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What created more matter than
anti-matter?
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Neutrino Mixing
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normal hierarchy (NH) inverted hierarchy (IH)
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e Mass ordering”?

e Precise LMM structure?

e CP-violation?

e Dirac or Majorana®

e Absolute mass scale?

3
Zmi <0.2eV  PDG
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It Is clear neutrinos much lighter than other
known fermions
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http://pdglive.lbl.gov/DataBlock.action?node=S066MNS

e Mass ordering”?

e Precise LMM structure?

e CP-violation?

e Dirac or Majorana®

e Absolute mass scale?
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It Is clear neutrinos much lighter than other
known fermions
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Lepton Number Violation and Majorana neutrinos

Simple to distinguish an electron from its antimatter counterpart —electric charge.

UV 1%

neutrino antineutrino
L=+1 L=-1

Neutrino electrically neutral — the anti-neutrino may be “indistinguishable” from neutrino

The nature of the neutrino is linked to lepton number.

lepton number conserved — neutrino Dirac fermions

lepton number violated — neutrino Majorana fermions

Majorana condition y— Ol
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Neutrinoless double beta decay

massive neutrinos mediate this process.

NDBD gives important information on the properties of neutrinos
as it probes lepton number violation.

Offer important information on masses and possibly CP-violation
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Neutrinoless double beta decay
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Neutrino masses and the matter anti-matter asymmetry
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*assumes CPT conserved

Sakharov’s Conditions

Baryon and Lepton Number Violation

Kuzmin, Rubakov and
Shaposhnikov

Insufficient CP-violation

Gavela, Hernandez, Orloff, Pene;

Huet and Sather

No departure from thermal equilibrium

Kajantie, Laine, Rummukainen,
Shaposhnikov
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e SUZ2L invariant term mass term for neutrinos

L.HL.H
M

—Lg—5 = A
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e SUZ2L invariant term mass term for neutrinos

L.HL.H

—Lg—5 = A 7

e How can we ultraviolet complete this operator at tree-level?
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e SUZ2L invariant term mass term for neutrinos

L.HL.H
M

—Lg—5 = A

I,
e How can we ultraviolet complete this operator at tree-level?
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e [ype-l seesaw mechanism

Jessica Turner
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e [ype-l seesaw mechanism

0

mp

M p — YVU
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e [ype-l seesaw mechanism
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T
mp

M p — YVU
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* Type-l seesaw mechanism Z y

YQ 2
0 "D — 1T, = 2 ~ 0.1eV

mg M find eigenvalues M n
of mass matrix

Seesaw mechanism qualitatively satisfies Sakharov’s conditions!
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Fukugida, Yanagida

Thermal leptogenesis
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Fukugida, Yanagida

Thermal leptogenesis

N — LH

N — z H asymmetry

lepton

Institute of Particle Physics Phenomenology

19



Jessica Turner

Fukugida, Yanagida

Thermal leptogenesis

B-L conserving
sphaleron

Processes
lepton

asymmetry
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baryon
asymmetry
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Thermal leptogenesis

Fukugida, Yanagida

B-L conserving
sphaleron
processes

lepton
asymmetry

Decay asymmetry from interference between tree

Covi, Roulet, Vissani .

and loop level diagrams
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Thermal leptogenesis

Washout and scattering processes
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assume zero initial

abundance of RHNs
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region 1
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Region 1: leptons and Higgs have enough energy to
inverse decayv creating a lepton asymmetry
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region 1 region 2 :
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region 1 region 2 region 3
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Region 3: At T <M, RHN abundance is depleted. Lepton
asymmetry freezes out.
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Casas, |Ibarra

Y,

Parameter Space
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Parameter Space

Casas, |Ibarra

1
Y, = RN/ M

U

low-energy scale: 3 phases, 3 mixing angles and 3 masses constrained
by neutrino experiments
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Parameter Space

Casas, |Ibarra

<5
H
N

low-energy scale: 3 phases, 3 mixing angles and 3 masses constrained
by neutrino experiments

high-energy scale: 3 phases, 3 mixing angles and 3 masses
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Parameter Space

Casas, |Ibarra

<5
H

low-energy scale: 3 phases, 3 mixing angles and 3 masses constrained
by neutrino experiments

high-energy scale: 3 phases, 3 mixing angles and 3 masses

Without any symmetry constraints 18 parameters in total.
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Primordial Black holes induced leptogenesis

Work in collaboration with Yuber Perez Gonzalez: 2010.03565

Astrophysical BHs require A > 3M,

. Carr et al, 0912.5297
For smaller BH mass (between Planck and solar mass scale) require large arret 4

perturbations in the early Universe :

rs ~ Ac —— PBHs evaporate by emitting particles Hawking, 1975
S 2 13
OﬁbS(M’ p) p TBH — ! ~ 1.00 10 5 GGV .
pap 8rGM M
eXP[Ej (p)/TBH]| — (1) T

PBHs are totally indiscriminate in their particle production: just need TgH
to be close to particle mass

Jessica Turner Institute of Particle Physics Phenomenology 31


https://arxiv.org/pdf/2010.03565.pdf

Primordial Black holes induced leptogenesis

assume PBH domination Morrison et al, 1812.10606

Fujita et al, 1401.1909

PBH are formed PBH evaporate

matter anti-matter
asymmetry

lepton asymmetry

contribution to RHN population from production from RHN decays
thermal plasma and inverse decays

dTLN
H L — 7
¢ da

contribution to RHN population from
PBH evaporation
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Washout effects
only sensitive to neutrino
parameters

o 1 e =
a— = =) (v, = TR) -+l R)
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Primordial Black holes induced leptogenesis

A. PBH evaporate before RH are thermally produced from plasma — PBH evaporation creates an

initial condition which gets erased by fast interactions in the plasma

B. PBH evaporation happens during thermal leptogenesis

Jessica Turner
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Primordial Black holes induced leptogenesis

A. PBH evaporate before RH are thermally produced from plasma — PBH evaporation creates an
initial condition which gets erased by fast interactions in the plasma

B. PBH evaporation happens during thermal leptogenesis M; =1.7¢ B; =103 My = 10 GeV

RH neutrino abundance Final baryon asymmetry

0.0017

10=°
_ 1077}
A
=
1079}
10111
[ | 10—13------------llllllllllllllll
7 0 1 2 3 4 5! 6 7
Log a Log a
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Primordial Black holes induced leptogenesis

A. PBH evaporate before RH are thermally produced from plasma — PBH evaporation creates an
initial condition which gets erased by fast interactions in the plasma

B. PBH evaporation happens during thermal leptogenesis M, =17¢ B;=10"3 My = 10" GeV
RH neutrino abundance Final baryon asymmetry
- zpu ~ 10 0.001|
0.1
10-5 total contribution
Ll enhanced compared
10 i
with thermal
= = 1077 leptogenesis alone
= =
1077}
o 1077} total contribution
total contribution from interplay
10-10| from interplay
10—11_
10—13....|....|....|....|....|....|....|. 10—13-...|....|....|....|....|....|....|
0 1 2 3 4 5} 6 7 0 1 2 3 4 D 6 7
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Primordial Black holes induced leptogenesis

C. PBH evaporation occurs after thermal leptogenesis era

M; =10°g B;=10"° My = 10" GeV

RH neutrino abundance Final baryon asymmetry
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Primordial Black holes induced leptogenesis

C. PBH evaporation occurs after thermal leptogenesis era

M; =10°g B;=10"° My = 10" GeV

RH neutrino abundance Final baryon asymmetry
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0.1¢

1074}

10-10

10—13

Primordial Black holes induced leptogenesis

RH neutrino abundance

zpH ~ 1

total
contribution -

4 6 8

Log a

In Bl

C. PBH evaporation occurs after thermal leptogenesis era
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Primordial Black holes induced leptogenesis

D. PBH evaporation occurs way after thermal leptogenesis era

zeH large — RHN
emission suppressed

RH neutrino abundance

<BH "~ 100
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PBH contribution
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Primordial Black holes induced leptogenesis

D. PBH evaporation occurs way after thermal leptogenesis era

- — 104 103 _ 1011
zsH large — RHN M; =10 g 5@—10 My = 107" GeV

emission suppressed

RH neutrino abundance Final baryon asymmetry
zgu ~ 100 | ¢.100}
0.001¢
10—5,
= =
%E = 10—7,
PBHs not hot enough to
1079} make heavy RHN but
10-10| they copiously produce
10-11} photons — dilute the
baryon-to-photon ratio
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Primordial Black holes induced leptogenesis

Zgy ~ 1
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https://arxiv.org/pdf/2004.04740.pdf
https://arxiv.org/pdf/2004.14773.pdf

Primordial Black holes induced leptogenesis

MN1 = 1012 GeV

— My, =101 GeV
e MN1 — 1010 GeV
9. — My, =10°GeV

logy (7)
|

ol — My, = 10° GeV
My, = 10" GeV
— 5 — MN1:106G6V

1 0 1

Enhancement or
depletion depends
on the RH neutrino

Only reduction of the
baryon-to-photon ratio

Mass
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Primordial Black holes induced leptogenesis

For RHN masses 1000 GeV or less, proving there was a existed a PBH dominated Universe
would place leptogenesis under serious tension

PBHs are the epitome of democratic: they produce gravitons as well as all other

particle d.o.f
smaller masses
PBH evaporate earlier
T %PBH - ig and experience more
v 15’ redshifting
] PBH 9 ?‘
———  Mppy = 10%g
Mppn = 10° g \
10_9_E Mppy = 10% g |
_ 1 |
| |
\
Cl; 1010 | |
< Future measurement of
o ultra-high GWs (see e.g Ito
| et al, 1903.04843) can
10-12. constrain thermal
leptogenesis parameter
107 g /\"612 T 1 1 L I Space
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https://arxiv.org/abs/1903.04843
https://arxiv.org/abs/1903.04843

Half time Summary

* Leptogenesis is one of the leading explanations of the matter anti-matter asymmetry. Added bonus
IS that light neutrino masses are also explained.

* |t is entirely feasible the Universe underwent some non-standard cosmology such as PBH
domination

* Due to the democratic nature of PBH, all particle degrees of freedoms are produced if the PBH is
sufficiently hot.

* Non-trivial interplay between leptogenesis era and PBH evaporation. In some regions of the PS

there is significant enhancement while in the low mass right-handed neutrino regime, heavier PBHSs
produce a giant entropy dump which dilutes the matter anti-matter asymmetry.

* While thermal leptogenesis is a very scale mechanism and therefore difficult to test, future probes of
ultrahigh frequency GWs could falsify the intermediate scale leptogenesis.
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The role of GUTs

n\:;v;zl;r Grand
force Unified
electro- Theory
magnetic
force New
strong physics
unclear

force
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The role of GUTs

GUTs can explain apparent arbitrariness of fermion masses and mixing

Thanks to
Ye-Ling Zhou for figure

Jessica Turner Institute of Particle Physics Phenomenology

46



Jessica Turner

GUT prediction 1: proton decay
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Proton decay from GUTs

GUTs unify leptons and quarks into common multiplets and as GUTs broken to SM gauge group,
heavy gauge boson integrated out =@ BNV interactions i.e. proton decay

e (U Qo) (dGyuLp) + (G Qa)(€5:7,Qp) | A A2 (d57"Q0) WSy Ls) + (57" Q) 57, Q5)]

min|Aq, As] gives dominant PD

w '\ —-o
w  ———————— | @
f - a4 Ay > 6.7 x 10'° GeV
w T0.+ > 1.6 X 10°” years —=————> 15
Ao > 3.9 x 10 GeV
A )t SK (1610.03597)
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https://arxiv.org/abs/1610.03597

Limits (or even finding!) proton decay

The next generation of neutrino oscillation experiments are big vats of stuff sitting around for a
long time (forgive me experimentalists ...... )

033

protons

Super-Kamiokande and JUNO ~ 20 kiloton =— 1

Jessica Turner Institute of Particle Physics Phenomenology
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Nucleon decay limits

1.6 x 10°* years

Soudan Frejus Kamiokande IMB

Super-K

1.5 x 10%° years
Hyper-K
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proton decay in SO(10)

2005.13549 Iin collaboration with
Stephen King, Silvia Pascoli, and
Ye-Ling Zhou use PD and GWs to

examine viable SO(10) GUT breaking
chains.

" proton
. decays

-----------------

" proton
. decays

’
-

-----------------

Gaz — G3221 Or G421

(d)
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https://arxiv.org/abs/2005.13549
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GUT prediction 2: cosmic strings
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topological defects in GUTs

Kibble, Nielsen-Ole
Cosmic strings induced via U(1) symmetry breaking are ubiquitously as GUT breaks to SM gauge group.

X)) ——

string tension

Strings intersect to form loops and cusps. Loop loss energy / decay via gravitational radiation
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https://arxiv.org/pdf/gr-qc/0511159.pdf
https://arxiv.org/pdf/1808.08968.pdf

topological defects in SO(10)

anlation)

monopoles and domains walls
are unwanted topological defects

|leoibojodoy
pajuemun

S100J9p
|eo!60|od01
pajuemun

ASNS ul sbuuys

e TR TR
S1090Jap pajuemun

" proton t { proton
1 decays ;i decays ;

------------------------------------

G:p — G3221 Or G421

------------------

M L e

To remove unwanted defects we
introduce a period of inflation

(a) (b) (c) (d)
Complete study of topological defects in GUTs 0308134
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https://arxiv.org/abs/hep-ph/0308134

Inflationary period

* |nflation occurs before string formation — string network will produce its normal “scaling” solution
— GW signal has its usual flat form.

* |nflation occurs after string formation — string network will be exponentially diluted and no GW signal

* |nflation occurs during string formation — diluted string network = GW spectrum has broken power
law behaviour (Cui, Lewicki, Morrissey) 1912.08832

NANOGrav11l
MAGIE
TianQin AION

Taiji
N NOGrav12.5

L/
...
L

10—7_

Aoy = 10 GeV
4‘_______________________
Gu=0.7x 1071

Diluted by inflation 107

Ao, = 10 GeV
4‘_______________________

Gu=0.7x10"1®

00 10 10° 10 102 10 1
f (Hz)
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https://arxiv.org/abs/1912.08832

Neutrino and GW data as a complementary window

c
)
2 :
S
e
Lo inflation
10 .

O

S109)9p
|[eaibojodol
""b'éiijfe'/b\un

 Type (a) via SU(S) x U(1) predicts Apd > Acs

5"
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Lie)
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9 Q
» o

L

o Type (b) via flipped SU(S) x U(1) predicts Apd ~ Acs

ASﬂS-UOUUI
S100J9p pajuemun

proton % | proton
L decays i i decays ;

e [ype (c) via flipped SU@4) x SU((2)L x SU(2)r predicts Apd > Acs

-

* Type (d) via SU(5) no GWs predicted

Proton decays
Observables .
p — n e’ observed = non-SUSY contribution indicated 16
Ainf g 10" GeV pianck (1806.06211)
Ob q ® types (a) and (c¢) favoured | |
serve
e types (b) and (d) excluded 15 SK (1610.03597
ypes (b) and (d) exclude Apd Z 10°° GeV ( )
GWs * types (a) and (c) favoured A 10 14 QeV
Marginal |® type (d) excluded €5 ?J i ANOGrav (2009.04496)
rav ( . )
* type (b) allowed if p — Ko not observed and A,y ~ A
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Summary

* Proton decay is a smoking gun of GUTs and the next generation of neutrino oscillation experiments
will probe the ultrahigh GUT scale determination of the proton lifetime.

* Topological defects are prodigiously produced during GUT symmetry breaking. The undesirable
Kind are monopoles and domain walls which, if existent, must have been inflated away. As defects
cosmic strings are “well behaved” and can generate GW.

* Presence/absence and nature of cosmic strings is determined by the inflationary scale.

o Study the interplay of these three scales allows us to determine the viability of various types of
breaking chains, with recent result from NANOGrav there is a preference for type (a)

* We are entering an exciting era where new observations of GWs from the heavens and proton decay
experiments from under the Earth can provide complementary windows to reveal the details of the
unification of matter and forces at the highest energies.
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