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Neutrino Physics Post-1998

1998: evidence for neutrino mass from SuperK (vy— V<)

Massive

(first solid evidence of beyond the Standard Model Physics) Neutrinos

2002: evidence for neutrino mass from SNO (Ve—Vy)

2003: KamLand confirmed Large Mixing Angle solution to solar v
problem

2011: hints for non-zero 63 from T2K, MINOS, and Double Chooz

2012: evidences of non-zero 0,3 from Daya Bay and RENO

for some parameters: discovery phase into precision phase;

and yet, many great discoveries to come .




Neutrino Oscillation = Massive Neutrinos

e Neutrino Masses are non-degenerate (at least two are non-zero)
® mass eigenstates # weak eigenstates
e Accidental symmetries in SM
® Broken lepton flavor numbers: L., Ly, L.
® Processes cross family lines in lepton sector now possible
® As a result
e neutrino oscillation v

e |lepton flavor violation decays?
® ¢+ ©

=== ARE NEUTRINOS
® total lepton number? L 2 Lo+ L, + L, vv;%}&gggp 4




What if Neutrinos Have Mass?

e Similar to the quark sector, there can be a mismatch between mass
eigenstates and weak eigenstates

e weak interactions eigenstates: Ve, vy, Vz

v

e Ve I7i "u T Vi

® mass eigenstates: vy, V2, V3

e Pontecorvo-Maki-Nakagawa-Sakata (PMNS) Matrix

Maki, Nakagawa, Sakata, 1962 ; Pontecorvo, 1967

Ve Ua Un Us)w 3 mixing angles
Vo |=|Un U, Uslv, Ups =V Ve +1(3) phase(s) for
v U, U, U\v, Dirac (Majorana)

neutrinos



Leptonic Mixing Matrix

 Pontecorvo-Maki-Nakagawa-Sakata (PMNS) Matrix

0 o] e 0 Sxe—ié‘ -Cs 5 ol |1 .(10¢ ) 0
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Uuns =10 ¢4 $g 0 1 0 ||-s cg O[|0 e 27" 0
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PMINS atm  reactor - solar - Majorana phases -

: 2 — 2 2
Three mass eigenvalues my, m,, My = two Am; = m; —m;

three mixing angles: C,, Cg, Cy

three CP phases (if Majorana): 5 P12, P13
+ 1 CP phase (if Dirac):

Oscillation experiments: sensitive only to 0

Neutrinoless double beta decay: sensitive only to Majorana

phases: ¢, P13




Neutrino Oscillation: Macroscopic Quantum Mechanics

e production: neutrinos of a definite flavor produced by weak
interaction

 propagation: neutrinos evolve according to their masses

e detection: neutrinos of a different flavor composition detected

e, ¢y
I P( )
—> —
Wy Prop(v:) Ug; W G
o rop(v; Pi
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Classes of Experiments

Oscillation Experiments:

Atmospheric, solar, reactor,

accelerator neutrinos

- mass ordering, CP phases,
precision measurements

- Searches for BSM physics

Neutrino cross sections, CELNS:

- Interpretation of data
- BSM

Neutrinoless Double Beta Decay:
- Majorana vs Dirac

Weak Decay Kinematics:
- Absolute mass scale

- Precision cosmology

Astrophysical Neutrinos:
SN, GRBs, AGNs, mergers
- Possible BSM physics
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Neutrino flux ¢ [eV™'cm™?s™']

Grand Unified Neutrino Spectrum at Earth

Edoardo Vitagliano, Irene Tamborra, Georg Raffelt. Oct 25, 2019. 54 pp.
MPP-2019-205

e-Print: arXiv:1910.11878 [astro-ph.HE] | PDF

lceCube data
(2017)
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[Slide Curtesy: Kate Scholberg, Snowmass CSS 2022]
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Where Do We Stand?

Gonzalez-Garcia, Maltoni, Schwetz (NuFIT),

e Latest 3 neutrino global analysis: 2111.03086
Normal Ordering (Best Fit) Inverted Ordering (Ax? = 7.0)
bfp £1o 30 range bfp 1o 30 range
sin” 615 0.30410012 0.269 — 0.343 0.30410-0°3 0.269 — 0.343
8 o 0.77 0.78
5 n/ 33.451077 31.27 — 35.87 33451078 31.27 — 35.87
£ sin®6o 0.450"0 012 0.408 — 0.603 0.570"0 055 0.410 — 0.613
B 623/° 2.1+11 39.7 — 50.9 49.0+99 39.8 — 51.6
Q
§ sin? 613 0.022461 000062 0.02060 — 0.02435  0.02241 109077 0.02055 — 0.02457
4 013/° 8.621012 8.25 — 8.98 8.611012 8.24 — 9.02
-
g cp/° 230138 144 — 350 278122 194 — 345
Am, 7 49+021 > 7 49+021 > 4
_Amy 2.51010:927 2.430 — +2.593 2.49010.9% 2.574 — —2.410
10-3 oV2 +2510 5027 2430 = +2. —2490 008  —49/4— —2

= hints of 023 # n/4
= expectation of Dirac CP phase §

11

= slight preference for normal mass ordering



Neutrino Mass Measurements

e search for absolute mass scale:
® end point kinematic of tritium beta decays i 3415

o Katrin: Talk by Bjoern Lehnert
KATRIN: current limit ~ 0.8 eV

Future sensitivity ~ 0.2 eV Other ideas: Project 8

(Talk by Arina Telles), ...

¢ neutrinoless double beta decay

Z ’rmU2

current bound: — < (0.061-0.165) eV (Kamland-Zen, 2016)

1,2,3
= CUORE (Talk by Daniel Mayer)
NEXO (Talk by Soud Al Kharusi)
e Cosmology 2(m,;) < 0.12 eV CUPID (Talk by Krystal Alfonso)
! LEGEND (Talk by Danielle Schaper)
Netr = 2.99 + 0.17 [Planck 2018] AMoRE (Talk by Hanbeom Kim)

= fully thermalized sterile neutrino disfavored



. n
How are masses ordered? " @
The known knowns:
normal hierarchy: inverted hierarchy:
4 K | LTeB ) 4
V3 [ 4 V2 [ W
Am’,
Yy zun
” 2| V1 el [P
v v
o , o
= ~2x103eVv2 ||Am~,, =
Am®,
\ | LTeS . ~2 X 103 eV2
2 — v
2 \/
Vy | | -vIAm‘“" V3 [ *
~7 x 105

eVz 13




The Known Knowns

NUFIT (2022)

[Blepog ~ 42°] [Bler1o ~ 33°] [Blerq3 ~ 9°]

14



Open Questions - Neutrino Properties

v, ®

== CP violation in lepton sector?
@ Mass ordering: sign of (Am;32)?

= Precision: 023 > /4, 023 < /4, 023 = /4 ?

15



CP Violation in Neutrino Oscillation

e With leptonic Dirac CP phase & # O =» leptonic CP
violation

e Predict different transition probabilities for
neufrinos and antineutrinos

P(v, — vp) # P(U, — Tp)

e One of the major scientific goals at current and
planned neutrino experiments

TZ/R\ Hyper-Kamiokande 1YY=

Super-Kamiokande ;

s
EN

J-PARC produces 30 GeV

50 kton water cherenkov 'I;: & % proton beam, design

detector at 295 km power of 750 kW




Experimental Precision: Oscillation Parameters

Mixing parameter
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NOvVA: Talk by
Alexander Booth

JUNO: Talk by
Beatrice Jelmini

Hyper-K: Talks by Sophie
King, Deepak Tiwari

0.2

2010 2015 2020 2025 2030 2035 2040

Year

Figure from Song, Li, ArgUelles,

Complementarity
among experiments
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Bustamante, Vincent (2020)
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CONUS: Talk by

Nicola Ackermann

at LHC FASERNu: Talk by
Shih-Chieh Hsu

@GeV: Needed |MicroBooNE: Talk
by Jay Hyun Jo MINERVA: Talks by

to understand Tejin Cai, David
oscillation data Robert Last
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Some Anomalies are
more anomalous
than others.



Neutrino Anomalies

Neutrinos Travel Faster Than Light, According
to One Experiment

Others doubt the mind-boggling claim, which would overturn Einstein's theory of special
relativity

22 SEP 2011 - BY ADRIAN CHO (Science)

20
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Once Again, Physicists Debunk Faster-Than-Light
Neutrinos

Five different groups agree that the elusive particles obey Einstein's speed limit after all

8 JUN 2012 - BY ADRIAN CHO  (Science)

. . S
A model of superluminal neutrinos



Measurements at < km
disagree with state-of-

Neutrino Anomalies R s st

predictions
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Neutrino Anomalies
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reactor flux anomaly
resolved with new input data
to flux calculation

reactor spectra
Is there really an anomaly?

gallium anomaly
unresolved, recently reinforced

LSND
unresolved

MiniBooNE

[Slide Curtesy:
unresolved

Joachim Kopp @
Neutrino 2022]
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Are there sterile neutrinos?

.....

NILEINLE),

Measured / predicted

GALLEX1

Beam Excess

Events

2 1svv§v£ \g VE § zv§¥|

|

reactor flux anomaly

resolved with new input data
to flux calculation

reactor spectra
Is there really an anomaly?

gallium anomaly
unresolved, recently reinforced

LSND
unresolved

MiniBooNE

[Slide Curtesy:
unresolved

Joachim Kopp @
Neutrino 2022]

New neutrino
mass states (eV)?

Sterile neutrinos

Jay Hyun Jo

MicroBooNE: Talk by

BeEST: Talk by Annika

Lennarz

IceCube: Talks by Jessie

Micallet, Qinrui Liu

(NoVA: Talk by
Alexander booth)

25



Are Neutrinos their Own Antiparticles?

n p

—
;VLH<G

Two-neutrino double-/ decay

>

LN conserved

Maria Goeppert-Mayer, 1935 \__’
A%
A,Z)—> A, Z+2)+e +e +7,+7, ) \XH)Jp<<e
First observed in 1987 - T
= . p>
Neutrinoless double-/ decay \ W ©
Wendell Furry, 1939 :
VM X
AL =2 A,Z2) > (A, Z+2)+e +e” :
Required massive Majorana neutrinos; >n VZFHJP\:e
Not yet observed o6



. |mps| = U2, m
Neutrinoless Double Beta Decay 2 Ve
3v: 10 fully covered by 2035 41: NO can be probed

Normal 3v Ordering |

—— 3v (90% CL)
—— 3+1(90% CL)

Inverted 3v Ordering |

—— 3v (90% CL)
—— 341 (90% CL)

- 90% C.L. UPPER LIMIT 90% C.L. UPPER LIMIT
0 s\\ 10
3
1072 E 1072
1 =
£
107° E 107
107* ol ol 107 s
107 10°° 1072 107" 1 107 107 1072 107" 1
Lightest mass: my [eV] Lightest mass: m3; [eV]

(a) (b) C. Giunti, T. Lasserre (2019)



mpgg 99.73% discovery sensitivity [meV]

Neutrinoless Double Beta Decay

103 - S
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Q ,b‘ ..\_O Q 825e
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10! 1 HEE completed [ |
] taking data
| 3 future A
103 104 10° 106

sensitive exposure [mol yr]

[From Snowmass White Paper 2212.11099]
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Open Questions - Neutrino Properties “ g

T

== Majorana vs Dirac?

== CP violation in lepton sector? To understand

== Absolute mass scale of neutrinos? some of these
properties

s~ Mass ordering: sign of (Am;32)? zBMIFysIes

= Sterile neutrino(s)?

= Precision: 023 > /4, 023 < /4, 023 = /4 ?

< Additional Neutrino Interactions?

a suite of current and upcoming
experiments to address these puzzles

29



Open Questions - Theoretical

= Smallness of neutrino mass: My < Me, u, d
T |
u C (
- o o
d s b
LMA-MSW solutios e U T
l i o o o
V3
\': .
V1 s &4 normal hierarchy
o °
y Vs 4 inverted hierarchy
3 Vv,
neutron
A | A | " M 1 " 1 1 ‘ i
0.0001 0.01 1 100 10000 1e+06 1e+08 1e+10 1le+12

meV eV keV MeV GeV TeV



Open Questions - Theoretical

= Flavor structure:

quark mixing

leptonic mixing

weak interaction eigenstates

d ® S b
d’ ]
s [ I——
o’ I

Ve YV
vi I EEins
vz T
v3 Il Sl N 1 e

Mmass eigenstates

31



Open Questions - Theoretical “ @

== Smallness of neutrino mass: = Flavor structure:

e T

@ ® ®
: S b - - -
' @ o o
LMA-MSW solution e n T
I 1 [ [ )
V \'3
Vi ’ o 4= normal hierarchy I t 1 Ivi
. eptonic mixing
y Vs 44—  inverted hierarchy
3 vy
: <4—  nearly degenerate
V1
0.0001 0.01 '; 1(;0 10000 1e+06 1e+08 1e-:10 le+12
meV eV keV MeV GeV TeV

Fermion mass and hierarchy

quark mixing »



Why Should We Care?

Understanding a wealth of data, fundamentally

SM flavor sector: no understanding of significant fraction (22/28)
of SM parameters; (c.f. SM gauge sector)

Neutrinos as window into BSM physics

e neutrino mass generation unknown (suppression mechanism, scale)

e Uniqueness of neutrino masses =» connections w/ NP frameworks

Neutrinos affords opportunities for new explorations
e New Tools
e May address other puzzles in particle physics

e Window into early Universe

e UV connection

33



Smallness of neutrino masses

What is the operator for neutrino mass generation?
- Majorana vs Dirac

- scale of the operator

- suppression mechanism

34



Neutrino Mass beyond the SM

® SM: effective low energy theory

Osp  Osp

e only one dim-5 operator: most sensitive to high scale physics

AZJ 2 Weinberg, 1979

MHHLZ'L]' — m,, :)\z‘jvﬁ

om, 7 (AmZ;m)/2 ~ 0.1 eV with v 7 100 GeV, A ~ O(1) = M ~ 104 GeV

e Lepton number violation AL = 2 = Majorana fermions 1

GUT scale

35



Neutrino Mass beyond the SM
L

3 possible portals

H H

Type-| seesaw Type-Il seesaw Type-Ill seesaw
P R
N o N ¢~ ;9
N , Y N /
) ’ ! \\ Z //
Y]:r[\ NR /YN i A /}/ZT/—'—R-—\YE\
14 14
Nr: SU@)e x SU@)w x U()y ~(1,1,0) A: SU@)e x SU@)w x U(1)y ~(1,3,2) Y= (2,5 %7)

Minkowski, 1977; Yanagida, 1979; Glashow, 1979;
Gell-mann, Ramond, Slansky,1979;
Mohapatra, Senjanovic, 1979;

Lazarides, 1980; Mohapatra, Senjanovic, 1980 2Rr: SU(3)c x SU(2)w x U(1)y ~(1,3,0)

Foot, Lew, He, Joshi, 1989; Ma, 1998
36



Why are neutrinos light? (Type-I) Seesaw Mechanism

. . . Minkowski, 1977; Yanagida, 1979; Gell-Mann,
® Add|ng the r‘lghf-handed neutrinos: Ramond, Slansky, 1979; Mohapatra, Senjanovic, 1981

( 0 m,\lv,
" “/
- ) m, M;/\vg

-

mp
m, ~ Moy, ~ <<mp

R

mhea vy = MR

For N , 2
My Am atm

If m, ~m, ~180 GeV

=) M, ~ 10° GeV (GUT!)

37



Grand Unification Naturally Accommodates Seesaw

LHC neutrino mass
from seesaw

N < origin of the heavy scale = U(1)s-L

| I I IIIIIIIIII |IEI I I|

60 - _ or'(w) coupling strengg;ths BN o oxotic mediators = predicted in
- MSSM - many GUT theories, e.g. SO(10)
- EM * MSUSY:N§Z .

40 = 7 16=(3.2.1/6) ~ {uu u
: : [(l d d]

o0 L a +(3%1,-2/3)~(uc us ue)
B _ +(3%,1,1/3) ~(de de d°)
i strong _ +(1,2,-12) ~ (v
B Dimopoulos, Raby, Wilczek, 1981 N [ € ]

e +(1,1,1) ~ e
0 5 10 15T 20 L0y
log,, (u/GeV)

38
MGUT Fritzsch, Minkowski, 1975




Neutrino Mass beyond the SM
L

3 possible portals

H H

Type-| seesaw Type-Il seesaw Type-Ill seesaw
P R
N o N ¢~ ;9
N , Y N /
) ’ ! \\ Z //
Y]:r[\ NR /YN i A /}/ZT/—'—R-—\YE\
14 14
Nr: SU@)e x SU@)w x U()y ~(1,1,0) A: SU@)e x SU@)w x U(1)y ~(1,3,2) Y= (2,5 %7)

Minkowski, 1977; Yanagida, 1979; Glashow, 1979;
Gell-mann, Ramond, Slansky,1979;
Mohapatra, Senjanovic, 1979;

Lazarides, 1980; Mohapatra, Senjanovic, 1980 2Rr: SU(3)c x SU(2)w x U(1)y ~(1,3,0)

Foot, Lew, He, Joshi, 1989; Ma, 1998
39



LOW scale Seesaws my ~ (AM?2atm)2 ~ 0.1 eV with v ~ 100 GeV, A ~ 106

=M ~ 102 GeV

New particles:

Type I seesaw: generally decouple from collider experiments

+ +
Type II seesaw: A" —ete , uTp , 7

+ort
Type III seesaw: observable displaced vertex, dark matter candidate

inverse seesaw: non-unitarity effects

radiative mass generation: model dependent - singly/doubly charged
SU(2) singlet, even colored scalars in loops, dark matter candidate

New interactions:

LR symmetric model: Wgr

BR(X{ = p=WT)

. : : . 2 -~
R parity violation:  tan? ., ~ BR(T S 5w

[References see e.g. Review: M.-C. C., J. Huang, 1105.3188] 40



Cautions!!! Is it really the vrin Type | seesaw?

197 (8 TeV)

1
10
10°
3 —— CLS Expected
10 CL® Expected + 10
CL® Expected + 20
. —— CL_ Observed
10 .......... L3
------ DELPHI
—.— CMS7TeV
10'5 M B E B I
50 100 150 200 250
m. (GeV)

Expanded view of the region:
40 GeV <my < 250 GeV

RH neutrino production thru
active-sterile mixing:

mp 10_4 GeV -6
* T My T 100 GeV

RH neutrino relevant for v
mass generation

o | V| 2=1012

unless extremely fine-tuned

Kersten, Smirnov (2007)
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Higher Dimensional Neutrino Masses

1014 N

1012 N

1010 N

S 1
@‘
S 102
e
N
W
I N AR R FCC
| LHC
Os O Oy O11 O13

Anamiati, Castillo-Felisola, Fonseca, Helo, Hirsch (2019)

1 \" sv\45 o2
M, o € - (x) %
g 1672 A A
Babu, Leung (2001); de Gouvea, Jenkins (2007); .....

e.g. at dm-7, 1-loop
Oy =LLHH(H'H)

For an excellent review on Radiative Neutrino
Mass Generation: Cai, Herrero-Garcia, Schmidt,
Vincente, Volkas, 1706.08524



Higher Dimensional Neutrino Masses

1014 N

1012 N

1010 N

A (GeV)

106 i

104 i

102 B

108 i

S 1
<y>‘
O --1072
o
N
W
. | . _I R R FCC
| LHC
Os O~ Og O11 O13

Anamiati, Castillo-Felisola, Fonseca, Helo, Hirsch (2019)

e () ()

Babu, Leung (2001); de Gouvea, Jenkins (2007); .....

e.g. at dm-7, 1-loop
Oy =LLHH(H'H)

For an excellent review on Radiative Neutrino
Mass Generation: Cai, Herrero-Garcia, Schmidt,
Vincente, Volkas, 1706.08524

Need a lot of work to
have realistic mixing



What if neutrinos
are Dirac?



Small Masses - Dirac Neutrinos

Randall-Sundrum Clockwork Seesaw Mechanism

warped extra dimensions S.C. Park, C.S. Shin (2017); Hong, Kurup, Perelstein (2019);
Babu, Saad (2020) ...

w(o) ~ e(l/2—c)ky

SM (us)

Grossman, Neubert (2000); Huber,
Shafi (2001)

uv

Radiative Mass Figure from Babu, Saad (2020)

Generation

Cheng, Li (1978); ..... SUSY Breaking Arkani-Hamed, Hall, Murayama,
Tucker-Smith,VWeiner (2001)

Hidden sector:

> > Figure from Babu, He (1988);
A h
For clarifications of radiative Dirac Y m3/2 v
neutrino mass generation: see e.g. v ~
Farzan, Pascoli, Schmidt (2012) MP MP 45




anarchy

Flavor structure

46



Flavor Structure - Anarchy

there are no parametrically small

Hall, Murayama, Weiner (2000);
num b ers de Gouvea, Murayama (2003);

large mixing angle, near mass degeneracy
statistically preferred

UV theory prediction can resemble
anarchy

+ warped extra dimensions

heterotic string models: O(100) RH
neutrinos

Buchmudller, Hamaguchi, Lebedeyv,
Ramos-Sanchez, Ratz (2007)

- statistical expectations

with large N (= # of RH
neutrinos)

Feldstein, Klemm (2012)

1 30 f
N=3 {5t N =10
1 20F
1 15¢
1 10 f
E:
,_h‘ ot | 0
00 02 04 06 08 10 00 02 04 06 0.8 10
““““““““““ .
N'=30 st N =100
i 10
‘ . st
(et o DT
00 02 04 06 08 10 00 02 04 0.6 08 10
sin?(26)

a7
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Flavor Structure from Symmetries

Grand Unified Theories: GUT symmetry

Quarks « Leptons

C

.ﬂ

amily qm-

51%th @ 5mmt5

Family Symmetry:

e-family « muon-family e ftau-family



Symmetry Relations

Simmefri = relations amoni iaramefers




Symmetry Relations

Simmefri = relations amoni iaramefers

Symmetry = experimentally testable

at nysical observabl

51



Testing Symmetry Relations = Precision

Symmetry = experimentally testable
correlations among physical observables

mass hierarchy
CP phase

Ov@pe
cLFV

mixing angles

Testing correlations = Precision

52



Non-Abelian Discrete Flavor Symmetries

- Large neutrino mixing motivates discrete flavor

symmetries
* A4 (tetrahedron)
* T" (double tetrahedron)
« S3 (equilateral triangle)

« S4 (octahedron, cube)

* As (icosahedron, dodecahedron)

<— family symmetry —>
(T",SU(2), ...)

* No7

[Eligio Lisi for NOW?2008 ]

Gr

charged lepton
sector

e.g. A4

neutrino

sector

GUT Symmetry
SU(5), SO(10), ...
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Tri-bimaximal Neutrino Mixing

e Latest Global Fit (30) Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou (2020)
sin® B3 = 0.437 (0.374 — 0.626) [Blerog ~ 49.2°]
sin® 015 = 0.308 (0.259 — 0.359) [Bler1o ~ 33.4°]
sin® 013 = 0.0234 (0.0176 — 0.0295) [Blery5 ~ 8.57°]

¢ Tri-bimaximal Mixing Pattern | -
Harrison, Perkins, Scott (1999)

([ V273 VI3 o \ $in? Oaem, TBM = 1/2 sin® 0o, meM = 1/3

Urpuy = | —/1/6 J/1/3 —/1]2

sin ‘913,TBM = 0.
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Neutrino Mass Matrix from A4

Ma, Rajasekaran (2001); Babu, Ma,Valle (2003);
Altarelli, Feruglio (2005)

e Imposing A4 flavor symmetry on the Lagrangian

¢ A4 spontaneously broken by flavon fields

200+u =& —&o
M, = —&o 260 u—¢&o
& u—2& 2&

rélative strengthsﬂ f

e always diagonalized by TBM matrix, independent of the two free
parameters

Neutrino Mixing
Angles from Group
Theory

(V23 1V 0 )
Urpm = | —+/1/6 1/3/3 —1/V/2

\ —V1/6 1/v3 1/V2
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Modular Flavor Symmetries

e Extra dimensional origin of non-Abelian discrete symmeftries

e Modular symmefries Altarelli, Feruglio (2005); Feruglio (2017), .....

e Inspired by string theories

e Imposing modular invariance Y =Y (1)

e Highly predictive models

10D

| from F. Feruglio
4D
<@ @@

=
= w at+b
o milly =—= Im(z) >0 T—=yr=
w1 ct+d
modulus modular symmetry

Compactification
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A Toy Modular A; Model

Feruglio (2017)

]
e Weinberg Operator 7, = 7 [(He- D) Y (Hu- L)y
¢ Traditional A4 Flavor Symmetry

e Yukawa Coupling Y — Flavon VEVs (A, triplet, 6 real parameters)

| @ 2 (20 -¢ -b
Y= (o)=| b = m, = |-c 2b -a
c -b -a 2c

® Modular A4 Flavor Symmetry

e Yukawa Coupling Y — Modular Forms (A4 triplet, 2 real parameters)

Yi(7) 2 (2%(7) =Ya(r) —Ya(7)
Y — ( Ya(7) ) - m, = W“ —Ya(r) 2Ya(7) —Vl(r)]
Y3(7) -Yo(r) =Yi(r) 2Y3(7)
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A Toy Modular A; Model

e Input Parameters:
7 = 0.0111 + 0.99463 ve /A

e Predictions:

Am?
50— = (0.0292
|Amc2ztm| 0 O 9
Sin2 912 = 0.295 Sin2 913 = 0.0447
ocP _ 1 55 2 _ 0.2
m m

my = 4.998 x 1072 eV ms = 5.071 x 1072 eV

Feruglio (2017)

Sil’l2 923 = (0.651

31 _ 1.80

™

ms = 7.338 x 107 eV
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Modular Invariance Beyond Neutrino Flavor

Feynman
Integrals

(Bottom-up)
Flavor
Models

Modular
Invariance

Regularization
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CP Violation



Origin of CP Violation

« CP violation & complex mass matrices
7= = CP —= = «
Ur:i(My)ijQrL,; + QL,j(MJ)jiUR,z' —= Q. j(My)ijUr;: + Upi(Muy)j;QL,;

« Conventionally, CPV arises in two ways:

Y
-« Explicit CP violation: complex Yukawa coupling constants Y :
1

- <

h>

« Spontaneous CP violation: complex scalar VEVs <h>

- Complex CG coefficients in certain discrete groups = explicit CP violation

« CPV in quark and lepton sectors purely from complex CG coefficients
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Group Theoretical Origin of CP Violation

M.-C.C., K.T. Mahanthappa
Basic idea Discrete Phys. Lett. B681, 444 (2009)

symmetry G

H-I A3 <H> <H> <H> <H>
real coupling =Y — —J)— - —l— + _L— + _cL_
L Ri L R2 L Ri L R2

(L|,L2) (R|,R2) C112 Y<A2> C121 Y<A|> 0211 Y<A|> (3223 Y<A3>

< »

. if Zs symmetric = (A1) = (A2) = (A3) = (A) real “ Cijk:
complex CG
- Complex effective mass matrix: phases determined by group theory | coefficients of
G
( Li L )
C112 Co11 :;
M = ( )Y (A)
Ciot G228 3

62



Group Theoretical Origin of CP Violation

M-CC, Mahanthappa (2009); M.-C.C, M. Fallbacher, K.T.

Mahanthappa, M. Ratz, A. Trautner, NPB (2014)

complex CGs = G and
physical CP transformations
do not always commute

Class-inverting outer
automorphism

!

L(Px) Physical CP

n wsiydiowoine
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Outlook
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Outlook

e Fundamental origin of fermion mass & mixing patterns still unknown
e It took decades to understand the gauge sector of SM

* Uniqueness of Neutrino masses offers exciting opportunities fo explore
BSM Physics

e Many NP frameworks; addressing other puzzles

 Early Universe (baryogengesis thru leptogenesis, non-thermal relic
neutrinos)

« New Tools/insights:

* Non-Abelian Discrete Flavor Symmetries = origin of CP

* Deep connection between outer automorphisms and CP

 Modular Flavor Symmetries
* Enhanced predictivity of flavor models

e Possible connection to more fundamental physics
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Example: SU(5) Compatibility = T’ Family Symmetry

M.-C.C, K.T. Mahanthappa (2007, 2009)

* Double Tetrahedral Group T": double covering of A4

- Symmetries = 10 parameters in Yukawa sector = 22 physical observables

- Symmetries = correlations among quark and lepton mixing parameters

913 ~ (9@/3\/§ — CGs of no free

SU(5) & T° parameters!

1
tan® 0o ~ tan” 0o rBar + §9c COS 0.

G

‘ i leptonic
- 1! CP phase

§ quark Cabibbo § ks
| mixing

e

s

¢ neutrino
- solar mixing




Group Theoretical Origin of CP Violation w-cc m rase: < varancrappa.

M. Ratz,A.Trautner, NPB (2014)

complex CGs => G and physical CP transformations do not commute

—_

Ox) — Ucp (P x)

pr(u@) = Urpr( U, VgeGandVi

(u has to be a class-inverting,
involutory automorphism of G

> non-existence of such automorphism
In certain groups

> calculable physical CP violation in

generic setting
L J

n wsiydiowolne

examples: T7, A(27), .....
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