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Introduction

Higgs was discovered in 2012. Particle contents seem to
be complete.

Unsolved: dark matter (DM), baryon asymmetry (BA),
neutrino mass, etc

Naturalness



Introduction

e Why slightly more matter over antimatter?

10,000,000,001 10,000,000,000

e QObservation

From the acoustic peaks in
the CMB spectrum (WMAP),
assuming Friedmann universe

From http://www.triumf.ca/experiments



Introduction

ZE . 86x1071

3 Sakharov’s conditions to get BAU from initially baryon
symmetric universe:

(i) B-violation: Sphaleron
(i) C, CP-violation: Chiral gauge theory, CP phase, etc

(i) Departure from thermal equilibrium: e.g. strong 1st
order electroweak (EW) phase transition (PT), out-of-eqg
decay of heavy particles, dynamics of topological defects



Introduction

e Why the Higgs mass/VEV is so small (compared to Planck
mass or other cutoff scale)?

e m_h=0(100) GeV, M_P =107M9 GeV



Introduction

— —

e Solutions: (i) + symmetry, e.g. SUSY

Higgs mass: sensitive to large UV corrections

SUSY near EW scale solves hierarchy prob.



Introduction

e Solutions: (i) + symmetry, e.g. SUSY; (ii) via dynamics,
e.g. cosmological relaxation of EW scale

decoupled new phys w/o fine-tuning

Due to the null result @ LHC, this is an increasingly motivated scenario

Nontrivial to include baryogenesis in a realistic relaxation model due to
relaxion conditions => a main hinderance to further developments



Introduction

Relaxion: axion-like particle (ALP) whose periodic
symmetry is softly and explicitly broken by a small
coupling to Higgs (and also small self-coupling)

Smallness of Higgs mass: cosmological evolution of
relaxion

Cosmological Relaxation of the Electroweak Scale

Peter W. Creham (Stanfod U, ITP & Starford U., hys Capt ), David E. Keplan (Stanfe-d U., ITP & Johns Hopk 1s U. & Starfore U., Phys. Copt. &
UC, Beralaw & Telyo UL, IPV L), Surjeet Rajendran (UC, Ber<eley)

Apr 28, 2015 - & pages

Phys.Rev.Lett. 115 (2015) no.22, 221801
(2015-1-23)
DOI: 10.1103/PhysRevLeil. 115.221801
e-Frnt. arXiv:1604.07551 [hep-ph] | BDFE




GKR’s relaxions

e Relaxion potential: many minima + coupling to Higgs

V(@)

o EW unbroken -> EW broken

V(p) = (=A% + €g)|h]* + A’ed + AéCOSﬂ

f/
y cutoff Propto to Higgs vev <h>

SNy, small mass-dim parameter
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Problems w/ GKR

 QCD relaxion: O(f’) shift of the local min of the QCD part =>

=> Sol: + additional mech. (e.g. a separate
inflaton)

e Non-QCD relaxion: barrier height propto <h> -> need condensate
of new gauge group -> new physics near EW scale

Tiny coupling ~ 107-31 GeV
-> severe fine-tuning

Quantum information: N 2 M g /H? always leads to eternal inflation

e Super-Planckian field excursions by relaxion
Giddings and Strominger
A free periodic scalar w/ period f has gravitational instantons S ~ M_P/f

non-negligible NP effects if f >= M_P
Whether this applies to interacting scalars: open question



HMT’s relaxions

Different initial conditions than the original relaxion models

Others using patrticle production: e.qg.
Choi, Kim and Sekiguchi 1611;

as a friction force Tangarife, Tobioka, Ubaldi and Volansky 1706;
Fonseca, Morgante and Servant 1805
Barrier height no longer depends on <h> Sufficiet Higgs production
contradicts w/
Higgs tracking potential min
of the back reaction resides in the
Sub-Planckian field excursions

A”OW _ _ tO be ' Relaxation from particle production
before, during or after inflation Anson Hoas, Gustavo Maaues Tavares iz L. 17
JUIG, 2008 - 12 pages
JHE?;UG‘I 1.? 1(3(11 36)) 101
1 O(100)
Focus on easier to tie to baryogenesis



HMT’s relaxions

potential o o
via hidden strong dynamics, indep of <h>

V(6) = (A2 — ed)|h|? + A2 + Alcos 2 — ® (BB " WW),

/
linear coméinati’ccm not containing photon
Initial: very large field value of relaxion, Hi MasS=s¢ :
relatively speed to pass through many minima

do 2 A2
Relaxion scans the Higgs mass-squared when rolling down the potential
“guasi slow roll”

Tachyonic sol. to EOM of Abelian gauge boson ->

of an

A +aAs =0 As®)oce™  wl=Fimizf T
Correct <h> <=> f ~ (?—?s (Right before being trapped) of
v f'y Z ﬁ
Exponential production quickly drains the kinetic energy of relaxion and the
relaxion gets trapped in the nearest local minimum restrict possible
Gauge bosons => quickly thermalize the visible sector T ~ cutoff baryogenesis

Relaxion conditions => EFT cutoff <~ 10"5 GeV Relatively low reheating temperature!



Our scenario

Little hierarchy

Post-inflation

+ relaxion-lepton coupling

+ higher-dim operators

: Trapped :
Rollin
@E . 9 Intrinsically
v~ Gu/ fv connected
¢
Quickly thermalized -> reheat visible sector
Thermal leptons
Exponentiall
Start P . y LNV & CPV  _Lepton asy.
oscillation, pro Ltl)cmg —
) gauge bosons
decay >_ Sphaleron|
leptogenesis
ut-of-eq (OOE) leptons ¥

Dept. from therm. eq. Baryon asy.




Leptogenesis

. Hamada, Kawana,1510.05186

L asymmetry is produced not by the decay of a heavy particle, but by the scattering b/t SM

particles (via higher dimensional LNV operators)

c(3) O Z o6 o Z A7) e
Ty S04y S0+

A5 i Ag,z i A%.i

Also have L-conserving dim-6 operators with complex coefficients -

LsmerT D Lsm+

O©) = (L,v"Ly) (2cyp€d) with complex coefficient cﬁ)c 4 and scale Ag

CPV: interference b/t tree-level and 1-loop LNV scatterings
One of the scattering leptons is out of equilibrium (OOE), e.g. right after from inflaton decay

B asymmetry is obtained via sphaleron transitions

np _ 28 ny,
s 79 s

~ O(1071%)

All 3 Sakharov’s conditions are satisfied!



Leptogenesis

® . Hamada, Kawana,1510.05186

e | asymmetry is produced not by the decay of a heavy particle,
but by the scattering b/t SM particles (via higher
dimensional LNV operators)

e Lowest LNV operator: dim-5, Weinberg operator O'®) = LhLh

2

2A,

1 c
L= E5M+A—1A1 ]HHL L, +A°

(vev + ),
1 ) LNV interaction rate is
+ g Asam (L L) (BxvuBr) + hee. suppressed by the operator scale.

Light neutrino mass requires O(10714) GeV scale of dim-5 LNV operator.

A2kt (Liy" L) (Liyp Lt) 3 Avas

The contribution to the baryon asymmetry from this operator is negligible.




Leptogenesis

. Hamada, Kawana,1510.05186

L asymmetry is produced not by the decay of a heavy particle,
but by the scattering b/t SM particles (via higher
dimensional LNV operators)

(5)

As

(6) (7)
5 C; 6) Ci (7)
0@+ -0+ 20" +....
i Ag,z i A%,i

LsmerT D Lsm+
Focus on dim-7 LNV operators
Example: O™ = Lhea°de €

O®) = (Lo Ly) (Ecvuea)

with complex coefficient cg(;)c 4 and scale Ag



Leptogenesis

Constraints

Loop-induced light neutrino mass < 0.1 eV

2 1€X oy . ,,2 . i
\ 32’%%‘1)/3‘ lA for the operator we’re considering

Neutrinoless double beta decay Tij5 =53 x10%®y

For the example we’re considering, such constraints are
weak (negligible). Other operators have stricter bounds.

Inflaton -> hidden sector:

Need some mech. to quickly decrease the hidden energy
density (via a faster scaling) s.t. eventually the asy won’t
be diluted



Leptogenesis

e Efficiency factor for the asymmetry in the scattering

o(Lqe, — hud) — o(L,e, — hud)
0(Laea — hud) + 0(Laea — hud)

€q =

oD 96
P35 vt hmf = p*/(87)

Agl | l

_ Square of 4-momentum sum of initial leptons
Loop function

M(Lo2, — hud) <

(M) ()
p Imc,p

4 c
€, >~ —Im/ e /
IR

€




Leptogenesis

e Sources of OOE leptons
 Perturbative decay of relaxion after it has been trapped

mg > H  Relaxion oscillation in its local min: redshift as non-relativistic matter
8,0

ng ~ AZ/mg Pert. decayrate TI'p ~ m; / fg: i JoH
I'p > H —> upper boundonf_L JoH = ok — T2
* |n the thermal bath with temperature T >> v, . a}gi .
Is the dominate way of reintro.
. . . . . . . . ling t
dissipating energy from the oscillating field. The corresponding rate is apeian gauge
2 ) field and to
I's ~ T“mgy/ [i v evade astro.
- bound on
Have included a suppression factor m_\phi/T due to Bose enhancement electron

coupling @ tree

e The available number density for producing OOE leptons Loop induced electron coupling has

to be bounded by astro. constraints.
TR~ TR .



Leptogenesis

e Solve Boltzmann eq. (w/ washout) => Lepton asymmetry
LNV interaction rate

!
s S - T T

l \Thermal scattering rate

Fraction of the effective number density
converted into OOE lepton pairs

p— 2
3(3) afca’) s
iNve 2 —— 7° , Ty ~aT.
LNVa = 235 5P A2 . th. = Q21 .

€



Leptogenesis

A bench mark point that generates O(10*-10) baryon asy.

AMAc, Ae»T|frplmg| fu|fv| g |B

InGeV  |Pmin = 6mgT 10%° 10%[10%|107|10% |10~ *23|0.1
(except B)

One lepton from thermal bath, the other
right after being produced (relaxion decay)

s ooy (B ( mg )4 Ae \* /1035 GeV\® /1035 GeV \”
S 0.1 102 GeV 103-5> GeV A~ Ag

Signals/Detection:
Axionic couplings;
Photophobic ALP;
T & N_eff



Summary

Proposed a model of cosmological relaxation of the EW scale w/
particle production that generates the BAU while reheating the universe
after inflation

EFT cutoff up to 10A5 GeV
Minimal setup
The model has no extremely small parameters, introduces no new

physics below the cutoff, and achieves leptogenesis @ low reheating
temperatures.

Thank you!
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Constraints

For relaxation to work:
1. Relaxion must roll past the Higgs mass scale before being trapped

2. Higgs field tracks the min of its potential

3. g~H (Hubble) during relaxation (post-inflationary)

4. Relaxion potential < the vacuum energy

5. Multiple minima exist

6. Each minimum is separated by less than O(v)

7. Energy loss due to particle production is faster than energy gain from the linear slope
8. When relaxion is losing energy, change in Higgs mass < O(v)

9. Loop-induced photon coupling will not ruin the mech.

10. Loop-induced fermion coupling should be allowed by the astro constraints etc

For leptogenesis to work:

1. Relaxion mass > H when it’s trapped (s.t. relaxion starts oscillating @ the vac)
Relaxion decay rate > H

Relaxion mass > 0.1 GeV to decay to muons

Light neutrino mass < 0.1 eV

Lifetime of the inverse neutrinoless double beta decay > 1.9 * 10"25 years
Lepton asy. @ leptogenesis won’t be diluted

2B



Introduction
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e 3 Sakharov’s [Sakharov, 1967] conditions to get BAU from
initially baryon symmetric universe:

e (i) B-violation: Sphaleron
saddle points, or max

Spatially localized, unstable finite energy classical sol

Conserve B-L, but break B+L
(convert baryon to anti-lepton)

T >~ O(100) GeV for unsuppressed
instanton sphaleron sphaleron rate (classically allowed
thermal activation instead of tunneling)

R e
Figure from 0910.0464



Introduction
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3 Sakharov’s conditions to get BAU from initially baryon
symmetric universe:

(i) B-violation: Sphaleron

(i) C, CP-violation:



Introduction

BB . 86x 10!
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e 3 Sakharov’s conditions to get BAU from initially baryon
symmetric universe:

e (i) B-violation: Sphaleron

e (ii) C, CP-violation: Chiral gauge theory, CP phase, etc
Sometimes can be studied in a separate sector

e.g. in SM, the CKM matrix is a course of CPV: complexity of some elements

V, = [\/w|e"’.
&\ (V.y V. V. Yd But CPV in SM is too small to
Juarks {.«H:;J V. a;,,I.\-] provide sufficient baryon asymmetry
b') \Via Vis Vo \D
V,‘,.=|V,,,|e"’j



Introduction

BB .86 x 101

e (iii) Departure from thermal equilibrium: e.g. strong 1st order electroweak
(EW) phase transition (PT), out-of-eq decay of heavy particles, dynamics
of topological defects

v(1')

* 1st order EWPT: discrete change of Higgs VEV at PT

Ve

Ver(T) T >1c T=Tc T=0

.

’L

e Whether SM has strongly 1st order EWPT is an open question.



Introduction

BB _.86x 10!

S

T — I

* (iii) Departure from thermal equilibrium: e.g. strong 1st order
electroweak (EW) phase transition (PT), out-of-eq decay of
heavy particles, dynamics of topological defects

need extra pieces



potential

Fy = dCj in 4-dimensional spacetime NOt dynamic

1 2 ’ r
L = —g(da)' — ‘-"Ks(a) - ""NP(O)r

- 1 ; 1 2
Vks(a) = ;F.g A*xgFy — mFa T Vks(a) = ;(fo + ma)”,

*4F4 = fo + ma,
Dirac quantization of a gauge field fo=nAi, nel

where Ay is of mass dimension and the index k is associated with a combined discrete

shift symmetry of the lagrangian:
: ) a—a+2nf, fo— fo—2mmf.

consistency condi. ormf = kAL, kel

Thus the axion potential Vkg(a) is multi-branched, with each branch (namely, a mem-
brane) labelled by a value of f;. When crossing a membrane, f; shifts by an integer
times the charge of the membrane. Therefore, starting from a specific branch, the axion

can go up in the potential away from its minimum and travel a distance Aa in its field
space greater than the intrinsic periodicity f.

Vig)

Monodromy induced



GKR’s relaxion models

Constraints

e Hubble friction drives slow-roll

* Slow-roll is long enough s.t. the relaxion can scan the its whole field
space

* During inflation, total vacuum energy > vacuum energy change
along the relaxion potential

e Barriers are within the Hubble sphere s.t. barriers form in the first
place

e (Classical rolling beats quantum spreading



GKR’s relaxion models

Problems

e QCD relaxion: O(f’) shift of the local min of the QCD part
=>

Near piz ~Rted =0, 4 A'e

Vo chdn+ Mot Ve N/\ﬁcoag,
o '
skwﬂwd v Lo
' f W V;(/Dl‘o
Locad V'=o i A
i V' 70 Vg 22
~E=rr~w~427r
b - Mdom i
¥ o S

Sk-ﬁ of O('f')



GKR’s relaxion models

e Sol: e.qg. + separate inflaton, or consider non-
QCD relaxion
P(Hg,r lﬁf{aﬁ‘m ) @dro]agﬁ )

‘Dm? »af(gﬂml + iflden o l
S oonst lust for the most of flation
Vo) ~ kGG + ept 4 o, w] EEX D Re VD ~ eprt
Tl SV i) Tosgerf ot
9= b - '%-* dope of tha kt tor > 9°’°f$"3 f“&’”f

deope of the 2nd torm

-——

D o

@N[o o be consistert ""/
steorg CP —
Stopprg conds. Covalieted @ b wtt far fom K )

% AL Y CEPN,
iC:— ' ‘j’, ") /""9_—/\') Tf’




GKR’s relaxion models

e Non QCD relaxion: barrier height propto <h> -> need
condensate of new gauge group -> new physics near EW
scale



GKR’s relaxion models

Other problems

e Large amounts of inflation Tiny coupling ~ 107-31 GeV

-> severe fine-tuning

Additionally, argument from Quantum information:

N=>M g /H? always leads to eternal inflation

e Super-Planckian field excursions by relaxion

Giéldil—lgs and Strominger
A free periodic scalar w/ period f has gravitational instantons S ~ M_P/f

non-negligible NP effects if f >= M_P

Whether this applies to interacting scalars: open question



HMT relaxion models

e Finite T: <h> = 0, time scale asso. w/ tachyon longer due
to thermal plasma effects

Process of losing energy: dominated by IR

~

-~

~
Dt\')

T‘2 f&

the time it takes for @ to fall below oc t =
-

e Hook’s relaxion: startingat T =0 or very low T (<< v) s.t. it
IS scanning the vac, not thermal Higgs mass



HMT relaxion models

case
T>v

System in a plasma state => Charged particles screen electric fields and slow the
tachyon growth

Tachyon modes always in high T modes

(%)

m2.
m D

| < |k| < T.

w = i), 0 ~ k~¢/f

Will higher loops remove the tachyon as T is parametrically larger than the size of
the tachyon? No, for Abelian gauge field. Yes, for non-Abelian gauge field.

Constraints + sub-Placnkian:



HMT relaxion models

V() = (A2 — ) |h|> + A2t + Ncos2 — 2(BB — W),

o f

———

phi_0 s.t. Higgs has a very

° itial-
Initial: large negative mass-squared

_ . Or start from rest, if exists 10% coincidence in
®o 2' A:? the scales of the slope and periodic potential

assume that the Higgs is at its minimum with a vev (h) and that the temperature of the universe is negligible

e Setting nonzero velocity after exiting high-scale inflation: 1)
which the relaxion
couples to could temporarily act as a background source in
its EOM; 2) inflaton-relaxion coupling xo¢ acts as a faster
effective slow-roll slope during inflation s.t. it exits w/. é ~ xo/H,



HMT relaxion models

V(g) = (A% — e@)|h|® + A2 + Aicos% - ?(BB - WW).

| —

e |nitial: phi_0 s.t. Higgs has a very

large negative mass-squared - o _
Or start from rest, if exists 10% coincidence in

¢'>0 > Aﬁ the scales of the slope and periodic potential
assume that the Higgs is at its minimum with a vev (h) and that the t.omperaturguof the universe isunegligible
Very large <h> s.t. tachyonic condi. not satisfied

* As relaxion rolls down the potential, starting from one pt., tachyonic
condi. is satisfied and particle exponential productions starts.

: & 2 fma
e Correct <h><=> f~ OT (Right before being trapped) S
No or suppressed relaxion-photon coupling my ~< h >
* The produced gauge bosons quickly reach thermal eq. —_ -

really satisfied once the cutoff >>v



HMT relaxion models

Thermal back reaction is critical for the relaxion to lose all its kinetic
energy once the exponential production starts

Higgs receives positive contri. to its mass-squared due to thermal and
finite density effects

=> As <h> decreases, tachyonic condi. is satisfied to a better and better
degree

Eventually, energy density in the gauge field ~ vA4, Higgs mass-squared
turns positive -> always exist tachyon sol. for massless gauge boson

Once the relaxion loses all its kinetic energy, it gets trapped in a local
min of the periodic potential



HMT relaxion models

¢

Constrains V(o) = (A2 — ed)|h|* + A%eo + 1\4003— — Z(BB-WW),

o f

Relaxion energy is not greater than the vac energy HMp > A,
Relaxion can pass through many minima ef' A* < A
The scan of Higgs mass has enough precision ef! < v’

The energy loss due to exponential production is faster than the energy

: . A2
gain from the linear slope AS > e_3¢)4 A2 o,
v 9
. _ ef mD < 4 /\4
Relaxion does not overshoot the correct Higgs mass  —,q1 ~" = ef ~v
772DNgTNfN‘/Z,‘

Relaxion abundance from thermal and non-thermal production will not
over Close the universe For high reheating temperature 7., ~ A above the LW scale. we must also ensure

5,6 that the thermal production of the relaxion via scattering with weak gauge bosons

BT JoH is nol too much. This can be done, e.g. Ly tmposing that Lhe lernnon current

o

coupled to the relaxion does not reintroduce s coupling to BB WW.



Constrains V(o) = (A% — ed)|h|* + A%ed + Alcos

HMT relaxion models

¢_9
ff
The particle production from a changing <h> is negligible, and
thermal effects on the Higgs mass are small. Thermalization

of the particles produced by the relaxion is fast. A>v.

(BB —WW),

The hidden sector is not to equilibrate w/ the visible sector
s.t. barriers formed by hidden strong dynamics will not be

15/2

erased when the visible sector is in thermal bath % <
fref

Photons won’t be non-negligibly produced

Some conservative constraints: A5 A, 4~ fo<a2



HMT relaxion models

Constrains

e The above constraints + sub-Planckian field excursion ->
Upper bound on the cutoff

A < (Mpv®)t/6 ~ 5x10* GeV

R —

This bound can be relaxed (e.g. 1078 GeV) if slightly super-Planckian
field excursion of relaxion is allowed.



Leptogenesis

e Standard leptogenesis: via out-of-equilibrium decay of the
lightest RH neutrino at least 10"9 GeV, much above our
EFT cutoff 10A5 GeV —> require reheating above the
cutoff or adding new physics below it

(a) (b) (c)

e The relatively low reheating temperatures in Hook’s
relaxion models restrict possible scenarios if we don'’t
want to reintroduce new physics below the cutoff.



Leptogenesis

e Via other dim-7 LNV operators
e Same mech., different parameter space

* The particular choice of an operator may be theoretically
motivated. e.g. focusing operators w/ 2 leptons and no
quarks + requiring LNV operators to induce neutrino-less
double beta decay at lowest order -> dim of the LNV is
correlated w/ the chiralities of electron pairs in neutrino-less
double beta decay: LL <-> dim-5; LR <-> dim-7; RR <->
dim-9

del Aguila, Aparici, Bhattacharya, Santamaria, Wudka, 1204.5986

0D = Ly*e°h(h'D,h)

Neutrinoless double beta decay A7 = 10° GeV for ¢\7 ~ O(1) Larger phase space

. . , . E suppression in LNV rate
1-loop induced light neutrino mass A7 2 10" GeV

Need to raise T_reh (cutoff) to 1076 GeV (slightly super-Planckian)



Leptogenesis

e Sources of OOE leptons

e Lepton pair production from the classically rolling relaxion

Classical production 3;_<f> 75u
L

Although the occupation number of fermions can’t be exponentially enhanced
due to Pauli blocking, the generation of fermions from a rolling classical field
has been shown to give large effects.

Expect this to give a large P. Adshead and E. I Sfakianakis, JCAP 1511
: : (2015) 021 doi:10.1088/1475-7516 /2015 /11 /021
contribution 1_:0 OOE leptons larXiv:1508.00891 [hep-ph]]. P. Adshead, L. Pearce,
whose typlcal energy ~ M. Peloso, M. A. Roberts and L. Sorbo, arXiv:1803.04501
i lastro-ph.COl|.
(%5,_,/-fp z‘ v.

o Effective number density for OOE leptons " should include both

contributions. For simplicity and to get a preliminary result, allow the
effective number density to range in

/
Mg n

2 .
(_) < % <
T "’n.d,’\’



Baryogenesis In relaxion
models

Relaxion-Higgs coupling is too small to provide strong 1st
order EWPT

Need to add additional particles with couplings
with Higgs

The relaxation and EWBG are sort of decoupled



Baryogenesis In relaxion
models

e Really impossible for the relaxion to be involved more in a
EWBG model?

e One possibility: clockwork



Baryogenesis In relaxion
models

e Other baryogengesis (BG)? Spontaneous BG, decay
BG...



Baryogenesis In relaxion
models

o . can happen when CPT is
violated in the early, evolving universe, e.g. via a classically
moving scalar ( ) derivatively coupled to a current

L,> —fl@y,:j‘é. L,> —punp, np = jg,and p =< ¢ > /fy
0

Effective chemical potential as a shift to the energy
-> particles/antiparticles have different number densities when in eq

When temperature drops below the decoupling temperature,
B violating processes fall out of eq, and baryon number density gets frozen.

* Another possibility of SBG: baryon number density
oscillation after decoupling

ng = —I fop,



Baryogenesis In relaxion
models

SBG: identify relaxion as thermion?
No
Relaxion has no classical motion after being trapped

Baryon number density oscillation: relaxion (slope)
constraint inconsistent with baryon isocurvature bound

-> SBG can’t be realized in a minimal relaxion model



Baryogenesis In relaxion
models

. : out-of-eq decay of heavy particle X in expanding

universe

e |f at some high temperature (> M_X), X’s are so weakly coupled that
they can’t catch up the expansion of the universe, X’s remain in

In eq.
ny =ng>~n, for T2 My,

nx =nx = (MxT)*2eMX/T < n, for T <My

T—T WVWP}'O

Tot

WL‘""' e
Non-relabivistic

M&Na . Tx &R

o/ny

0.8
0.6

0.4

their initial abundance and decouple from the thermal bath.

>e e
e
..“
o
L J
“
.

Equilibrium—

. deprure flomtheemial T
s oquiliorium man fact

s, inlhzoveepmduztion |
o, oF e X partickes

001




Baryogenesis In relaxion
models

Realizing decay BG in a Hook’s model:
, with a sufficiently high
. Inflaton reheats the hidden
sector

. I 1
Decay BG usu. requires very heavy states 7 >;

Examples of decay BG: GUT BG, leptogenesis, etc

GUT BG: heavy particle at least 1010 GeV (scalar) or 10715 GeV
(gauge boson)

Standard leptogenesis: the lightest RH neutrino at least 10N9 GeV

Too high for a relaxion model with a low cutoff A < (Mpv®)'/° ~ 5x10* GeV

S —




Baryogenesis In relaxion
models

* Realizing decay BG in a Hook’s model

e Sol.: () removing sub-Planckian constraint; (ii) low-scale
leptogenesis, e.g. resonant leptogenesis



Baryogenesis In relaxion
models

Removing sub-Planckian constraint:

Hook: want to avoid possible non-negligible non-perturbative
gravitational instanton effects for super-Planckian field excursion

Such large NP effects occur in free periodic scalar case.
Same story in the interacting scalar case?

|f field excursions allowed, the upper bound of
cutoff can be relaxed to or

still satisfies N, < M3 /H? and may not lead to eternal inflation.



Baryogenesis In relaxion
models

e Resonant leptogenesis: When the lightest RH neutrinos
have near degenerate masses, the asymmetry from self-
energy diagrams dominates and can be enhanced ->
Lower bounds on the lightest RH neutrino mass can be

significantly lowered (to )

(a) (b) (c)
l Enhancement condi

Iy, |Im (h*thv)?, |
my, — my, ~ . ~ 1,

2 (RTh)s (RTR7);5




Cubic terms from periodic
potential
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Other LNV operators

* LNV dim-6 operators involve quarks and violate baryon number by
+, - one unit; they conserve B-L and don’t contribute to neutrino-
less double beta decay.

* LNV dim-7 operators involving two derivatives do contribute to
neutrino-less double beta decay, but also necessarily generate
tree-level LNV dim-5 operator. The dim-5 LNV operator will
dominate over the dim-7 one in all processes we are interested in.

O = (D, l.¢)(¢' D"y
O — (7.D,f)(¢' D*$)
O — (7.4)8,(6' DLy



Tree-level dim-7 LNV from
renormalizable theory

 Many renormalizable models can give rise to tree-level dim-7 LNV (no
tree-level dim-5 LNV). They are classified in 1204.5986. Some external
Higgs legs may be replaced with non-SM doublet scalars. In these
models, the constraints on the LNV operator scale from neutrino-less
double beta decay and light neutrino mass can be relaxed.
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Baryogenesis In relaxion
models
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Connecting Bto L

* @ high temperature (> EW scale): in a weakly coupled plasma w/
temperature T and volume V, a chemical potential can be assighed

to each of the quark, lepton and Higgs fields.

* Thermodynamics

.. oQ(u, T
Z(p,T,V) = Trfe PH =20 meQu)] n; —M; = — (.(j‘ )
| Hi
T _ 1 Bu; + O((Bu;)?), fermions
. = —— , / n;, —n; = — 3¢ ' i 1
Qu,T) 7 InZ(p,T,V) n; — n; 69T {2."3#'1' + OB, bosons B K

e In the plasma, quarks, leptons and Higgs interact via gauge and
Yukawa couplings. In additions, there are N.P sphaleron
processes. All these processes give rise to constraints among
chemical potentials in thermal equilibrium.



Connecting B to L

(1) The effective 12-fermion interactions Op, ;, induced by the sphalerons
give rise to the following relation,

> (3ug, + pe,) =0

(2) The SU(3) QCD instanton processes lead to interactions between LH
and RH quarks. These interactions are described by the operator,
[I:(qr.qr,u%, df, ). When in equilibrium, they lead to,

2(2”"]1 — Hu, — I-l“dt) =0

2

(3) Total hypercharge of the plasma has to vanish at all temperatures. This
gives,

2
Z(ufh + 2"”“1 — Hd, — He, — He, T Ff"”H) =0

1



Connecting B to L

(4) The Yukawa interactions yield the following relations among chemical
potential of the LH and RH fermions,

Mg, — PH — pd; =0
Mg, + LH — puy; =0
e, — HH — fte; =0

B — Z(Quq; + l'l'ut + l'l’dt)

L=> Li, Li=2pu +pe, .



Connecting Bto L

e Assume all Yukawa interactions are in equilibrium and
equilibrium exists among different generations

e Together w/ sphaleron, hyper charge constrains

; 24',\Tf + 3 . ; 64‘7\Tf + ]. p Q;Nrf — ].

e — - F b — — — F [,u: - Ly

He = 6N;+3'> F4= 6N, +3" M T 6N, +3"
1 ANy

B=—N¢uyp,
3 fHe

14N} + 9Ny
o 64',\;"[ + 3

He .



