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LFV from muon decay

Upper limit on Br
ut — ety < 5.7Tx10713
ut—etete < 1.0x10712
" Ti—e Ti < 6.1x10713
n"Au—e Au < Tx1071S

MEG experiment updates/discovers(?)

ut — ey

COMET/Mu2E will discover(?)
i =pe

In near future
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3.2 Muon g-2 discrepancy motivation to muonic force

Hagiwara, Liao, Martin, Nomura, Teubner, JPG38, 085003 (2011)

* The discrepancy between theory(SM) and experiment is

Aay = a® — a;™ = (26.1 +£8.0) - 107'%(3.30)

* In L,—L: models, we have an additional contribution.

ﬁ, 10-2 EI””“ LR R R T T TTTT] T T T

The discrepancy of muon g-2 104 '2 '1 m--nlol .......11 -
can be explained in the red region with in 2. 10° 10 10° 10

M [GeV]
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3.3 lceCube Gap

The IceCube Neutrino Observatory - High Energy Neutrinos

Including
u u
IceCube Lab
e, Cosmic Neutrino
e AT = S / 81 Stations, each with
SsomC— gl e g m Cherenkov d;l::.tor tanks
\ ; 324 optical sensors g
|| ' IceCube Array ——
\ 86 strings including 8 DeepCore strings Configuration
| f ﬁmmﬁmm’ chronology
December, 2010: Project completed, 86 strings 2006: 1C9

2004: Project Start issing ||| 2997 122

P e 2011: Project completion 86 strings 2008: IC40

DespCore | 2009: 1C59

sirings-spacing optimized for lower energies 2010: IC79

480 optcal sensors
Eiffel Tower 2011: IC86
324 m

2450 m
2820 m

Full operation with all strings since May 2011
Digital Optical Module (DOM)



High energy cosmic neutrino

Target: Neutrinos produced in cosmic-ray interactions
with gas ( p ) or radiation (7 ), followed by pion decays.

@ Source

Ve : Vy @ Vs

=1:2:0

“On-source” v TeV -PeV

m
p/afte,. pPpP>nT>V
/
p\ "'\D“ 'Yp S>>V

T@&\‘a photopion production
“GZK” cosmogenic v

100EeV p

@ Earth

oscillation > ~ 1 . 1 . 1




High energy cosmic neutrino

Target: Neutrinos having energies of O( TeV — PeV ) .

<— Solar v (8B)
+<— SN relic v

amll Atmospheric v

The main background for astro-v

“On-source” astro-v
‘produced at the UHECR sources

= “GZK” cosmogenic v
3 produced in the CMB field
m--M.\.‘f...a il SEV TV I - - A EeV . o

1 197 10 10% 10"™ 10" 10" 10" 19™ 10" 10" 10'7 0™ q1g®

Energy [eV]

£
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th
9
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@
[+1]
=
2
.

dJ
dE
1

el T oshida



Three-year data

Neutrino flux (v + ) as a function of its energy.

[ PRL113 (2014), 101101 ] 1. Itrejects a purely
atmospheric explanation
4 L T T L T T T . T T T
- Best fit ——— at 5.7 sigma.
= 35 IceCube —— -
;,”’ 31 I 2. The data are consistent
§ 25 \ i with equal (1:1:1) flavor
> o | A ] _ : .
o) IR ratios and ISOtropic
A R T arrival directions.
= =
1 B N e ) T 3
N9> 05 | \\tj J I | " The best-fit power low is@
u PR ovter E
0 A | . A 1 Ll R R | e @E — 1%
10° 10° 10’ 108 (B) =9 [100TeV]
Ev [GeV] 2 Combined analysis:

[ Astrophys. J. 809 (2015) 1, 98 ]



Gap or fluctuation?

Neutrino flux (v + ra function of its energy.

[ PRL 113 (2014), 101101 ] 1. Itrejectsa purely
atmospheric explanation

at 5.7 sigma.

2. The data are consistent
with equal (1:1:1) flavor

ratios and iSOtropic
arrival directions.

The best-fit power low is
E
O(F) = -
10’ 108 (E) =¢ [100T6V‘

% Combined analysis:
[ Astrophys. J. 809 (2015) 1, 98 ]

N
()

E‘,2 @ [10° GeVem?s™

400 TeV — 1 PeV
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3.4 Hubble Tension

Hubble Tension : Tension between two methods to measure H,
. Indirect : CMB measurement
Indirect Direct
Planck2015

N\ —— with A CDM

LN\
®

Far universe, far past

Direct : original definition
cz = Hyd

N, eff
w
7

2.5

- Near universe, near past

= Planck TTTEEE+lowP
= Planck TTTEEE+lowP + BAO

295 = 0 Eh N 3.3-3.5 > 3.04
H, Mpc 'km/s
José Luis Bernal, et al. Journal of Cosmology and New particle ?

Astroparticle Physics, Vol. 2016, No. 10, p. 019 (2016)



—a—M)/ixkE)

—a— Y JICBEEAES R DS NE
21-FAVORBERESE

Sa—FAVHAEDLDOICEENICE L AL E
IceCube Gap

—a— N JICEBL<H LWARBE

Hubble tension
—a—MYU/BIEFT L WRIFHARE



7. Phenomenology

¢ 2.1 lceCube Gap
(PRD 91 (2015) 3037301, PRD 93 (2016) 7 076006)
e 2.2 Hubble Tension



4. A new gauged U(1): Lp - Lt

We introduce a new U(1) gauge symmetry associated with
the muon number minus tau number: U(1), _;, .

1
£=L@m—ZZ@ZW":i;gﬁ£+~Hm%%ZW

+gZ’(ﬂ,u7pPLV,u o DTfprLVT + :afyp:u o %VPT)Z;

L,—L,
New gauge coupling New gauge boson

1. No quantum gauge anomalies.

2. No LFV couplings.

3. Large atm. and small reactor mixing:

4. A possible solution for muon anomaldf,; = 45°, 6,5 = 0°..
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4.7 lceCube Gap

The IceCube Neutrino Observatory - High Energy Neutrinos

Including
u u
IceCube Lab
e, Cosmic Neutrino
e AT = S / 81 Stations, each with
SsomC— gl e g m Cherenkov d;l::.tor tanks
\ ; 324 optical sensors g
|| ' IceCube Array ——
\ 86 strings including 8 DeepCore strings Configuration
| f ﬁmmﬁmm’ chronology
December, 2010: Project completed, 86 strings 2006: 1C9

2004: Project Start issing ||| 2997 122

P e 2011: Project completion 86 strings 2008: IC40

DespCore | 2009: 1C59

sirings-spacing optimized for lower energies 2010: IC79

480 optcal sensors
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High energy cosmic neutrino

Target: Neutrinos produced in cosmic-ray interactions
with gas ( p ) or radiation (7 ), followed by pion decays.

@ Source
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High energy cosmic neutrino

Target: Neutrinos having energies of O( TeV — PeV ) .

<— Solar v (8B)
+<— SN relic v

amll Atmospheric v

The main background for astro-v

“On-source” astro-v
‘produced at the UHECR sources
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Three-year data

Neutrino flux (v + ) as a function of its energy.

[ PRL113 (2014), 101101 ] 1. Itrejects a purely
atmospheric explanation
4 L T T L T T T . T T T
- Best fit ——— at 5.7 sigma.
= 35 IceCube —— -
;,”’ 31 I 2. The data are consistent
§ 25 \ i with equal (1:1:1) flavor
> o | A ] _ : .
o) IR ratios and ISOtropic
A R T arrival directions.
= =
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Gap or fluctuation?

Neutrino flux (v + ra function of its energy.

[ PRL 113 (2014), 101101 ] 1. Itrejectsa purely
atmospheric explanation

at 5.7 sigma.

2. The data are consistent
with equal (1:1:1) flavor

ratios and iSOtropic
arrival directions.

The best-fit power low is
E
O(F) = -
10’ 108 (E) =¢ [100T6V‘

% Combined analysis:
[ Astrophys. J. 809 (2015) 1, 98 ]

N
()
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Gap or fluctuation?

Neutrino flux (v + 7) as a function of its energy.

[ PRL 113 (2014), 101101 ] 1. Itrejectsa purely
atmospheric explanation

at 5.7 sigma.

<

8 GeV cm'2 s'1
N

o
= 1 :
Ne> 0.5 " The best-fit power low is
L EU
’ j . 107 108 2(E) =¢ [100TeV ‘
400 TeV — 1 PeV

% Combined analysis:
[ Astrophys. J. 809 (2015) 1, 98 ]



loka, Murase, PTEP2014, 061E01
Ng, Beacom, PRD90, 065035 (2014)

Secret neutrino interaction e kanets, proso, 053011 (2014
The Gap may indicate Secret Neutrino Interaction (vSI).

,--‘

vB /

%eCube

AG \ DD L

9
Cosmic v; Vk 7= 5 (s — MZ,)2 + M2,T%,
4 Cross section is enhanced as V'S =~ M z’
\/g — \/(pCosmic + pCz/B)2
CvB 7 ~ \/ 2Ecosmicm§: MeV

-3
V/s : center of mass energy 500 TeV 10 eV



Secret neutrino interaction

Rough estimation of the mass of X and its coupling.

New physics at the MeV scale
is a possible candidate

(1) for the IceCube gap!!

me,g =~ (001 —0.1) eV E, ~1PeV
(2) To attenuate sufficient amount of cosmic neutrino:

o> 1073 cm? > g>10""




A new gauged U(1): mu - tau

We introduce a new U(1) gauge symmetry associated with
the muon number minus tau number: U(1), _;, .

1
£=L@m—ZZ@ZW":i;gﬁ£+~Hm%%ZW

+gZ’(ﬂ,u7pPLV,u o DTfprLVT + :afyp:u o %VPT)Z;

L,—L,
New gauge coupling New gauge boson

1. No quantum gauge anomalies.

2. No LFV couplings.

3. Large atm. and small reactor mixing:

4. A possible solution for muon anomaldf,; = 45°, 6,5 = 0°..




Parameter region

gz ~ 10_4 - 10_3
MZ’ ~ 10 — 100 MeV

10°



Secret neutrino interaction
Rou Challenge '

g-2 and IceCube gap
simultaneously ??

(1) Resonant condition requires:

My ~ /2B mg 5 ~ 1 — 10 MeV 2B )

me,g =~ (001 —0.1) eV E, ~1PeV
(2) To attenuate sufficient amount of cosmic neutrino:

o> 1073 cm? > g>10""




Propagation of neutrinos

A propagation equation for cosmic neutrino:

on; 0 ..
(‘;5 — 9E. .+ L; — cnoyn; Z o C”B — VD)

C

(1, 7SVB — v;D)
+cneoun Z/ dEknk k” dEk

c: speed of light
dni

z: redshift parameter
dFE;

NcyB : number density of CnB



Gap: Source distribution

Diffuse neutrino flux for several types of source distribution.

Normal hierarchy

my1 = 0.08 eV

( quasi-degenerate )
MZ’ = 11 MeV
gz =5x107%

( Eey = 107 GeV )

Ev2 @ [10° Gevem?s™ s

3

o
o

N

-
(3}

—

0.5

SFR ——
GRB — — -
(1+2), .. =4
(1 +Z)5, Zmax=1 ......

Icen&%(be o

10° 108 107
E, [GeV]

Source distributions have @ small impact on the flux.



4.3 Hubble Tension

Hubble Tension : Tension between two methods to measure H,

. Indirect : CMB measurement
Indirect |7Direct
» \ Planck2015 with ACDM
Far universe, far past
3.5+ _

Direct : original definition
cz = Hyd

- Near universe, near past

= Planck TTTEEE+lowP
= Planck TTTEEE+lowP + BAO

%o 65 70
H, Mpc 'km/s

80

i . In SM Neff = 3.04
José Luis Bernal, et al. Journal of Cosmology and K.Akita and M.Yamaguchi Journal of Cosmology and
Astroparticle Physics, Vol. 2016, No. 10, p. 019 (2016) Astroparticle Physics, Vol. 2020, No. 08, p. 012 (2020)



Hubble Tension : Tension between two methods to measure H,
. Indirect : CMB measurement
Indirect Direct
Planck2015

N\ L —— with A CDM

LN\
®

74

Far universe, far past

Direct : original definition
cz = Hyd

N, eff
w
7

2.5

- Near universe, near past

= Planck TTTEEE+lowP
= Planck TTTEEE+lowP + BAO

%o 65 70
H, Mpc 'km/s

José Luis Bernal, et al. Journal of Cosmology and New particle ?
Astroparticle Physics, Vol. 2016, No. 10, p. 019 (2016)

L Mg 3.3-3.5>3.04



Solution by Lu — L7 Gauge Boson

Neii, with v-oscillations, € = g, /70

102 g
102
i
& Cf. 1
Mz, ~ 10 — 100 MeV
10 g [ I : -
104 — 0 10! 10° 10°
10! 102 M. [MeV]
mz (MeV) ’
M. Escudero, D. Hooper, G. Krnjaic, and M. Pierre, PRD 93 (2016) 7 076006

“Cosmology with A Very Light Ly — Lt Gauge Boson,”
JHEP 03 (2019) 071 [arXiv:1901.02010]



Nett (NZ¢ = 3.4)

1077 5

(My,97)  (13MeV,5.0 x 1074

10 -
5 Suitable for both g-2 and icecube
Majoron is included

1079 E

~ 10—10 _

10711 4

107%2 Asai,Asano,JS,Yang, 2309.01162

10—13
10~ 10° 10!

Mg [MeV]
1MeV
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« (PRD 100 (2019) 9 095012)
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ReﬂOI’ma|Izab|e L” - L'l' mOdel see next subsection

Gsm X U(1)y,-1, x U(1),

Lepton number U(1),
(Softly broken)

Uy,

1 Symmetry breaking 1

by scalar(s)

Light scalar ¢ (Majoron)

in addition to Z'mass




Renormalizable L, — L; model
« Z' ingeraction

L, = ! 7'Po7! L 2 Z'P7! Z' P
Z/—_Z po‘+§ mz’ p+gu—r p]u—r

Zye = 0,25 — 052, ,

=U,T)

7' o vy, (a
Jy—z = fiyPu+ v,y Py, — TyPT — Uy PPy,

b < vV

Z'vy & ¢pig WeovbdHl))

* ¢

i s Z'povy Weoibdhl))
Lo =hepgVpavip¢+h.c

Should be included




Large -1 mixing from neutrino oscillation

=
Suggesting a symmetry between u -t flavor 7

—
Lu-L 7 is one of such a symmetry.

Indeed many physicists make models based on it
to explain neutrino mass and lepton mixing !!



Zero texture and large mixing

Merits of the symmetry

Mass matrix in U(1) . _,.

« U(1) charges of a Majorana mass matrix.

Lp-Lt

(@ T_—i
QLM—LT(MMajorana) — 0 )

* Thus, the mass matrix is given by

MMajorana — ( )

Large mixing

= O X
X o O
= X O

>



Zero texture and large mixing

Mass matrix in U(1) . _,.

« U(1)

Lp-Lt

QL —L, MMaJorana) — (.%)

charges of a Majorana mass matrix.

* Thus, the mass matrix is given by

MMa_jorana = (

S O X

X O O

R o

U Tl MMaJorana: (

e

X

X

X

X © O

OXX

Tﬁél

H



Zero textures

Zeros in neutrino mass matrix gives constraint =

prediction g w0y
* One zero yields two conditions. MVV( s B L )VT
. Zero textures e 000
Mz/ a :0 VMNSU‘( o 0 0)
( ) b \ 0 0 0 )

&.>(m162ial)UalUbl —|— (m262iaz)Ua2Ub2 ‘l‘ (m3)Ua3Ub3 = O
. Zero-minor textures

(Mr/_l)ab =0

1 1 1
. ———— U1 U — U, U, —U,3Ups =0

4Testable !




Our model

Majoron here !

Particle contents _ 2generations
bre,br, tr, |tRe; €Ryy LR, (NR.; NR () | NLe> N,y |[H ® SL Sp‘r‘
Ul),_p.| 0.L,-1 | 01,-1 | 0,1(=1) | 0,1(=1) (0|0 |0 |1
U1y 1 1 1 1 0|—2/-2] 0
SU(2), 2 1 1 1 212111
:Model-A: (N, NRU)=(O, 1) (N_., NL“)=(O, 1)
:Model-B: (N, N.)=(0,-1) (N_,N_)=(0,-1)



h. Summary

Lu—LTis very interesting in phenomenology, explaining

muon anomalous magnetic moment
IceCube Gap
Hubble tension etc.

Probably relevant with neutrino mass and lepton mixing

It is a gauged family symmetry
Suggesting Grand-Grand Unification , gauge and family unification

Candidate framework

Nonlinear supersymmetric realization ?, Coset Space Dimensional Reduction ?
CosetSpace structure seems interesting



