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Observed asymmetry in baryons:
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Generating Baryon Asymmetry

Sakharov Conditions:

e B violation
e C & CP violation

e Departure from thermal equilibrium
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(Thermal) Vanilla Leptogenesis

1 — _
L D 5 (MN)Z] NZCNJ + (YD ) i gaHNz + h C. Fukugita, Yanagida, 1986

Sakharov Conditions:

e Bviolation YD ~ 0(1) — MN ~ 1014 GeV
YD ~ 0(10_5) — MN ~ 104 Gev

e C & CP violation

2,2
.~ Ypvew
e Departure from thermal equilibrium YT M N



(Thermal) Vanilla Leptogenesis
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(Thermal) Vanilla Leptogenesis

1 — _
L D 5 (MN)Z] NZCNJ + (YD ) i gaHNz + h C. Fukugita, Yanagida, 1986

Sakharov Conditions:

e C &CP violation \K 0 L ’

Can be easily included, need at least 2 RHNs (also for m,))



(Thermal) Vanilla Leptogenesis

1 — _
L D 5 (MN)Z] NzCN] + (YD ) i gaHNz + h C. Fukugita, Yanagida, 1986

Sakharov Conditions:

N« LH | N—LH

e Departure from thermal equilibrium

Induced by universe expansion but ‘smooth’
departure from equil. o0 — @, Fin(z) 1 2K (2)




Parameterisation
1) (2) 3 4)
1
YB = YN1 €op Rsph Rwash

(1) - Number of RHNs available to decay

(N — LH)—T(N — LeHY) 1 >, Im [((Yp)'YD))]
TN — LH) + (N — L°HY)  8x (Y Vo)

@) - ep=
(3) - L to B conversion factor (sphalerons)

(4) - Washout factor, smooth departure from equilibrium. Inverse
processes do not instantly freeze out



Parameterising Thermal Leptogenesis

(1) (2 3 4)

1
YB = YN1 €op Rsph Rwash

M2,3>>M1 109 G V
YB ~ 875 X 10_11 — Ml ~ © hep-ph/0202239

Y2 Rash
€cp ~ o

8T




Parameterising Thermal Leptogenesis

(1) (2) (3) 4)
~ 1
YB — YN1 €op Rsph Rwash

107 GeV
YB ~ 875 X 10_11 — Ml ~ © hep-ph/0202239

Kwash

hep-ph/0401240

3 Scale is typically much higher, ‘strong-washout leptogenesis’,
Kwash =~ D X 1077 —= need assumptions to saturate bound. (Unless m,, <107 eV
and/or quite specific couplings.)

— M, > (a few) x 10" — 10" GeV

No precise, model-independent, lower bound as serious treatment of flavour effects varies this bound.



Considering Alternatives
Why?

e Testability - Seemingly no future prediction (e.g. GWs, CMB, BBN,...)
from strong-washout regime...

e Large RHN mass scales might be dangerous (Vissani bound,
high-temperature relics? e.g. gravitinos..) hep-ph/9709409

e Dynamics can simply be different if Type-I Seesaw + SM is not the full
story.



Considering Alternatives

Why?

Testability - Seemingly no future prediction (e.g. GWs, CMB, BBN,...)
from strong-washout regime...

Large RHN mass scales might be dangerous (Vissani bound,
high-temperature relics? e.g. gravitinos..) hep-ph/9709409

Dynamics can simply be different if Type-I Seesaw + SM is not the full
story..

How? (examples)

Increase the size of €cp: resonant mass splittings - my, — my, =~ I'y, , nep-pn/osooz

Modify parameters in the seesaw relation: (i) 2HDM with sizable tan (3 iss.0s74
(11) m}t/ree ~ —mllj_IOOp 1809.08251

Decrease Kyagsh » leptogenesis @ Davidson-Ibarra bound without
tuning(?)



Bubble-assisted Leptogenesis

How can bubbles modify the dynamics of the vanilla leptogenesis scenario?



Setup

1 S _
L5 S (V)i NN + (Yp)ai laFIN: + hc.
My = Yn(®)
New scalar is assumed to undergo a first-order phase transition

Much stronger departure from thermal equilibrium compared to usual thermal
leptogenesis

(®) £ 0 (@) =0
My #0 My =0
nSd oc e Mn/T ny o< T°

Larger population of RHNs available to decay if they can penetrate the bubbles - 7, > 1



Bubbles begin to expand around the nucleation temperature



As bubbles expand

= \
@ my =0 my # 0
N

Yp_; generated
& frozen (temporary)

reflection
(subdominant)

,.&

If My > 1. is satisfied (and RHNs penetrate) inverse decays could freeze out
immediately after penetration Kyasn = 17

my # 0




As bubbles expand

nuc
‘ my =0 my # 0 ]

my # 0

If My > 1. is satisfied (and RHNs penetrate) inverse decays could freeze out

immediately after penetration k., = 17 - fast bubbles req.
(waTnuc > MN > Tnusc)



At the end of the phase transition the bubbles collide and
energy is released..



After bubbles collide

T = Treh » dilution = (Tnuc/Treh)S

Yp_; washed out
(weakly)

Universe reheats and the final asymmetry is diluted.
My > T, also required to avoid washout



After bubbles collide

T = Treh » dilution = (Tnuc/Treh)3

Yp_; washed out
(weakly)

The mechanism always seems to suffer from a mild tension between a fast
bubble and a small reheating. (fast bubble -> large energy -> large reheating)



Setup details

1 __ _
L5 S (Yx)iNf®N; + (Yb)ai laHN; + hoc.

Assume a classically scale-invariant potential

VEe(d, ... ) D AP

which develops a flat direction at some scale A(u,) =0 ((®) ~ )

Scale-invariance radiatively broken, naturally can generate a strong phase transition.

Importantly, this predicts a light scalar.

Aside: this setup requires , My ~ My ~ M3 but we assume no resonance

Otherwise: Tien o max(M;) > min(M;) and recover hierarchical thermal leptogenesis
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Setup details

RHNs (fermions) destabilise the CW potential and are necessary for leptogenesis

Required to introduce new bosons for stability:

Consider two cases:
L Gauged U(l)B_L (GOC):
mA(Cb) = 20B_1.¢

e Introduce additional singlet scalar (SC):

1
LA |0 mi(9) = Ao’

11



Steps to evaluate final asymmetry

(i) For given Lagrangian parameters evaluate phase transition
dynamics

Bubble-wall velocity, penetration rate of RHNs, FOPT properties

’Yw >> 1 K;pen ~ 1 Tnuc; Treha O, BPT
(ideally) (ideally)

’Yanuc > MN > Tnuc

We don’t want reflections along the bubble wall ideally.

12



Step (1)
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Steps to evaluate final asymmetry

(i) For given Lagrangian parameters evaluate phase transition
dynamics

Bubble-wall velocity, penetration rate of RHNs, FOPT properties
’Yw >> 1 K;pen ~ 1 Tnuc; Treha O BPT
(ii) Within the bubbles, RHNs decay and generate an asymmetry

Solve the Boltzmann equations including any unavoidable washout
channels

LOYNNNo+ g (NN+ ff)A,
NN = oo, [ f

Interactions which remove RHNs without generating asymmetry:
depletions 14




Steps to evaluate final asymmetry

(i) For given Lagrangian parameters evaluate phase transition
dynamics

Bubble-wall velocity, penetration rate of RHNs, FOPT properties
’Yw >> 1 K;pen ~ 1 Tnuc; Treha O BPT
(ii) Within the bubbles, RHNs decay and generate an asymmetry

Solve the Boltzmann equations including any unavoidable washout
channels

(iii) After bubbles collide the universe reheats, dilution + washout
may occur

Treh = Tnuc <1 + 05)1/4

14
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Step (i1 + 111)

y=0.1

.......................

..............
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y = 1.35

50 100

Phase transition too weak, no dilution
from reheating but RHNs remain in
equilibrium:

MN < Tnu07 Treh

Phase transition too strong, extremely
large reheating - final asymmetry is
strongly diluted from bubble collisions

Toac )
Treh
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Results
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Results

SC My =5x10°GeV
Bpr
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Significant enhancement in generated asymmetry compared to conventional scenario.
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Strong-washout leptogenesis close to the Davidson-Ibarra bound




Bounded from below?

T

SC = 1A GBC

— Maximum
Bt o x MY

— Maximum

20F - fitioc x My

FOPT
Ang
Th
Ang

T 5 10 50 100
My /10°GeV
My /108GeV v/
FOPT,max 1/2 Lower bound below which
Np N My bubble-assisted dynamics generate a
nglermal 107GeV suppression of the final asymmetry

NN — ¢ ™°



Gravitational waves

GW signal GBC y=1.4

GW signal SC y =14
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Considered production of GWs during the FOPT, e.g. bubble wall collision and sound
waves for future GW detectors.
Peak frequency shifts with RHN mass: P1: My = 6 x 10 GeV — P6: My = 10° GeV 4o



Gravitational waves

GW signal GBC y=1.4

GW signal SC y =14
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Maximal enhancement occurs at pr ~ O(50), a,, ~ O(1 — 10)

Lower mass region of bubble-assisted leptogenesis, My < 5 x 10° GeV, seems probable

(not a smoking gun though)



Conclusions

Bubble-assisted leptogenesis can allow for a strong departure from
thermal equilibrium
o Conventional washout can be fully suppressed
o New channels (NN — ¢¢) become relevant
o Dilution from reheating
m Can enhance the final asymmetry sizeably (~20) for masses
close to DI bound, but not maximally

Enhancement cannot be arbitrary applied to other (low-scale)
leptogenesis models

o Strong annihilation for smaller masses

o Enhancement disappears below Ay ~ 10" GeV

GW signals seem to be possible from sound waves during the FOPT for
lower mass-scale RHNs (partial testability)

Are there different potentials beyond this toy model which can sizeably
change these results?

20
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RHN Penetration
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RHN Penetration

i [ dp [ dp.dpy 27p,
P = / 27)7 (Ap)f = / 2y (Ap) f

(Ap ) reflection — 2]7 2

(Ap)trans,incoming =P, T \/pg — M%

(Ap)trans,outgoing — P> — \/pg — M)2(

AV + P(vy) >0
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RHN Penetration
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/3 Washout
Yp = i—U*mY?RT M1/?
UVEW

T __
RR =1 Rwash (K = FNl )

1 1
T'n (YA YD) My, = ——5—

2 2 2
i 47TUEWM]2VI (Mo, |Ru|” 4 mu, [Rpa|” 4+ myy [Ris])



Washout
Yp =1 V2 U*m-2RT M/?
D= 1—— n

UVEW .
1
' Rwash K = M ))

RR =1 o HO0,
2
—_— 2 v R 3’ )

— N 1
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Strong/Weak Washout

2
Yp = z‘iU*m}/?RTMl/? RRT =1
VEW

2
((YD)TYD)[J — 02 \/MNI \/MNJ ZkaRij;kk
EW p

1 1
I'y, = (Y Yp)iiMy, =

I Q7 Mlz\fl (mV1 ‘R11| + My, ‘RIQ‘ + My, ’RI3| )

47TUEW

To achieve weak washout in Type-I:

RIQ) RIB < R[l My, <107% eV

Y



GW Benchmarks

S0 GBC
FOPT FOPT

My /103GeV % a, | My/103GeV % oy,
Pl 62 26 4.4 60 22 4.8
15 34 21 6 37 17 5
ra 26 18 6. 25 15 9
P4 10 12 10 10 10 9.6
P5 4.2 8 25 4 5.6 15
P6 1.4 3.5 25 1.4 2.9 33

Q%W ~J O . 1 — O . O 1 simulation of energy transmission during sound waves



Lower-bound for bubble enhancement

SC y =14
1.0F T ‘ ’
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BE details

, B YN 1 YB—L
2HsY} ;(2) = —€cpD (Y]E,eq) — 1) — i(CL +cu) o v(eq)
B Ki(2)
— (Np) = i 20200, (Ny)
n XI:VD —~ N R(z) Temperature (GeV) | ¢ | cy | ey + ¢,
_ L= S 131 ~0.38
€ECP VD = Z EI’VD(NI) 108—11 % @ ~ (.22
T 108 573 328 019
1 < w9 | 79 | ™V
TNN—¢p = 552 Z<U’U>N1Nz%¢¢> S




BE details

2-2-¢(3)
0) _ 1 3 HAt
nNI — Rpen 2 Tnuc ZCOI ~ € PTZDU.C ™~ 1-]-Znuc
Step (ii)
YN(Znuc — S(Trjl\::c)’ YB—L<ZHUC> — 0; Znuc — Tnuc
Yv =Yn(2ca1), Ya_r =Yp_1(%01)
Step (iii)
Y ( > )'v/ TDUC ’ Y ( ) }N/ Tnuc ’ MN
Zreh ) = ) —L \Rreh) = — ; Zreh —
N b N Treh bt b bk Treh ¥ Treh



Thermal Potential

V(9. +ZVCW ¢) + I1;) +ZVT i (¢) +11;)
Vew (mi(9)) = (=1)*g, 7;;1(? {108; (m;(;b)) CZ}

o0

VT(mf(qb)) = j:29—;2T4JB,F( %(;b)), JB,F(yZ) = /d:c z? log {1 Fexp (—/2% + y2)},

At)ph ~
( )PT dt
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