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Baryon fraction

* Our observable Universe is mostly made of matter . 0.02 ® From WMAP data :

n=(6.14 +0.25) x 1071

asymmetry is defined as :
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® Measurement of # from
deuterium abundance ( D/H ) :

¥ 1808 +035)x107"

® Can it be just an initial value for # (accepting the fine tuning) ?

® Inflation erases any pre-existing asymmetry, if any. Hence,
asymmetry must be created only after inflation.

Number relative to H
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One promising mechanism is Thermal Leptogenesis (Hierarchical RHN;)
P i
Type-I seesaw Lagrangian: —; = (Y)),;¢; HN;+ 5 N M.N.+h.c.

Out-of-equilibrium, P & decay: N, — ¢, +H b ness of

neutrino mass problem

RHNs decay out of equilibrium

Sphaleron transitions B — L asymmetry

Baryon asymmetry

To satisfy the observed baryon asymmetry O(10~'9) M, > 10° GeV ( Davidson-Ibarra bound )

From detection perspective, lowering the RHN mass scale is interesting

: : Ty 2. 2 _ M2M.
A possible way: For (O]Maﬂ—o(egemmfe) RHN mass 8; _ Z TIm(Y,,Y,;)U [12‘41 iwzj]eréij
Leptogenesis 7 (VY,)y (YY) M7 — M3)” + MiTy,

Works for M, > Tryw ( - 7603GQV )

The CP asymmetry can be enhanced O(1)



WILL IT Be POSSIBLE TO WORK WITH RHN MASS BELOW [y x W(T)

Fbroken ok T4 ¢ —ESP(T)/T

N; — ZL + H is kinematically forbidden as Higgs and

lepton, thermally corrected, become massive. ® Below /., , the sphaleron rate becomes

exponentially suppressed and gets decoupled
at Tp)' ~ 131.7 GeV
as a result, NO lepton-fo-baryon asymmetry

Leptogenesis can proceed via Higgs decay in a small
temperature window: TSSPM < I'< Iy

Phys. Rev. Lett. 117, 091801 (2016)

Bottom line: leptogenesis requires the temperature of the Universe to exceed ~ 131.7 GeV

e The problem is further compounded provided the reheating temperature of the universe /,; < TS%M

The universe never reaches the No other existing mechanism of
femperature above Try, Baryogenesis via Leptogenesis can
OCCuUr.

Leptogenesis below TSSPM ( ~ 131.7 GeV) is not apparently possible



A relevant question emerges: is it feasible to realize leptogenesis when

the reheating temperature lies below the T3V, i.e., 131.7 GeV?

Pro_posal: ‘

Leptogenesis indeed remains a posmblln‘y cnL such a low scale, provided the electroweak
~ phase transition (EWPT) is of strongly first order



At T, ( < T.) One true vacuum bubble, inside
which (@) # 0, is nucleated per horizon volume
T, [in the background of false vacuum ({(¢) = 0)]

The symmetric phase is prevalent in the entire Universe
until 1

If 1 associated fo EWSB can be kept below TSSPM ~ 131.7 GeV,

then
Till such a lower temperature:
(I) SM fields remain massless [V, — ZL@ + H allowed]
(II Sphaleron rate remains unsupressed

(inside the bubble, ngg ~ Texp |-8xv(T)/g,T|)

Lepgogenesis via RHN decay (of mass even closer to 1)
seems to work till Universe attains

a temperature 1, < TSSPM
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First Order Electroweak Phase Transition

Tree-level Higgs potential extended by dimension-6 operator (H'H)’/A* can iree _ 'ui%gbz | A Al | ¢6
be written in terms of the background (classical) field ¢ as: (@) ) ' 4 ' 2 A2

Here, H' = [Gl + iGs, @+ [ iG3] /\/5 with (5. as the Goldstone bosons and /1 the physical Higgs field, and A is the cut-off scale.

: ; | 1 4 : ml'2(¢a T) _
The Coleman-Weinberg (CW) potential: Ve, T) = — z n,m; (@, 1) | log = G
| 6472 e
: l:¢ G,W,Z,}/L A 5 peY
e T | m> (¢, T) m*(¢, T) :
Finite temperature one-loop potential : ' . Vi@, T) = 72 i=¢§WZni /B ( T2 ) 5 E i ( T2 )

Full effective potential: Veu(@p, T) = Vs + Vew(@, T) + V(. T) + V()

The daisy correction has been implemented through Parwani resummation method: ml.2(¢, T) — ml-z(g/)) + 11L(7T)



First Order Electroweak Phase Transition continued

Taking high-temperature approximation, expand the thermal functions in terms of and
restricting terms upto order 77 , the effective potential takes the form as :

e Ao 1¢°
Ver (@ Bie | ——di—c, T° ¢2+(4h 41T2>¢ e

where,

and

The parameters /i, and A, can be determined using the conditions:

V., T=0)
dgh?

dVeff(¢9 = O)
dg




Upper bound on the cut-off scale A

At | , the critical temperature, the false (local) and true (global) minima become degenerate and a potential barrier
arises in between. * {

Barrier height
decreases with increasing

— A=590,T, =654
— A=600,7T, =68

— A=650,T, =79.2
At A = 810GeV, barrier height

— A=700,T, =883
diminishes significantly.

=

— A=750,T, = 96.2

Vs (GeVY) x 10°

2

For A > 810GeV, no first

order transition happens.

A = 810GeVserves the upper limit.



False-vacuum decay and Bubble Nucleation

S5(T)
2xl
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I(T) ~T* ( ) exp (—Sy(T)/T)
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The action has the form as:
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Tunneling from false vacuum to true one

proceeds efficiently. where, 7 (1) is the Hubble
parameter



_ Nucleation temperature and Lower limit of A
Number of bubbles per horizon volume

l The temperature at which the probability of forming at least
one bubble per horizon volume reaches order one is known as

— A =586GeV, T,=30GeV Initiating

— A =585.7 GeV, T, =27 GeV
— A=585GeV, NoT, - Allowing bubbles to exceed the

critical size and continue

expanding.
A ~ 586 GeV serves the lower
bound on

No Nucleation

The corresponding

TMn = 30 GeV.
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Lowering the Sphaleron decoupling temperature

P(T)
— A =586 GeV, T, =30GeV T

— A =585 GeV, NoT,

P(T) = e,

4r e (T v
KT)=—| dT'— dT —=
3 J; T47(T) \ ),  F(T)

— P(T), A =586 GeV
— P(T), A =585 GeV

30GeV

C T,=

Buf in the Standard Model, the sphaleron
decoupling temperature is :

P(T,=30GeV) ~ 1 The Sphaleron is active and in thermal equilibrium till :

implies that the symmetric phase === |as the sphaleron rate, I (; ~ T*exp (—SJZ'V(T)/gWT), is unsuppressed
(false vacuum) still exists till = . due to the

T (GeV)
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Low Scale Leptogenesis

Electroweak phase transition is of s’rroni first order

Till 77 = 30 GeV, the universe is trapped in the
false vacuum (Higgs vev = O) where SM fields
are massless. P

The sphaleron decoupling temperature can be
lowered as low as 7" = 30 GeV.

RHNs of mass 7™ < M, < mWZ can decay

out of equilibrium to SM Higgs and lep’ron
doublets and produce lepton asymm,gfry, ‘

Lepton-to-baryon asymmetry conversion remains
possible down to temperatures as low as 30 GeV.

low scale leptogenesis remains viable even with RHN masses below the SM gauge bosons masses, ny, , .

Reheating (instantaneous) temperature below the SM sphaleron
decoupling temperature 131.7 GeV

gt L

In strongly first order electroweak phase transition
scenario, baryon asymmetry can be generated even
through direct decay of RHNs to SM lepton and Higgs

No existing low scale leptogenesis mechanism
successfully generates baryon asymmetry.
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Resonant Leptogenesis
CP asymmeitry can be

Consider the model with two RHNSs (N, N,). resonantly enhanced O(1) if

“RIGEREE TR

The Boltzmann equations for the abundance of RHNs and vyield of B-L asymmetry:

S%Tﬁz (Y&q 1) Vi s s I e Z} £ R 1 ] A 2yea 4 considering T (A) S M, < A

is satisfied.

Ii T T T l T
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0.01 = V
Excluded by global constraints _ S5 Dt 200
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‘ Construction using CI

10-° e
parameftrization

. 1S the active-sterile mixing angle

~

107" Seesaw excluded region AM € [10_12, 10_6] ;
40 Im (6;) € |-5, — 0.2] with Re (6;) = 0.8

1—8
0 ~_BAU - ® .

10—10




Correlation of A with low scale Leptogenesis and triple Higgs coupling

Inclusion of in the SM Higgs potential
modifies the friple Higgs coupling as:
3 b 5
. _ 3:1 d°V (@, T = 0) _ 1SM V)
Using T,(A) S M; < A 6 dep? 2 A?
I - P=vy

where, /13SM — m,f/(ZvO) is the value in the Standard
Model.

We show the variation of Al; = (4; — /13.SM)//13SM with
the cut-off scale /A in the lower panel of the figure.

We show correlation of the ;

HL-LHC reach E

required for leptogenesis, with /A in the
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~ Gravitational wave spectrum
Considering the non-runaway bubble

wall scenario
Magnetohydrodynamic furbulence.

1077

The subsonic wall velocity
i< .

LISA

THEIA \\\\,',I'JARES /\ 1 ET - C, = 1/\/5, is the sound
” ;s “CE ‘ speed in the plasma.
SADECIGO - A =590 GeV
. — A =600 GeV

A =620 GeV
— A =650 GeV

The amplitude and
frequency mainly depends

on s, p, v, and T,




Conclusions

e FOEWPT lowers the effective sphaleron decoupling temperature: TSp < 131.7 GeV.

® Resonant leptogenesis below the EW scale: M, 2 35 GeV RHNs can generate BAU while sphalerons remain active.

® Low reheating temperature: viable even for 1py < 131.7 GeV.

® Testable seesaw-leptogenesis connection:
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Experimental determination of /4, can provide constraints on /A. Current bounds from the ATLAS and CMS
experiments at 95 % C.L., expressed in terms of k5 = A;/4;™ are given by:

ky e |-1.2,7.2]  ATLAS

ky € [—1.2,7.5] CMS

The lowest value of A used in our analysis is 572 GeV which corresponds to k; = 2.43, which lies well within
the current experimental bounds of k5 as reported by the ATLAS and CMS collaborations.
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QGth = sthz + Szturbh2

3

1.23 x 10~ H. 2
Vw Sturb(f)

1+C¥>x<

1.55 % 107> H. [ kot
g}xy3

5

where AV = V(. 1) = V(e T and p* - = 2.7 /30 is the radiation energy density at 7 .

3
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