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The jier # 0 shifts equilibrium n7? value away from zero:

neq o< d3p 1 — 1 ~ 1 T2
L% | @n) |/ 11 ewrme/T 11|~ gHer

when L-violation occurs sufficiently fast I'y, > H but in general

’fLL +3HnL = — FL (nzq —nL)

= need to specify a source of L-violation:

Assume Weinberg operators, with heavy
M, ~ Agur > T right-handed neutrinos:

(LH)*
2M,
then the rate is fixed by experiment:

Leg D —

1013GeV

T 3
Ty, = 4n;%orv) ~ O(108GeV) (—) )

Jeff Kost Spontaneous Leptogenesis in Continuum-Clockwork Axion Models



Spontaneous Leptogenesis via AXiONS [kusenko 1]

e An axion-like field is a natural candidate for ¢(z):

1 ¢

Eeﬁ D ?@@J;N—?@LJ%
= recast using U (1), anomalies:
d) 4 ¢ Nfg% A7 v Nfg% nuv
Tt = ?( L2w,, W - LB, B )
weak hypercharge

which can readily arise [e.g., string axion models]

o With typical V(¢)~A*cos (¢/f) potential, successful leptogenesis requires
heavy mgy 2 108 GeV = axion decays and is not suitable DM candidate

Vet (¢
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consider physics that
deforms effective potential
such that Veg(4) retains
curvature at edges but
mass m is suppressed
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e An axion-like field is a natural candidate for ¢(z):
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o With typical V(¢)~A*cos (¢/f) potential, successful leptogenesis requires
heavy mgy 2 108 GeV = axion decays and is not suitable DM candidate

Vet (¢

interesting route forward: : 2 fesr
consider physics that :
deforms effective potential
such that Veg(4) retains
curvature at edges but
mass my is suppressed

N
how?: this can appear via non-canonical kinetic terms T g
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Non-Canonical Kinetic Term

e As a toy model, consider a periodic scalar field 6(x) with non-trivial
wavefunction renormalization Z(0):

_Z(0) o
L= = 227040 A (- cos0) + o [FF] »
= 5 (00~ Vea(9) (1)

so that ¢/f = [ \/Z(0)d0 is canonically normalized.

o The effective potential Veg(¢) has the desired properties if Z(6) > 1
towards the minimum (6 — 0), and Z(0) — 1 at the edges

for example:
1
Z(l) = — for ex1
®) 14 ¢e—cosf
‘ 1

= suppresses mass m>2g = — ¢ and enhances lifetime 7 ~ ——

R V&
physical origin for this scenario?: — continuum-clockwork models!
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discrete clockwork mechanism: [Choi et a/. ‘14] [Kaplan, Rattazzi ‘15] [Choi, Im ‘15]
e N + 1 scalars 0; with “nearest-neighbor” interactions (¢ € Z):

N-1
LD — Z 12 £ cos (041 — qb;)
§=0

= U(1)N*! broken down to U(1)cw : 0; — 0; + ag?

e remaining massless field ¢ has an overlap with each 6;:

(910;) oc ¢ for N> 1

({9|6) depanc
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consider N — oo continuum limit:
identify y = je with extra spatial coordinate

6:”—]\?%()
: : size = TR

y)
)

(§
L4
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[Giudice et al. ‘16] [Craig et al. ‘17]

Continuum-Clockwork Axion e

In continuum limit, find action for resulting bulk field §(z, y):

3
s - %5 /d5x (0,60 + (8,6 — msin6)?]
e massless 4D mode ¢(z) realized as:
9(.%, y) my
tan |: 2 =¢ Iu [¢($)]| <——extended range 27 fo —
Ll e | I NN
0.8 —mR =2
e any small deviation in boundary masses| —~ ::Lg j’ ;
generates a potential: < o6 mB—15 of
o 5
Vea(d) = A {1 - cos[0(z, 0]} | = :
= &
_ 20 u(e)” 5 -'
1+ [u(®))? 02
= mlig= PVer| _ —2nmnh? 0.0
A2 oo f2 ~10  —05 00 0.5 1.0
so curvature as ¢ — 0 is suppressed 6/ (7 fer)
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CO/’)tII’)UUlT)—ClOCkWOI’k AXIOn [Giudice et al. ‘16] [Craig et al. ‘17]

[Choi et al. ‘17]
In continuum limit, find action for resulting bulk field §(z, y):

S = — %g/d5x [(@9)2 + (ayﬁ—msinﬁ)Q]

e massless 4D mode ¢(z) realized as:

tan [@] = ™ u ()]

—_

1.0
e_Zme] large curvature/)I

ie—mesn|:¢(m)

= 08 drives If?ptogelnesis
e . ient
e any small deviation in boundary masses| —~ rore SlTetepty
generates a potential: S<\L ol
Ver(9) = A {1 —cos[0(z,0))} | =
2 ~— 041 small curvature
_ 2A* [u(¢)] N suppresses decays,
N 1 + [U(¢)]2 02 -\‘ allows for Qd)NQDM ‘)
2 4
= 2 8 ‘/eﬁ _ —27r'mRA 0.0k \
Moy = =e -2 :
0p? o 12 10 —05 00 0.5 1.0
; s
so curvature as ¢ — 0 is suppressed ¢/(m fer)
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Some Interesting Early Dynamics

1.0 2

i
— /(7 fert)

------ 0/m

—¢/(m fest)
w
we

0 5 10 15 20
log [a/arm]
[mer=1eV  for=10'3GeV|

taking mR # 0 shows substantial differences:

e prior to undergoing coherent oscillations,
axion field enters “tracking phase” (similar
to that found in models of quintessence):
Mefrl

o(t) = —2flog [ 7

for many e-foldings that drives wy — w = 3

+ constant]

e tracking prevents p.gq = 6 oscillations
that would wash out asymmetry

o deformation of mR > 0 potential triggers
leptogenesis at higher temperatures

A oa
e 1y never reaches equilibrium value n}

= asymmetry generated through “freeze-in"
process, in contrast to traditional models
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107° igbss taking mR # 0 shows substantial differences:

T
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Mefrl

o(t) = —2flog [ 7

for many e-foldings that drives wgy — w = %

ny, generation

+ constant]

e tracking prevents p.gq = 6 oscillations
that would wash out asymmetry

o deformation of mR > 0 potential triggers
leptogenesis at higher temperatures

w AT eq
v, e 1y never reaches equilibrium value n}

. : : : = asymmetry generated through “freeze-in"

5 10 15 20 : .,
log [a/az] process, in contrast to traditional models
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. [mer=1eV  for=10'3GeV| o
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Viable Regions from Numerical Simulations

the baryon asymmetry 7z and
axion abundance (,; can be achieved
simultaneously in observed amounts:

105 102 10-! 10'
fog=1013Gev | TTleff [eV]
excluded

from decays

.
1 Jeff Kost

e decays suppressed not only by small
effective mass meg = A2e= ™™/ f but
also by suppressed couplings
3
Mo —7mR

F¢ ~ f—e26 U
e abundance at large m A only weakly
depends on clockwork factor e™%:

Meff

2
Qy | fer/log (4e™™7)
Qs 1012GeV

and insensitive to initial field

3.7meV

constraints from isocurvature?
at first glance, presents a major
concern for this type of scenario
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Isocurvature Perturbations
The axion is subject to de-Sitter quantum fluctuations during inflation

Hy
0¢ = o

In our model, ultimately manifested in isocurvature mode two ways:

@ axion-photon isocurvature

55 3

Sy =20 2
by 1+’UJ¢ 4’)’

@ baryon-photon isocurvature

5nB
SB'y = E - 1_16

both show significant departures from standard (mR = 0) case
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Isocurvature Perturbations " using H; — 105GeV

Baryon Component

e When ¢ is slowly rolling most of
baryon number density np is produced:

. V/ & )
ng o 9T2 o [ eff(d))] m&
Verr ] Ve
[1 - 2Af£] SAd <
%5
= perturbation at the end of slow roll: &

2A%

onp [, Ven(9) 1 Ven(9) | 1= 3
npg N{Q 1(9) 2 Ver(9) L_VQH]}CW

inflection points/cancelations in terms can drive— 0

cancelation in dnpg terms
e Numerical simulations show additional

suppression by up to O(10) factor

Jeff Kost Spontaneous Leptogenesis in Continuum-Clockwork Axion Models



Isocurvature Perturbations

Axion Component

e The tracking behavior in axion field 1073
implies a non-trivial evolution in Sy, — (1 + wg)[Sp]

1d[(1 +wy)Ssy] _ r 105 F

2 dloga

dr i

—2|(1 Sey] =T = -7l

[(1 4 wg) 5] Tlog 107

where it is coupled to the intrinstic
entropy perturbation: 107°

7
Aoy,
0&112
- Sog,
pressure perturbation 'Se

— :
0Py [ps — 30y 101k

2
1—cy

ssssssnsslannnnnns
SuIyeaal

~

5 10 15 20
log [a/aru]

I' =

-
adiabatic sound speed

= can be solved analytically to show
amplitude of Sy, o 1/+/a falls while
axion follows tracking trjaectory
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Isocurvature Perturbations

Axion Component

e The tracking behavior in axion field
implies a non-trivial evolution in Sg,

1d[(1 + ws)Se,]
2 dloga

—2[(1+wg)Sgy] =T

=T

. dr
~ dloga

where it is coupled to the intrinstic

entropy perturbation:
pressure perturbation
) 2
r = 0Py [pg — Czj;(s(f")
= 1-— ci

-
adiabatic sound speed

= can be solved analytically to show
amplitude of Sy, o 1/+/a falls while
axion follows tracking trjaectory

onp/np can also be dynamically suppressed

103 l

107°

— (1 + wy)[Sp|
—|6nL/7’LL|

mR=0

mR=10

10-7E

|2
10 .g I‘QC&I}Ig
EIIC, pj]‘QS@
10—11§ 1 1 1 D 1
0 5 10 15 20

log [a/aru]

axion tracking dynamics lead
generically to a suppression
of the axion Sy, and baryon
Sp~ isocurvature modes
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Revisiting the Viable Regions

Including Isocurvature Constraints

We cannot actually discriminate between Sp., and Sy, contributions in
CMB observations — together these bound effective CDM isocurvature:

e QB Q 2 -
Pebumy (k) = [QCDM Spy + QCSM Sm} <8.8-107H1
15
\.\
B \\ /%g(ﬁ

9
At
g
6§
excluded by
isocurvature
3

10-5 103 10-1 10° 103

Megr |€V exclusi}1
forr =1013GeV ¢ [ ] from decays 5
14

o
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Revisiting the Viable Regions

Including Isocurvature Constraints

We cannot actually discriminate between Sp., and Sy, contributions in
CMB observations — together these bound effective CDM isocurvature:

Op 0y

eff _
k) =
Pcpmy (k) [QCDM Spy + Qepnt

2
Sm} <8.8-107H

15

isocurvature suppressed by tracking
12§ dynamics and cancelations in Sp.:
interesting regions remain viable

mR

excluded by
isocurvature

- - > = e e
107% 1073 107! 10t 10°

Megr |€V exclusi}1
o (O] otays

.
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TAKE-AWAY MESSAGE:

Taking advantage of deformations in the effective po-
tential of continuum-clockwork axion, we can pro-
duce appropriate matter-antimatter asymmetry via
spontaneous leptogenesis, with axion serving as dark
matter candidate with proper abundance

o axion exhibits “tracking behavior” — driven to-
wards radiation-like equation of state prior to
coherent oscillations

o suppression of isocurvature and more efficient
asymmetry production due to these dynamics

o we have provided an example, but in general this can
arise from models with non-canonical kinetic terms

THANK YOU FOR YOUR ATTENTION!
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The DISCfete—CIOCkWOI’k [Choi, Kim, Yun ‘14] [Choi, Im ‘15] [Kaplan, Rattazzi ‘15]

A Brief Review for Context
In the discrete clockwork mechanism N 4 1 axions ¢; are coupled by

“nearest-neighbor” interactions (with ¢ € Z):

N N—-1
1
L= 3 E £2(0,0;)° + E 1 f? cos (0,41 — qb;)
=0 =0

= symmetry U(1)N ! broken down to a single U(1)cw : 0; — 0; + ag’

The massless field ¢ associated with U(1)cw has an overlap with each 6;:

(9]0;) oc ¢/ for N> 1

that localizes ¢ toward end of 6;-chain with “strength” set by ¢

As a result, couplings to other operators g;O give hierarchically
different contributions to massless mode ~ gg7 =~ O

({9|6) depanc

any couplings ¢~ Og\ exponentially suppressed
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The DISCfete—CIOCkWOI’k [Choi, Kim, Yun ‘14] [Choi, Im ‘15] [Kaplan, Rattazzi ‘15]

A Brief Review for Context

consider N — oo continuum limit:
identify y = je with extra spatial coordinate
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The Cont/nuum—CIOCk\Nork AXion[Giudice et al. '16] [Craig et al. ‘'17] [Choi et al. '17]
Taking the number of clockwork fields N — oo we can construct a
continuum limit:

3
S = —%‘/dsx {(OMH)Z + (00 — msin 0)>

with y interpreted as coordinate of an S!/Z, flat extra dimension of size
7R, and 6 = 6(x,y) is now a bulk angular field with periodicity 8 — 6 + 27

e The bulk/boundary masses above e A mode expansion for 66 = 6 — ()

furnish a massless 4D axion @:
0(z.y) 00(x,y) = fo(y)09( +Z In(y)30n ()
tan [T’y] = e"™u[p(x)]

shows localization of the massless

where mode d¢ is retained:
u[p(z)] = ie”"™™HFsn [d;(f?‘e_%m}%] Jo(y) oc sech [m (y — yo)]
T i
Jacobi elliptic function T Yo = — log [<u(¢)>]
f= 21‘5(17672#,”3) localization dependent

on 4D axion VEV (¢)
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Effective 4D-Axion Potential icei. im shin a7

<+ effective periodicity 27 fog —
e While this axion ¢ is massless, a small Lo
deviation in boundary mass generates
an effective potential:

Verr(¢) = A* {1 — cos [0(x, 0)]}
O
1+ [u(0)]?

“clockwork factor”
analogous to ¢V

= m2 - 82‘/‘95 — —27rmRA_
eff — 8(7252 =0 fQ

shape of potential ° ~
Vet (¢) is contorted as = 3
mR deviates from zero, S S
since position of % 3
localization set by (¢) y=0 y=nR

7 | couplings suppressed

7o for (¢) = 0

Spontaneous Leptogenesis in Continuum-Clockwork Axion Models

Jeff Kost



Effective 4D-Axion Potential icrei. im, shin 17]

<+ effective periodicity 27 fog —

e While this axion ¢ is massless, a small
deviation in boundary mass generates
an effective potential:

Verr(¢) = A" {1 — cos [6(x, 0)]}
20 [u(4))”
1+ [u($))?

“clockwork factor”
analogous to ¢V

82‘/‘35 > e—27rmR A_4
8¢2 $=0 f2

large curvature/)I

drives leptogenesis
more efficiently

small curvature
suppresses decays,
allows for Q4 ~Qpnm

()~ fert

~05 00 05 10
¢/ (7 ferr)
(¢)~0

shape of potential

(=)
Vet (¢) is contorted as % 0(x,0)0(x) 3
mAR deviates from zero, Q g:
since position of % o
localization set by (¢) y=0 y=nR
e,mﬁRﬁbO‘(ZL‘) couplings suppressed
f for (@) — 0
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Summary of the Model

The effective four-dimensional model then appears as

St = [ dhov/=g| - 300,606 — Vi () ~ e + -

The leptons couple to 6 = 6(x,0):

A Ve (@)

—¢
Verr

V(- 35%) o5

= n « Meft nON-linear function of

both {¢, ¢} which significantly alters
dynamics from the standard scenario:

dne/s) _ T (ng 1
dlogT ~— Tp \ s s
—l

Tr~1.73-10'% GeV

ueffEé:

To model during/after reheating:

inflaton

P+ 3Hpy, = —Typ,
) 4Hpr = +T r
pr+4dpr = +Lope +1Lgpy

radiation

and the axion evolution goes as
.. . oV.
é+ (BH4T )+ =X

o9
Optoft
o
[ ]
backreaction usually negligible
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