosmology : Thermal Leptogenes:s

Generation of (epton asymmetry via decay of RHAN:

Sakharov conditions can easily be satisfied

* L uumber violation due fo the Majorana nature of heavy RH neutrinos.

* Additional source of CP violation tn the [eptonic sector via complex Dirac Yukawa

couplings (and/or PMNS CP phases).

tr

* Departure from thermal equilibrium when I'n < H

Lepton asymmetry fo baryon asymmetry conversion: Sphaleron process




Thermal production of RHN

The story begins vight after inflation was over,

Thermal Production of RANs: provided Tra> Mpan

attains equilibrium number density :

. 3 ¢(3)
([?] depends on neutrino Yukawa Y] Y\'N '213&2{%{}

+scattering

32 —My
At some temperature T ¢ Meuy Y\/:q’ =2 (M_;? ! . [T

Soon, the heavy neutrinos are wot able to follow equilibrium distribution.

Iv<H [N-=>C(+Hand N - (* + H*]

decays out of equilibrium
[controlled by same Yv)

Generation of nowzero CP asymmetry (at one (0op) requires at least two RHNs.



Evolution of RHN number density
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Buchmuller, Peccei, Yanagida 05

z =M /T

10




Non-thermal Production of RHN
o With Ten < Mi, this is a possibility for producing RHNG.
* n case, RHNs are coupled to the inflaton field (®) and Mo > 2 M
¢ — N; + N,

With Ten << Mi, the produced RHNs would decay immediately: Wi



[Fukugita, Yanagida 1986 Luty, 1992;

CP asymmetry calculation ,
Flawz <t al., 1995; Covi <t al., 1996]

(frow\ tnterference of free and one (oop 0(;“9ra"‘“5)

() _ Ly 1
e TSN, > £, + H) + T(N; > 2, + ) B H
N. { \ /
_ A \\
Ty, =Y T(N; > ¢, + H) +T(N; > 7., + H) LI L
i
:MM! Ncl' = Nf
&r

* vanishes af the free [evel

* CP violation arises due to the interference between free and one-loop decay amplitudes

[complex Yukawa coupling Yv]



gl‘".'.

LN
\ Hh
_ = ] —

M = —iey, Z u(q)
J#1
M\

aTky d#v M

lq

[Dreiner et al.,, 2010

E74RNS ]
Hb

Oune loop self energy contribution

K=YlY,

s < My M. 2
€. =56 = A .5, 22 T (KD
P30 e S ]

What happens for degenerate RHNs? Euhancement of CP asymmetry!

Resonant L-QPfog-eMJZSl.S [Pl'{aff‘sfs, Underwood, 2004/2005]



£, (e
He // ; [Denner ot al., 1992)
¥
. e

\ b N
H ~ HY

Oue [oop vertex contribution

¢ -4 s In[&), (), %) {1(%9:-)
am ks "
06 = [ 1+ (+D V"‘(—Hw]



Unflavoured Estimate of CP asymmetry (with hierarchical RHNs My < My < Ms):

 Lightest RHN (IN1) is the only relevaut one for leptogeness:

M? <
tt, = oty o I () (VI (3h) + (1) (1), (127,006 (3
viv)11 j#1 1 1

F(x) = vx[1 + 154+ (1 +x)In(%)] and G(x) = 1/(1—x)

* Flavour sum: Ep = Za Ep (Vanishing contribution to the second term)

However, both terms rematn tmportant for Flavoured leptogenesis



Leptogenesis (covered so far...)

* Production of RHANs tn early Universe

— N, + N,
(Fhermal and non-thermal) b

Non-thermal: Tra < Mrun

* Ouf of -Q?Ml.{l.b)’l.MW\ 0(42603 075 QHNS I'n<H

* CP asymmetry calculation “« = ga(viv,),

(Hlavor dependent)

A1

* Flavour sum: €¢ = Za Ep

2

i)

S () ()0 (V1 (32) + Tl (V370,06 (5

2

1



Lepton asymmetry: quantified tn terms of number densities of (eptons and anti-(eptons

changes decays + [epfon number

violating scatterings Changes due to decay and tnverse decays

Exact calculation: Boltzmann equatious



Evolution of Lepton asymmetry using Boltzmann equations

Ne @ fofal suumber r{l a ?aﬁ-ic\a& T8 ?Nsimb v e
V=, aby’gdy

"Tw absemer - 00 wbzwndkions 1 N, =0

7

n, = Na
aY;

& (noV) = o
& WY
; 1L .
7V + NaNy, o0l @ 22 =0
O 4

3N Vi + 3H MaV = o]

R pvesmmee 9{' O+N > oand Yo s chonge & Pcw-h'c)ts n V un‘f}']inﬁ

-VZ id’—n—m d“xdTr)’ @@4 gﬁ‘) Cp“ﬂ)?( bﬁ&fﬂ' "K‘)( (I :\:EDMMFO&)( >y Lo @ Q,GE-‘-}L@ i
Lt i ey

i "H(Hfa)ClifF,&)lMP:,,Mﬂl Wy = €



The 2quation takes the form (with decay + tnverse decay)  Assumptions: (1) MB distribution

()1 +fF~T
g +3Hn, = | 5y(Y »a+X) -~ Xyla+ X —>Y)]
Ity e B
XY
Ev/T 2 add/y b

[, » EEHPIIT Y (>0 rx)=|dT,dTT, \M@i(b, bby)

Monfr w00, >
'V\/q(, = Vl/')(, - 7‘T (-“.)‘f( m"'b

Y (o4 ""j :J dTedT, Ty € lM{:{;ﬂ batbrby)

=E e 4 0.
@ > 1) Xonr & NI\JolT\_'g“dm(g‘l_T) 9 (buberbe) Wy

= j d:ﬂ_N- éiEN-,lT D) M;, FN} %Ni = 'n “L K\ ( ) T1N - L+ H K1, Kz: IMOO(I.{CI.-QO‘
Kz %, 6 Bessel functions

Consider the decay of the lightest RHN Niouly (hierarchical RHNs)

_ — K
Yo = ) [’Y(Nl—>£a+H)+’Y(N1—>fa+H)]:”?\%Kl—gﬂ £ = M/T
2

(84



(annectad by CPT Sqmwkra
T(:\r—»HH) —-Y@HH-»N) L1+,

Wity ove LM? vndeibulisn :

delfer
b to oF Y(NTeR) = v (1rn>n) =L (1-6) 7,

'Y;vN"l*fbH%l = %N' IY‘Q"’JU") WNI Y‘(NHT'P'-'D

i 'WL - £ |
h‘“\Y(LH N) +W . W"} ,{(:[m n-)

i

14

iK

_ A
- “_"del. [ (HE) & *i(\—"i\)f;} + '\/m_m-r'f‘- =

N V-

Vg BHM = - Y. o frw
| 1 %ﬁﬁ\#p"r»‘-(“ ){X




Similarly, for lepton (anti-lepton) densities

: W n
Wy * 300 = 50 g ¥ (N> Lt ) - ey (o) N-->L+H
N, *
and and
. 'y - - % %
N ¥ UM, = Ny (N -0 Y TR N --> (5 + H
L Y L % Y\;? Y( \eLd‘-\—@ ﬁ;ﬂﬁ? L/((A"'H'—H\D

With, YVL— = W, - N

/ ~ N Ng-
Wo L +3HMg -[~ & |7 *! "'_B_;»]{p

Or tn terms of Y= W/

.':-—L— 'i“:
A HEY 2% MbwT "
db . ooxz =2f =1
dy;, = Yn Y, = 2T hE
SHZE:D_D: £, (Y§§+l)—2neq o




Nz- Q N@ | > ga Nz T - ga
2 I I
>-*-< Yy H Y H
| [
Ea U Q S S 7 7 —l <« @

Ou-shell contribution

N,— - H N; > — H
Y £, A g ( . Needs fo be subfracted
: i: : AL = 2 scattering: /
V, "~ aAA—— ¢ V 4

I o I o
(a) (b)
N, . H N — <« -H lo N }/H b, ——1 <« - H
' H Ve i
> ~« JLLL Ao, p ) N, .
£ V, (L, —>—" NNV H- lg H—- > —=—
o U a [
(c) (d) (a) (b)

o =
;;I
< 4
=
|
A
—
S
< o
=]
| |
oo
| |
| S|
=]
AN
| Sl

(e) (f) (c) (d)
AL =1 scattering:




Ou-shell contribution of the £+ H «> ¢ + H weeds to be subfracted to

avotd double counting

YSU+H —{+H)=~v{f+H — N,) Br(N, —» £+ H)

(1 _1‘51)2

Y(E+H— L+ H)=vy — T
dy,, Yy
sHz——+ = - (Yf,‘? - 1) ('YD + 275 + 47&)
X
cHz LYo . ..( ] -9e Yol Yoo %,
e m by

Y~ =N, TN,



Evolution of asymmetry via Bolfzmann equations

d¥n, _ (Y ,
dZ - stj(lil (’YD -I_ ’753 —I_ 478,5)
dYp_p, YN1 | Yp_1
H = — —1]e¢ -
dz { str? Hp Yzeq
i 3
H(H), \ H(H)

production washout

(M, << M3, M3s]

Y,
eq
YNl

29N + 278, + s,

\

Washout by 2-2 scattering

28 M
[n sPl«\a{erow o(ecoupflmg [imit * Ym = ?

x vp =~(N — {H) +~v(N — (H)



T T T |||||| T T T TTTTT T T TTTTT T T T TTTTT
- ~ _
~

2 _
O T TTN—e TN —
< ]
logo(") NGRS
_4 \;.
— — — H/H{(z=1) i

-6 |- . Tp/H(z=1)

[ o Ts/H(z=1)

-8 | I'w/H(z=1)
_10 1 11 |||||| 1 11 ||\||| 1 11 |||||| 1 L1 1 1111
0.01 0.1 1 10 10°

2 =M /T



Conversion of B-L asymmetry to Baryon asymmetry through Sphalerons

© At very early umverse: SNy = Wy —Ng /Am 8« (‘F)

A
ST e, m/T e 1
/T e 1, mJ/T ¢« &%;\T-B @
L
o At very high T, EW gauge symmetry was restored
(gauge (nteractions are tn thermal <quilibrivm)
N
= %Tz 2(2”@ +uy +up) [system: Nf generations of fermions, Qi, Ui, Di, i Ei
’;1 and Ny generations of Higgs doublets)
1 i
ny, = ETQZ(Quei +pg)

=1

2174((% He-pir,, Ty



* Below TeV, all the Yukawa wteractions are i chemical equilibrivm

PQ +FH"‘/AMK'-"—0 }AQ‘ '.:'.}.(ﬂ
JUG\")"H"'P%_:O : /“lgl =_/UU
/AL"PH—/"CK:U - /udp.{ = Fd&

* fypercharge conservation: N_f(HQ — 2 — Wp) — Z(H’Bi + MEi) +2Ngyuy =0

1

* Sphaleron process (l.MVO{\/l.Mg [eft handed ferm[ows) 15 tn equilibrivm 3N pg + Zﬂvei =0

1_ 8N+ 4N

, Np = Ne—N)=c(neg —n
fraunslates tnfo 522N, +13N, P 1) = el =)

1_,14N; + 9N
nL —_ —

6 QNf-|—3NH ;uEi v SM,C: 28/}9




* The B-L asymmetry generated during (eptogenesis s reprocessed info B asymmetry by sphalerons.

* The Sphaleron process goes out of 2quilibrium around T* ~ 160 GeV, after which such conversions

are wot possible,

: Ne — Ne 5
* Y& generated around T* remains unchanged thereafter: n = BB _ Sy 9.

n., n., BT 45¢(3)

Y, ~ 1.87,Y,

log ()

1 Il L1l L I raal I 1

6.1 1 10
Buchmuller, Peccei, Yanagida 05 = -yt




Aspects of flavor m [eptogenesis

Barbieria et. al.,2000; Nardi et. al., 2005, 2006;
Blanchet, Bari, 2006, 2007; A. Abada et.al.,2007;

,and many more...]



Flavor effects n Leptogenesis =Yy AN+ Ya(lo)aH (lr)o + hec

I'a <H (T >> 5 x 10! GeV)

* Washout along individual Flavors become different
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Flavor effects in Leptogenests

A
T [GeV]

Two Flavor:

T, ~[10° GeV]| — . — . —
Three Flavor:

KR

L= Y;&-ZLQPINi -|— YQ(ZL)QH(ZR)Q -|- h.c

No Flavor effect: 1€1) = (€o|l1)]|€a)
) ~[Hx10" GeV]| — .. — .. —

[€a)s |€+)

Y1 =YB/3-1, + YB/3-L,

[€e)s [€u)s [£r)

Y1 =YB/3_1. +YB/3-1, + YB/3-L,

dYB/3-L YN YB/s-L
H o _ 1 1 KO H / B
sHz 1 { (YNl €e. + E ( + C5 ) Y YD



Flavor effects in Leptogenests L=Y"0, HN; + Ya(l)aH(Lr)a + hec

A
T (Gev) No Flavor B
-effecf |£1> — <ea|£1>|£a>
) ~[x10" GeV]| — .. — .. — ..
Two Flavor: 1€a), |€+)

Yg_1L=Yg/3-1, +Yn/3-L,

7). ~[10” GeV] v _ 28 v
Three Flavor: 1)y 1€4), 167) B = mg zo; B/3—La

Y1 =Yps3_1,+YB/3-1, +YB/3-L,

Flavour projector:  |{€al|l1) F\\ Asymimetry converter Matrix
A

4 N
dYB/3_L Yn, 0 p H B/3 L
ey > — _ 1 ~K C.s+Cj =
STt dz { (YN1 ) - 2 ag( ap ) Y, P




Asymmetry

’MAPOYILGMCQ 075 f{a\/ow Qf;ﬁecf [A. Abada, S. Davidson, A. Ibarra,
F.-X. Josse-Michaux, M. Losada,

and A. Riotto,
JHEP0609:010,2006]

1077 ¢

"k

,_.

—

=
=

/ Two Flavour
rg}
/ Unflavour
A/

H]-l? Ll " 3 L L | L L } L1l ..-3
1072 107! | 10 107

Almost one order shift in produced baryon asymmetry can be achieved



Part-1V: Some recent developments



Recent developments on Leptogenesis during reheating era’

[A. Datta, R. Roshan and AS, 132 PRL (2024)]



Timeline of Leptogenesis:

Recombination B ~1eV

FE ~ 1 MeV

BBN

EW Phase Transition E ~ 150 GeV

-

Leptogenesis

Radiation
Domination

Reheat

\nflatich

E ~ 10'% GeV

A
I
|
|
|
|
|
I
|
|
|



Timeline of Leptogenesis:

A
Recombination | B~ eV
|
BBN | E ~ 1 MeV
|
» |
EW Phase Transition I 12 9 Lol G
Radiaton = Leptogenesis
 Reheat |
15
\nﬂatlcVV I FE ~ 10 GeV
|



[wflationary Universe [exponential expausion:] o ~ et

¢$
Timeline of the Universe
Recombination A #~1<V
BBN | FE ~ 1 MeV

|
EW Phase Transition - E ~ 150 GeV

Radiation |
Domination

Reheat |

: E ~ 10'° GeV
Inflation I

Inflaton must decay to radiation

Reheating
‘/{.Beginning of the thermal history. j

Era of reheating can be very

*  All elementary particles (of SM) are generate
[ rich.

Coupling between inflaton and SM

L=yss10ff

Produces raﬁgli%ation component

d(p¢a3) Iy 2
da B H Pect
d (pra*) a3
SANPRT ) 2
da H PP




Inflationary Universe [exponential expansion: @~ <]

[uflaton must decay to radiation

Reheating
‘/{-Beginning of the thermal history. j

* Al elemantary[zarticles (of SM) are generate

Era of reheating can be very
rich.

Coupling between tnflaton and SM
1013 £ p— %¢ff¢ff

1011

10° Produces radiation component
107 PR

10°

d(p¢a3)_ ' 5

10~° 108 1077 10°¢ 107 d(pra’) _ a’_
da H PP

=
B~
\
=
B~

Y opft




Inflationary Universe [exponential expansion: @~ <]

— Inflaton must decay to radiation

Reheating
‘/{-Beginning of the thermal history. j

* Al elemantary[zarticles (of SM) are generate

Era of rehating can be very
rich.

Coupling between inflaton and SM
L =ygprrpfS

=
B~
\
=
B~

Produces ralgli%ation component

10-%  10~7 105 * Temperature varies differently.

Yoir * Tmax— Tru = depends on effective coupling




Timeline of Leptogenesis:

Recombination

BBN

EW Phase Transition

Radiation
Domination

Reheat

‘\\\QMaﬂ39//'

A

|E~1eV

| £ ~ 1 MeV
|

' E ~ 150 GeV

}4 | Leptogenesis during

reheating
i E ~ 10'% GeV



e ¢ ‘/Effective coupling

i (Gogs o FF)

FF (SM fermions)
Exﬁeno!ed < $
Reheat

shedting Radiatipn Bath
Scenario (B) j f
Tniax > M1 > Tru

RHN

- Leptogenesis

(A) M1 > Tngax

TNiax > M1 > Tria

)
(C)

M, < Trna



Bolzmann Equation and Temperature:




Equilibration of Charged lepton Yukawa:

3M3Z
~ Sy 0 10
Thermal Mass of
Higgs \
2 2
(T} — Y7 m;(T) 2y
o —




Equilibration of Charged lepton Yukawa:

M;= 10" GeV, y,=10"%

Tmax=7-04 x 10'2 GeV
Tru= 4.2 x 10'® GeV

104 107 101° 1013 101°

A=a/acna

 Delayed equilibration of charged lepton
Yukawa interactions

Standard

- Ye=10"%




Shift in ET and effect on flavor leptogenesis

Tmax = M1 > TgH

 Decay of N. would produce lepton asymmetry

* However, flavor regimes are shifted

Need to relook into flavor leptogenesis



Bolzmann Equation and Temperature:

Iy

3

a a
= 7 Lgpep + ﬁ(FNJ(PNl —

H

—%(pm — PNL)

Py + PR + PNy

2 __
"= 3M?2

M= 10" GeV, y,=10"*

.TRH_ 4. 2 x 101° GeV




Modification of Flavor effect

L =YYl HN; +Yo(lr)aHLRr)x + h.c

T [GeV] A
No Flavor effect: €1 = (Lallr)|fa)

TSR [5 % 1011] — s e h h e h e e w — . . I = H
Two Flavor:  |€a?> [€+)

Y- =YB/3—r, +YB/3_ L.,

T/SR mo Y] = — = — e — - -, =H
Three Flavor: |€o), |€,.), |€+)

Y- =YB/zs-—r. +YB/za—r, + YB/3_L,




Modification of Flavor effect

L =YYl HN; +Yo(lr)aHLRr)x + h.c

T [GeV] A
No Flavor effect: 1€1) = (Lallr)|fa)
TO ~ [5 % 1011] —— B —ho——mab0EM—mA0n—ac —

TR

Tr, ~ [7.5 x 10'°] ---.{----L---}.---}.-- . — fH} Leptogenfsis

y¢ — 10_4

Two Elavor: [£a)> |€+)
YB—r = YB/s—r. + YB/3—L, No Flavor effect

70, ~ 10— — — o — e — -, =*H
Three Flavor: 1€c)s [€.), |£€+)

Y- =YB/zs-—r. +YB/za—r, + YB/3_L,




Modification of Baryon asymmetry

dlpga®) _ Ty = o B
da 24 P
3 2 eq
d (pra’ a’ a’ . | dinp-ra’)  (I'n,)a® [ & e no
% = ﬁrqbqu + ﬁ<rN1>(pN1 — PN, > dal = 2 M (pny — PN,) + DT nB_L
d(pN GS) <FN >CL2 o

M, =10'"! GeV
Standard

° Yo = 104
—_—— yeP
B

Im[Or]



Modification of Baryon asymmetry

0 Prolonged Reheating was achived by varying the inflaton-SM fermion coupling.

* Due to the nontrivial behaviour of Temperature in between T __ and T ,, equilibration temperature of charged

RH?
lepton Yukawa interactions shift from their standard thermal value.

* DMore stringent parameter space satisfying correct baryon asymmetry is observed due to the modifed flavor effect
as well as dilution of baryon asymmetry due to entropy injection from inflaton decay.



Some other possibilities

Resonant Leptogenesis [Pilaftsis, Underwood, (2004/2005)]
Triplet leptogenesis [Ma, Sarkar 1998, Hambye, Ma, Sarkar 2002, Hambye, Senjanovic (2003)]

Spontaneous baryogenesis and [eptogenesis [Cohen, Kaplan 198%F, Li, Wang, Feng, Zhang (2002),
Kusenko, Schmitz, Yanagida (2014)]

Leptogenesis with sub-electroweak scale RHNs [Bhandari, Datta, Sil (2024)]

Leptogenesis from Higgs decay [Hambye, Teresi (2016)]



Triplet Leptogenests

A single triplet can' t produce [epton asymmetry

¢ 14
With two friplets o \*\ A
[Type-Il seesaw) Dy — > —(\l“oz Wg/}— > YA e
6 0
With triplets and RHNS
[Type-l + Il seesaw] J == ! >
| TN ﬁmﬁ\
’ . H\ ) —
Yaaln Ny A ¢ H 5
AT ,
HY*, L

Leptogenesis dominated by (ightest seesaw state



L L
hybrid situation (minimal): 7 RHN + 1 Triplet H
K-eeeee Koo [N
[Fype-I + Il seesaw] i H B

As the mass scales approach each other, certain (often neglected) scattering processes tnvolving
both the states become numerically significant. [Pramanick, Ray, Sil; arXiv: 2401.12189)



Spontaneous Baryogenesis

* Fermion coupling with a homogeneous scalar field (e.g. Axion-like particle, a)

d,a - a
e ¢7M¢ D) —(nb _ ng) = /e B Cohen, Kaplan '87

/fa \\fa —

ALP Derivative \ .
coupling Baryon Current Spontaneous CPT breaking!

o Ueff = 0 = a/ fo —» Effective chemical potential 1

Induces an asymmetry between baryon and anti-baryon in equilibrium

1

_eT2
6Mff

* Need B violation: Asymmetry in equilibrium —— Violation of Sakharov’s 3" Condition!

eq __ ,eq _ L ed .~

Baryon asymmetry freezes out as B violation drops out of equilibrium!

* If 7 are SM leptons = Generation of lepton asymmetry =¥ Spontaneous Leptogenesis



Spontaneous Leptogenesis

(LH)?
Aw

v

« Ay ~ 6 x 10'* Gev —p set by neutrino mass, m, = 2;;
W

* Thec ™ 1014 GeV —» set by H(TDec) = FL/(TDec) , where FU ~

* Source of L violation — Weinberg Operator, L; D —

(> my)T?

16702

b Scale of spontaneous leptogenesis (must not exceed TRi;*
» Source of chemical potential (or, non zero 9) ?

b Onset of ALP oscillation (T,,.) —» set by 3H (T,sc) ~ mq

/ ALP Misalignment mechanism

Tose > Thec (oF, my = 10° GeV) is required

Y]

« Tracking of L asymmetry: np, 4+ 3Hng, = =Ty (np —nj') Electroweak ng = §nL
Sphaleron 79




Leptogenesis tn a dynamical vacuum

* RN mass can be generated through the coupling

Bhawdart, Datta, AS, arXiv:2312,1315%

1 N )
§az¢N5N@- —» U(1)g_1 Symmetric term

« A U(1)p_r symmetry breaking phase transition occurs at 7. —p ¢ acquires a vev —p RHN becomes

Suppose O acquires a temperature dependent vev at T+
(EW symmetry is still unbroken at this stage)

/

0 1> T,
vy(T) ~ ¢ AT? o T.<T <T,,
\AT?+ Bv*(T) ; T<T,,
‘\\\\

Zero-temperature RHN mass can even be smaller

Than EW scale

massive
RHN mass can be parametrised as:
0 o T >T,
MZ(T) = OéZ(ATz) ; TC < T S T*

a;(AT? + Bv3(T)) ; T <T,

Due to an offective ¢HTH coupling, the

term  Bv*(T) (s generated below Tc (omset
of EWSB)



M; (GeV)

Thermal Leptogenests (resonant) can be

realised af high femperature

10°
106
1000

0.001 |

103
10°
100
0.1

104!
107

l O!1=10_2

— A=100 GeV!

-- A=1GeV!

~~.
-
------

B=10"3 GeV™!

— B=5%10"2 GeV! |

-- B=5x10"° GeV!

S
-~
i
...........

A=10 GeV!

164 | | 10
T (GeV)

AN

Zero-temperature RHAN mass can
aven be smaller Than EW scale



M, T (GeV)

May resolve the Helium Anomaly
@1=1072, @5;=3x1071?, A=10 GeV~!, B=1.65x1072 GeV! [PRL 130 (2023)]

1o Above the temp. To, RHN mass becomes

smaller than the surrounding temperature,

causing a new phase of RHN production

through verse decay.

M(1)= 1 Gev |* Again below the temp, Ti, at some point
1 the RHN mass becomes larger than T of the

F ! 1 surrounding.
L/ LN
f ! _ ngs.

| 1o U M? > my, + my (the other fwo

— Y ; say) RANs will decay tnto SM Higgs and

i Tsp T; — Yp_1 [epton, producing a late [epton

io 100 1000 10* 10° 106 asymmetry below the EW scale.



ANTIMATTER’S WHEN DID THIS
GONE MISSING... HAPPEN, SIR?

r ABoUT s

BiLLioN YEARS =
P E 0
% {

A

A

e

BiEANRL |
LoST-PROPERTY of§IcE \\ ]

Thank you



Linit on Maximum CP asymmetry and Davidson-lbarra bound

3 M
les| < av—;(ma —my) = ey’

. . . 1 3
Number deusity to entropy deusity ratio Yp_p =np_p/s = o041 5%s

Ky © efficiency factor
Precise estimate requires solution of Boltzmann equation

Y sY4f= 8.F2 x 107" {ntroduces

704 8z’ Y®
0.96 x 10_2 3m3 Kf

6 x 10 GeV ) g 0.05 eV
~ Ky 8.718 x 101! ms

Lower [tmit on (ightest RHN mass M, >
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