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#1.
Cornering the parameters of the vSM



Playground of the vSM(+ACDM)
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Playground of the vSM(+ACDM)

cf. Tab.2 in 1902.04097
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Playground of the vSM(+ACDM)

Please excuse me for
the incomplete list.
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2019 KATRIN 1st result

2020(-2030) LSST
LSS, BAO nearby

2021(-2026)

LEGEND-200
megp = 0.034 — 0.09eV

JUNO
LHC run-3 (L=300/fb)

2022(-2028) Euclid ,
Z~

2024- HL-LHC (L=3k/fb)

2026(-2036)
DUNE, HK

2027- SKA

Cosmic dawn z~10
20307-

LEGEND-1000
mag = 0.011 — 0.028eV



If we will face a conflict...?



...New Physics in Ov2b?

e.g., LBL&Cosmo: NH, Ov2b: Discovered at mgg ~ 0.05 eV

T
Zysm ~ G —2P quddee
p p =~ 0.1|GeV]

Standard contribution



...New Physics in Ov2b?

e.g., LBL&Cosmo: NH, Ov2b: Discovered at mgg ~ 0.05 eV
€

€
U

d d

mﬁg L e C o o
uuddee ANp = ——uudd

p2 p~ 0.1/GeV] NP A15\TP uuadee

2
c‘g/ﬂVSM ™ GF

Standard contribution New Physics contribution



...New Physics in Ov2b?

e.g., LBL&Cosmo: NH, Ov2b: Discovered at mgg ~ 0.05 eV
€

U

d

d
”;{35 uiddee Sp = S auddee

p = 0.1[GeV] Ap
Sensitivity to mgg = Sensitivity to NP at the scale Anp

m ! C i 0.05eV )
p ANP i ‘mﬁﬁ |eXp- _
For early studies, e.g., Riazuddin et al. (1981),

2
O%VSM ™ GF
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Rizzo (1982), Keung&Senjanovic (1983) Ov2b exp. are sensitive to NP@TeV



What are the effective ops made of”

€ €




What are the effective ops made of”

Bonnet et al., 1212.3045

AN I A
)

- H—<—O =

S/V SV
fedu,d, e} J

Mgy vy, My ~ Anp



What are the effective ops made of”

Long Mediator (U(1)em. SU(3).)
# Decomposition Range? SoarV, W S’ or Vé' Models/Refs. /Comments
15 (ud)(€)(e)(ud) (&) (+1,1) (0,1) (—1,1) Mass mechan., RPV |58-60],
LR-symmetric models [39],
Mass mechanism with vg [61],
TeV scale seesaw, e.g., |62, 63|
(+1,8) (0, 8) (-1,8) [64]
1-ii-a  (&d)(@)(d)(e€) (+1,1) (+5/3.8) (42,1)
(+1,8) (+5/3.8) (+42,1)
1-i-b  (ud)(d)(i)(e€) (+1,1) (+4/3.3) (42,1)
(+1,8) (+4/3,3) (42,1)
2i-a (ud)(d)(e)(ue) (+1,1) (+4/3,3) (+1/3,9)
(+1,8) (+4/3.3) (+1/3,3)
2ib  (ud)(é){d)(ue)  (b) (4+1,1) (0,1)  (+1/3,3) RPV [58-60], LQ [65,66]
(+1,8) (0,8) (+1/3,3)
ii-a  (ad)(i)(€)(de) (+1,1) (+5/3,8) (+2/3,8)
(+1,8) (+5/3,8) (+2/3,8)
2ii-b  (ud)(é)(@)(de)  (b) (+1,1) (0,1)  (+2/3,3) RPV [58-60|, LQ [65,66]
(+1,8) (0,8) (+2/3,8)
2ii-a  (de)(a)(d)(me) (¢) (—-2/3.3) (0,1) (+1/3,F) RPV [58-60|
(-2/3.3) (0,8 (+1/3,3) RPV [58-60|
2iii-b  (dé)(d)(i)(ié) (-2/3.3) (-1/3.8) (+1/3,3)
(-2/3.3) (-1/3.6) (+1/3,3)
31 (uu)(e)(e)(dd) (+4/3,3) (+1/3.3) (—2/3,3) only with V, and V,
(+4/3.6) (+1/3.86) (—2/3,6)
3 (ua)(d)(d)(ee) (+4/3,3) (+5/3,8) (+2,1) only with V,
(+4/3.6) (+5/3.8) (+2,1)
i (dd)(u)(u)(€€) (+2/3,8) (+4/3,3) (4+2,1) only with V,
(+2/3,6) (+4/3.3) (+2,1)
41 (de)(u)(m)(de) (¢) (—2/3,3) (0,1) (+2/3,8) RPV [58-60
(-2/3,3) (0.8) (+2/3,3) RPV [58-60]
4ii-a  (aa)(d)(e)(dE) (+4/3,3) (+5/3,8) (+2/3,8) only with V,
(+4/3.6) (+5/3,3) (+2/3,3) see Sec. 4 (this work)
4ii-b  (uun)(e)(d)(de) (+4/3.3) (+1/3,3) (+2/3,3) only with V,
(+4/3.6) (+1/3.6) (+2/3,8)
51 (ue)d)(d)(ue) () (-1/3,8) (0,1) (+1/3,3) RPV [58-60]
(-1/3,8) (0,8 (+1/3,3) RPV [58-60)|
5-ii-a  (ué)(u)(€)(dd) (—1/3,8) (+1/3,3) (-2/3,3) only with V!
(-1/3,3) (+1/3.6) (—2/3,6)
54i-b  (mé)(e)(w)(dd) (—1/3,8) (—4/3.8) (-2/3,F) only with V!
(—1/3,3) (-4/3.8) (-2/3,6)

Bonnet et al., 1212.3045
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What are the effective ops made of"

DOSONS

Long Mediator (U(1)em. SU(3):)
# Decomposition Range? SorV, v S’ or V;: Models/Refs. /Comments
1-1 (ud)(€)(€)(ud) (a) (+1.1) (0,1) {(=1,1) Mass mechan., RPV |58-60],
LR-symmetric models [39],
Mass mechanism with vg [61],
TeV scale seesaw, e.g., [62, 63|
(+1.8) (0, 8) =08 [64]
I-i-a  (ud)(u)(d)(e€) (+1,1) (+5/3,8) (42,1)
FL8) (1+5/3.3) (+2,1)
1-i-b  (ud)(d)(a)(&€) (+1.1) (+4/3,8) (+2,1)
N8 (+4/3,3) (+2,1)
2i-a  (ud)(d)(€)(ue) (+1.1) (+4/3,3) (+1/3.9)
GPRs  (+4/3,3) (+1/373)
2-i-b  (ud)(é)(d)(ué) (b) (+1,1) (0,1) (+1/3,3) RPV [58-60|, LQ [65,66]
(+1,8) (0, 8) (+1/3,3)
2ii-a  (ud)(i)(€)(de) (+1,1) (+5/3.8) (+2/3,8)
P  (+5/3.8) (+2/3.8)
2ii-b  (ad)(é)(u)(de)  (b) (+1,1) (0,1) 2/3.3) RPV [58-60], LQ [65,66]
(+1,8) (0, 8) 2/3,3
2-ii-a  (de)(u)(d)(ue) () (—2/3,3) (0,1) (+1/3,3) RPV [58-60]
2/3.3) (0, 8) (+1/3.3) RPV [58-60
2-iii-b  (dé)(d)(u)(ueE) 2/3.3) (—1/3,8) 1/3,3)
2/3.3) (-1/3,8) 1/3,7)
31 (uu)(é)(€)(dd) (P38 (11/3.3) S2/8)8) only with V, and V,
(+4/3.6) (+1/3.6) (=2/3.6)
i (ma)(d)(d)(ee) GRS (15/3,3) (+2,1) only with V,
e (15/3.3) (+2,1)
il (dd)(u)(u)(€e) (F2/3.8) (+4/3.3) +2,1) only with V,
CE23i8) (+4/3.3) 2,1)
41 (de)(a)(a)(de) () 2/3.3) (0,1) 2/3,3) RPV [58-60]
2/3.3)  (0,8) 2/3.3) RPV [58-60)
4-li-a  (uua)(d)(e)(de) (F4/3.8) (+5/3,8) 2/3.3) only with V,
(H4/3:6) (+5/3.3) 2/3.3) see Sec. 4 (this work)
4-ii-b  (ua)(é)(d)(de) Fe38) (+1/3.3) 2/3,8) only with V,
(+4/3,8) (+1/3.6) 2/3,8)
5-1  (ue)(d)(d)(ue) (c) (—1/3,8 (0,1) 1/3,3) RPV |58-60)
3,8 (0,8) (+1/3.3) RPV [58-60)
5-ii-a  (ué)(u)(e)(dd) 3,3) (+1/3,3) =218 only with V]
3.3) (+1/3.6) (=2/3.6)
5ii-b  (ué)(é)(u)(dd) 3,3) (-4/3.3) {=238) only with V)
3.3) (—4/3.3) (=2/306)

fermions :

Bonnet et al., 1212.3045

f f f f

-€ -.—?72—0- -
S/V SV
fed{u,d, e} /
Colored diguarks

Colour-1 diguarks

W=, W'=, and H*
Dilepton

Leptoquarks

Gluino-like fermion
Vector-like quarks
Neutral fermion, v, N



Searches for the mediators
at LHC



Diguarks

cf. Han et al., 1010.4309

2 2
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(with the SM W-like coupling)
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Sensitivity at Ov2b exps. (with ¢ = 1)

- 0.05eV
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comparable to the L




| eptoquarks

cf. Buchmueller Rueckl Wyler (1987)
Belyayev et al., hep-ph/0502067
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Dace suppression.
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Dilepton aka Doubly charged boson

cf. Han et al. 0706.0441 .

Crivellin et al., 1807.10224

1400: rot (e ) R : :
;::- '.’FS/mé‘:fO‘;O"l% ......E.'.E....:.S..E...o‘----<
1200,{,@5.. _ booeePensdondeiedefebdnacs '..'.,_4::.-J
7 Mn(AB/B) = $0% - B
-: """ /",v" """ ’]
1000}

400F

Exclusion and dscorery eaches frpp > o'e'ee_| Production: EM Drell-Yan
T Climg = 20% :::::;::::g:::;::g:::;:;:;::g::::::::::é:::::;:| Signal: pp — 4e, resonance in M.

€

p 4 .

Y AT
\S—H—

- bons

€

200 f:‘{“ili‘h*i N There is a dilepton search at ATLAS [1903.06248].
10 50 100 500 1000 However, it assumed that the dilepton also couples
Luminosity [1/fb] to quarks: qq v 9 3 ee

Future prospects of the searches for
To produce a pair of them, we need

We have only quS
neavier dileptons

nigh /s = HE-LHC

Crivellin et al.,

Mq > 8TeV with O(1) coupling) @||_C-250 (through Bhabha scattering) 1s07 10204



Coloured fermions

Colour-8 fermion (glUinO'”ke) cf. Octet boson@LHC, Chen et al.,1410.8113

Production: Pair-produced through g
Signal: ¥(8) — ¢Sr.q — q@¢  2j+a lepton



Coloured fermions

Colour-8 fermion (gluino-like) f. Octet boson@LHC, Chen et al.,1410.8113
Production: Pair-produced through g
Signal: Y(8) = ¢SLq — qq¢  2j+alepton
uino in SUSY § — ¢¢" — qgx  2j+Missing E
uino in RpV SUSY »(8) = qqq 3] ATLAS, 1804.03568

G)

Q)

LHC run-lIl will set the bound at M,, > 2.5TeV



Coloured fermions

Colour-8 fermion (gluino-like) of. Octet boson@LHC, Chen et al.,1410.8113
Production: Pair-produced through g
Signal: Y(8) = ¢SLq — qq¢  2j+alepton
uino in SUSY § — ¢¢" — qgx  2j+Missing E
uino in RpV SUSY »(8) = qqq 3] ATLAS, 1804.03568

G)

Q)

LHC run-lIl will set the bound at M,, > 2.5TeV

Colour-3 fermion (vector-like guark * Search for 6 should be essentially the same

Production: Pair-produced through g

Signal: Depends on the int. VLQs have
e.g., ¥(3) = uS — uue

Typically the bounds are around ~1 TeV . Nikiforou, 1808.04695



Neutral fermions

SM v, sterile v, heavy right-handed v, etc...
Typical signal for TeV N is pp — ££37 through the EW Drell-Yan

Ov2b [ Y (=0*  Direct test of LNV
contribution to Ov2b

LHC bounds depend
J} LHC on the “ingredients”




Neutral fermions

SM v, sterile v, heavy right-handed v, etc..
Typical signal for Tev N is pp — £47] through the EW Drell-Yan

Ov2b (0 Direct test of LNV
contribution to Ov2b

LHC bounds depend

d C on the “ingredients”
WR-N-WR, CMS 1803.11116,
WR—N WR msplred by LR sym. ATLAS 1809.11105.
|!: 35t :dsil;ggrev e ;/Iajor;maN eechannel_il WR COlour—1 dlquark MWR z 4 TeV

- — Obs. 95% CL limit of e

S rEmmi U | Ov2b amp. mediated by W-N-Wx
| STe\/r {STeV}
Mw,] | My

CCIExp. limit +26 28 >
1.5E
™

ot /" | comparable with

SR P - wir il T FEWEE FTEEE PR PR e
1 15 2 25 3 35 4 45 5 55 —19 _5 mpag
My, [TeV] AOVQB =6.8-107"7|GeV 7] [O 056\7}

| Ao 2g ' =2-1072°[GeV 7] {




Neutral fermions

SM v, sterile v, heavy right-handed v, etc..
Typical signal for Tev N is pp — £47] through the EW Drell-Yan

Ov2b u (0 Direct test of LNV
contribution to Ov2b

LHC bounds depend
d LHC on the “ingredients”

W-N-W msplred by e.g., eV seesaw W-N-W, CMS 1806.10905
/| Bound is much weaker than Wr-N-Wrg

2 1T
AN = 107 14[GeV {VGN} { GV}

. N E T
z = CMs

> L 95% CL upper limit
T i0'e- e e e 0 0 0 o l ° /o ou

0.1 M
= o | If LHC sees this N, Ov2b has already seen it.
N e cf. e.g., Blennow et al., 1005.3240

TE e —19 —51 | _Mpp
5 5 A3 =6.8-10710[Gev 7] | - OSeV}



Short summary for NP in Ov2b

A conflict among Ov2b, oscillation, and cosmology in future
may suggest NP beyond vSM.

Ov2b experiments are sensitive not only to Majorana neutrino
mass, but also to NP at TeV.

The searches for the mediators are on-going at LHC.



#2.

We will have large "neutrino”
detectors In the next decade...



Current status of the v osc. exps

Neutrino physics Is shifting from Discovery phase to Precision era

NO. 10 (w/o SK-atm) NuFIT 4.1 (2019
S S Sl ( ) | Esteban et al., 1811.05487
1] | L LV L 1] 0 0 B [ ] ] ] 4 1 AL L) " UL LI '
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NN [~ = Nx i "
g [ : - g
5 — 5 — 3=
oLLLJJJJIJ liljllLlJ-‘ -llllllljl 1 Llllljlll lllllll llllllll-‘b lllll l lllll l\
0.2 0.25 0.3 0.35 0.4 6.5 7 7.5 8 85 00 018 002 0022 0024 0026 0 90 180
sin” 0,, Ami, (10° eV?) sin’ 0,, Oep

We will know

CP violating phase
Mass hierarchy

Octant of 053

0 .
04 045 05 055 06 065 -26 25 24 24 25 26
sin’ 0,, Am‘z2 [10'3 eV2] Am§1

More precision = More statistics = Large volume detectors



Large volume “neutrino” detectors
20 kt liquid scintillator AmZ, L
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Start taking data in 2021
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Liquid Ar TPC —
4 x 17 kt (Fiducial 10 kt) modules
Installation of the 1st Mmoo Ie N 2025

“““““““““““

(W 1 | Am2 L
] Matm. o z
}f“::» Hyper Kamiokande AE 9
200 kt (Fiducial 190 ki)
Water Cherenkov Proposal:

Expected to start in 2026 2nd detector in Korea

MEXT: green-light to the construction



L arge volume "neutrino”™ detectors

S European Spallation Source v SuperBeam
6350 https://essnusb.eu W
MEMPYHS (MEga-ton Mass PHYSics) proposal

0.5 Mt (fiducial) WC LAGUNA, hep-ex/0607026
(240k 8"PMTs, 30% photo cover.)

/—2nd OSC. maxmum

1200 +
¥ i J

g

Baseline length [km]|
g g

200' 2 - 2 €24 #
1t protan-on-{arget in 2023



https://essnusb.eu

Kamioka-NDE »z#»v=

Neutrino Detection Experiment

Nucleon Decay  Experiment



Why NDE? - GUT!

Why GUTS? —— ¢p +qe. = 0




Why NDE? - GUT!

Why GUTS? —— ¢p +qe. = 0

— Quarks and leptons in a box
10 > {URC, Q, €RC}
55 {dRC, L}

Georgi Glashow (1974)

Citation: M. Tanabashi et 3/, (Particle Data Group), Phys. Rev. D 98, 030001 (2018)

N BARYONS
(S=0, /=1/2)

p, Nt = uud:  n, N° = udd

1(4P) = 33

Mass m = 1.00727646688 + 0.00000000009 u
Mass m = 938.272081 + 0.000006 MeV (2]

m, — ms|/m, < T x 10~10, CL = 90% b}
% |/(7‘,’,P;) = 1.00000000000 + 0.00000000007

g, + gal/e < 7x10710 CL = 90% [®]
qp + Qel/e < 1x10-2 [¢]

Viagnetic moment i = Z./928473446 + 0.0000000008 ppy
fo 1+ N1 —fn221n0)\0 106




Citation: M. Tanabashi et 3/, (Particle Data Group), Phys. Rev. D 98, 030001 (2018)

Why NDE? - GUT! T

(S=0, /=1/2)

Why GUTS? —— ¢, + ¢ = 0

p, Nt = uud: n, N° = udd

. Py -
— Quarks and leptons in a box | [2] 10P) = 34)
c c Mass m = 1.00727646688 + 0.00000000([)0]9 u
Mass m = 038.272081 + 0.000006 MeV @
10 5 {U’R y Q? CR } |m, — ms|/m, < 7x1071°, CL = 90% (b}

q
- C |,%l;) l / (;;,BF—’) = 1.00000000000 -+ 0.00000000007
5 9 {dR ’ L} g, + asl/e < 7x1071% CL = 90% (6]

|95+ ge|/e < 1x 107 (<]

Georgi Glashow (1974) Magnetic moment j1 = 2.1928473446 + 0.0000000008

& b w VN 4w —In21n0\v 1n—0

Grand unifications in general suggest...

60 —

= . o B Lifetime is 50 |
roughly... 40|

p X 5 1€ 0l d

1(2&1% g uLlo 1 5| g° T Mx ~ A0 GeV

7.(.0 — ~ M- | = 20 + |

o g o Tp P Mz i | d

Georgi Quinn Weinberg (1974) Bl e PDG  sorrsysyse2

0 & 39 0 5 10 15
T(p = me") ~ O(10°%) yrs 0910(Q/GeV)

which is reachable with an O(1) kt detector in a year — NDEs
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Proton decay—GUT?

Review the possibilities
w. a bottom up app.

Benchmark modes
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Bottom up approach - SMEFT

At d=4, SM conserves B and L (at the perturbative level)



Bottom up approach - SMEFT

At d=4, SM conserves B and L (at the perturbative level)
At d=5, SMEFT accommodates Majorana masses for neutrinos

C __
Ly = K(LCiTQJLI)(HiTQL) + H.c. AL =2  Weinberg(1979)



Bottom up approach - SMEFT

At d=4, SM conserves B and L (at the perturbative level)

At d=5, SMEFT accommodates Majorana masses for neutrinos

C __
K(LCiTZH)(HiTQL) + H.c. AL =2 Weinberg (1979)

At d=6, SMEFT can violate B+L (but conserves B- L)

L =

Four-Fermi ops. wi

3 quarks & 1 lepton
AB=1 AL=1

For nucleon decays with d>6 ops: Heeck&Takhistov 1910.07647, Hambye&Heeck 1712.04871,
Fonseca et al., 1802.04814, and talk by Hirsch in this workshop



What can we learn from the eff.ops”?

If we will find p — 7 + missing at the next NDEs... 7, ~ 10%%yrs
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v C |drur||QL], [QQ||QL]



What can we learn from the eff.ops”?

if we will find p — 7 + missing at the next NDEs... 7, ~ 10°°yrs
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already bbeen constrained

We should also have p — w0 + ¢
but...

at 7, > 10°%yrs

p— T + Ve, should be
suppressed at the same level.




What can we learn from the eff.ops”?

if we will find p — 7 + missing at the next NDEs... 7, ~ 10°°yrs
v C |drur]|QL], |QQ|QL] p—m +et/ut have

already bbeen constrained
at 7, > 10%*yrs

We should also have p — 70 + ¢
out...

‘ . . _|_ _
Then, if we will discover solely p — m" + Ve, should be
p — 1 +imissing suppressed at the same level.

which may lbe caused by

D — T + V- B+L is violated only with the 3rd gen. lepton.
- A hint to the flavor structure



What can we learn from the eff.ops”?

If we will find p — 7 + missing at the next NDEs... 7, ~ 10°%yrs
v C |drur]|QL], [QQ[QL] p—m +e"/u" have

already bbeen constrained

0, p+
We should also have p — 7" + £ at 7, > 10%4yrs
Out...

' . . _|_ _
Then, if we will discover solely p— T + Ve, should be
p — 1 +imissing suppressed at the same level.

which may be caused by

034

p— 7w Hi, B+L is violated only with the 3rd gen. lepton.
- A hint to the flavor structure
or
D — T+ No charged lepton counterpart

SM singlet fermion, aka Sterile neutrino/Right-handed neutrino



A model forp— 7" + N

There are two additional effective operators with N

On1 = (QR)rN)  Onz = (urdr)(drN) " 5ot
Light N has rich phenomenology




A model forp -t + N

There are two additional effective operators with N
On1 = (QQ)(dRN) On2 = (URdR)(dRN) 1405.0486
Light N has rich phenomenology
Smallness of neutrino masses «— Longevity of protons  1s3.00035

cf. e.g., Alonso et al.,

Helo et al.,

Dirac neutrino mass Hit:+) Qa(+:+) vy (=) v, dry(+;+)
- * > - — =« — 9 -
NLH () 7 —— S 4) Yr(—,+)Y A YR(—,+)
= / g \\ ’ My My Proton decay
i YL(—,+)Y p L+, +) On1

YV \I fyf }-;
), : ) N(—,+) Qs(+,+) Y2 8(—,+) Y Ns(—,+)

with 2 vector-like fermions and 3 scalars
¥'(1,1)0 ¥(3,2)_1/6 n(1,2)412 S'(1,1)g S(3,1)_1/3

With M, 1 ~TeV, the size of the couplings Ys are roughly ©(10~°)
for my, ~ O0(0.1) eV 7, ~ O(10°%) yrs



Models for p-decay at 1-100p

\ Decompose the eff. ops into...

q Y1 S Y, q" Helo et al.,
S SR { “ 1904.00036

* Tree = Leptoquarks

& — - — -




Models for p-decay at 1-100p

* Tree = Leptoquarks
Decompose the eff. ops into...

q Y S Y, q’ y Helo et al.,
> ) SR ( < 1904.00036
Y A L;_',r’
> o .o -.'-;- - -o” <
q Yo S Y, t 11 Charges of

wswlsl

Common for all Os

13
31
3/38
38
33

w

33
36
6 3
6 8

|w o =& W W] w

w o W wl|m|w o =] W w

Choices for the SU(3) colour




Models for p-decay at 1-100p

* Tree =

_eptoquarks

\ Decompose the eff. ops into...

q

Choices for the SU(3) colour

w|ow o =] ¢ wl

#11

3
3
3
3
3
6
6
8
8
8

w o W«

w o W W|e|w o = W W

Z Helo et al.,
1904.00036

(qq')(q"?)

Charges of

Choices for the SU(2)x U(1)

For O; = [dRuR: [QL] |

(@ Mediators SU(2);(1y | SU(2) FierzxLoop SU(3)
Decom. S Y’ S’ | coeff. factors sign
(du)(QL) 1o 1,44 2,54 1oz 1 MuMyli  +

2 1 2 —1
2 3 2 -3
3 2 3 3
(ud)(QL) 1°_§ 20_'& 10_1} MyM 14 —
2 1 2 —1
2 3 2 -3
3 2 3 3
(dQ)(uL) A ) 3 —1_3_'-]4 ==
—1
3
-3
1 §J4 B
—1
-3
3
(u@)(dL) : ; . —3Ja +
—1
3
-3
(Qu)(aL) x Loz| 1 3 -
—1
-3
3




Models for p-decay at 1-100p

* Tree = Leptoquarks

Decompose the eff. ops into... For Oy = [drur|[QL] |
q Y; S Ys qu Helo et al., (@ Mediators SU(2);(1y |SU(2) FierzxLoop SU(3)
> P e TG - 1904.00036 Decom. ¢ S ! S’ | coeff. factors sign
(du)(QL) 1, 10+§ 2°*‘& 1°+§ 1 A"I‘;.l\«f‘,,114 +
o3 i ; y 2 2 1 2 | -1
(/) v (qq )(q Z) 2 2 3 2 -3
g 3 2 3 3
5 R = (wd)(QL) 1a 1, 32, 51, 4| 1 MyMyli -~
i 2 o0 )3 ¢ I Charges of 2 2 1z |-
S —
P 2 2 3 2 -3
CommonforallOs_ v § ¥" S s & = 8| 3
5 Mediators |gh g (dQ)(uL) 1, 1°+§ IQ_% 204_‘& —1 —%Ja =
% b 8 o' S'|SU(3) coeff. % z 2 z ; ‘31
@ #1)1 3 3 f_ — < 3 3 3 2 =29
6‘? #2/{31 3 3 l E\I\ (Qd)(uL) 1. 2__1 2__s 1__ 1] 1 3 J4 +
S #3138 3 3 = S i S I
) 3 = 2 1 1 2 1
N #1413 8 6 6 4 N 2 3 3 2 —3
D #5133 1 1 1 O 3 2 3 3
— 3388 - L QML) 1o 1, g 1, 3 2.3 1 —3Ja +
- 368 8 —1 « 2 2 2 1 —1
NS, 638 8 4 O 9 ) o | F
) ——— o N 3 3 3 2 -3
D BSs s l DO |(Qu)(dL) 1, 2 1 2 .1 1 ,2 1 $J4 -
O 8383 - O a—g “aty Tty
O i~ S 2 1 1 —1
= 836 6 —4 I & = = =
O 86 3 3 4 O 3 2 2 3 3




Ma (2006)

|ﬂSpIred by SCOJ[OQGHIC mOde‘ radiative m, +DM

‘ S(3.2)+1/6
Proton decays p — 7w 4" /nT R R ¢ QI
— -4 6 - 8
Tp ~ 10%4 yrs] 1?\/ 3107 0(3.2)_1 /61 {4/ (1,1)
e Y




Ma (2006)

|ﬂSpIred by SCOJ[OQGHIC mOde‘ radiative m, +DM

Proton decays p — 7TO€+/7T . .;(_Jj)ilf: ) QI
7 ~ 10°*[yrs] M 1°3-1070)° (3,2)-1/6] : u'<DlM1>(,
1'TeV Yy
m, a la scotogenic models M ~ TeV | 4’:—(;—2, 7 B
Yy ~ 1075 for As ~ 1 —T

Y5 < O(1072) from the cLFV bounds _»_SL_._::_«_



Ma (2006)

|ﬂSpIred by SCOtOgeﬂIC mOde‘ radiative m, +DM
Proton decays p 0" /m 7 (N

a7 14 678 DM
7' ~ 1034 [yI'S] 1;:1\4\/ 3 1Y€) (3,2)- 1/6) AU (1,1)0
C
m,, a la scotogenic models M ~ TeV I“’* 0 LI
5

Y5 10™° for As 1 H\*;\E‘ H

—~ Sp” NS
Y5 < O(1072) from the cLFV bounds -

To reproduce the correct DM relic density

.10 26[cm3 /8]’ AW P
Freeze-out DM: Qpyh® ~ 0.1 {2 10~ |em” /5| \/
(ov) - sY
-4 2
> (oW — qa)v) = 2107 [em?/3] Ly—o [%} vt ~o

q=u,d



Ma (2006)

|ﬂSpIred by SCOtOgeﬂIC mOde‘ radiative m, +DM

5(3.2)41/6
Proton decays p—>7r0€+/7r TR A M|

7 o1° 678 DM
~/ 1034 [yI'S] M 3 107 ’4‘"(52)—1/6" A (1.1)o
1TeV | Y
m, a la scotogenic models M ~ TeV |“’* Y120 LI
Y3 ~107° for A5 ~ 1 HoH
—9 S'/’*\\S'
Y3 <O(1077) fromthe cLFV bounds . . . & .

To reproduce the correct DM relic density

.1 —26 3 /417 Y Yy Q
Freeze-out DM: Qpyh® ~ 0.1 {2 10~ lem®/s| \/
(ov) - sY
Yy 14 [Tev]?
> (o@'e — qq)v) ~ 2107 em® /9 {1_0 [w} y—¥"~o

q=u,d

Vs~ 1072 & Yy~ 1 |7~ 107%y1s> Yy g ~ 1078




Inspired by Scotogenic mo¢

|2 (3. 2)_1/6]

LHC searches for the mediator fields
Colored ones are expected to be constrained

dp ’_1

>
‘,r
1/
A

3.2):1/6

— ——

—_ -9 <




Colored ones are expected to be constrained

“Squark” search @LHC
X4 Oy’ =jet+missing

CMS-SUS-19-006
@ EPS 2019

CMS preliminary 137fb"(13TeV).

PO — 44§ — q 1 Approx NNLOSNNLL exc n ’

o

No bound for My, 2 1 TeV

o
FA

S

95% CL upper limit on cross section [pb]

.
L=
.-




' : ~107°) 5(3.2)11/0
Inspired by Scotogenic mogs==4">" 452

L HC searches for the mediator fields
Colored ones are expected to be constrained u Ya

CMS-SUS-19-006 ‘
“Sq Uark” SeaI’C q @I__|C @ EPS 2019 i wOCCMSPreﬁminary 137 b (13 TeV) |

PO — 4 4. T — q 1 Approx NNLO+NNLL excluson

X4 Oy’ =jet+missing
No bound for My 2 1 TeV

95% CL upper limit on croés section [pb]

1 | 3
ATLAS : — /
f5=13Tev, 361 1m" 3 > ( ’
R Theory prediction - w dR w

——= Expected limit + %o

—e— Obeerved limit

N =2jets+missing

N\, SA-Rhad-FullDet -

but with 7 > 10 sfor Y ~ 107°% —LLP

v e

s Energy loss at the calorimeter layer

104
600 800 1000 1200 1400

m(7) [Ge, “Heavy ionizing track (R-hadron)”




How tO use the tables

Fundamental Lagrangian: Yukawa interactions

L D Y1q%°S + Youoeq' ST

+Y5070S" + Yaq'e' ST + H.c.




How tO use the tables

Fundamental Lagrangian: Yukawa interactions

L D Y1q°Y°S + Yarpeq' ST

+Y300S" + Yiq'"e)’' ST + H.c.

q

Derive the effective Lagrangians for proton decays...

L—p.
|

Do = DT Ve ST YT ST Ve 0




How tO use the tables

Fundamental Lagrangian: Yukawa interactions

L D Y1q%°S + Youoeq' ST

+Y5070S" + Yiq"' ST + H.c.

Lot = [Y1?¢CS | [YQ@EQ'S 4 [Y4W¢'S " [Yszb_’m i
= coeff. x O(s) eff. ops
A

Tables

Helo et al.,
1904.00036

Yukawas time “factors”,

coeffs.” and “signs” due to...

Group theoretical calc., Loop integrals, Fierz transformations



How tO use the tables

Fundamental Lagrangian: Yukawa interactions

L D Y1q°Y°S + Yarpeq' ST

+Y300S" + Yiq'"e)’' ST + H.c.

q

Derive the effective Lagrangians for proton decays...

N . : E e.g., Aoki et al., 1705.01338
— o = e I - — Hadron matrix element
Loft = [qucw S] [YZ@D QISITHYMZN @D/STHYS@W@S,] given from lattice calc.
= coefl. x O(s) eff. ops
A

_ i l
Tables m m2
1904.00036 etume T my |
Yukawas time “factors”, “coefts.” and “signs” due to...



Let me talk on a topic we have just started discussion recently

Do we need yet another
v experiment after DUNE, T2HK...7

5 more slides



We know about neutrino very well...

=====z NO. 10 (with SK-atm)
| 38 B0 [ | l Tt ot l F P , iJji v 3 ] 1 l
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NUFIT 4.1 (2019)

Esteban et al., 1811.05487
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Parameterize the unitary PMNS with ¢’s and §op and fit them to
the experimental measurements.




Test of CKM

e.g., Iriangle of the B meson system = '/\@\@ *******************
AR =[=¢y sin(2®) sin(AMpot) el
Coefficient < Osc. in time p “““““““
Mode (s — sin(2®) ity anglo
B = J/YKs b—c — Im [Viq/ VY] 3
By —»7'r  b—=u o+ Im[(Via/Vi)(Vn/Vi)]
BY — p’Kg b—u — Im |V / V5] 8

The independent olbservations of the 3 modes determine the 3
angles of a CKM triangle independently.

Consistency test: Sum of the angles; s



Same type of test in PMINS...

6 37(/2 T2K L 295[km] p 26[g/cm3]

008 __ Total (% §+matter) q

Suppose we can do the “spectroscopy” of the osc. probability

and measure the coe
consistency of the un

4 Independent information:

1.5 “independently”, we can test the
tarity triangle!

With 3 info (e.qg., 2 sides and 1 angle in between), one can fix
a triangle. Then, with the one left, one can test the consistency.



Same type of test in PMINS...

It PMNS Is unitary

C; =14
Cy =4

UMSU:ZS
UMQU:Q

2

2

CQ — 4Re
03 = 8Im

UMQU;:Q
’7 5 UM3U:3

U, 2USU U3
Ry o’ e2 ,u3 €9 | U,ulUékl C\{

:UM2U52U23U€3:

By checking 4C,Cy s 4C5 + C3 one can “test” the consistency

which corresponds to cos? 3 + sin? 3 = 1

Sato hep-ph/0008056

We can know an angle in the triangle as C5/Cy = —2tan j3.
Test of CPV:tanp # 0= 3 # {0,7}. dcp # {0,7}in the standard fit.

[triangle does not Collapse]

.,
But it is still not the same as the testin CKM a+58+vy=m7

For that, surely, we need yet another v experiment.
The neutrino experiment industry will not die.




Can we measure the other angles?

e.g., the appearance channel with a longer lbaseline

i = Q < Appearance channel at a muon
o 0.75— dop = /2 ol

3 op = 7/ ; Decay-At-Rest experiment with
2 s 12 the T2K baseline.

Toxsk . _

< | Hamiketal, = The averaged probability Is
. 1911.05088 i

still sensitive to CP!

No need to see the wiggles.

In the region where the oscillation driven by the atmos. Is
averaged out, the probability is written as

Ams, L Am3, L
2F 25
which is actually sensitive to the angley as tany = —C5 /CY .

P2V = C} + C1 cos

/ o
Uy —>Ve 02 S111



Wrap-up



'The standard 3- generatlon fra

mework will be Challenged by

. precision experiments in the n
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£} I’Ex.’: AN\
(@tﬁ%w%ﬁnws‘vﬁz

{ Conflict aong Ov2Db, osc, and cosmology

NP contributions to Ov2Db

or we miss something in our understanding of the evolution of the Universe

Complementary with LHC searches for exotics

ﬁi)/r orecision measurements of v/

Nucleon decays at large volume v detectors

Bottom up approach - List also non-GUT possibilities

p — 7 + missing may b

e a hint on sterile v

We have just started the discussion...



Backup



SM singlet fermion N

_ 1
Y = Y%L+ Y, NLim*H + 5MNJ\M\I + H.c. #L(N) = +1

#L is violated in a high scale, e.g., the scale of SO(10)— SU(5)
Seesaw mechanism for tiny Majorana masses for vr,

N = v,“can appears in the low scale with a Majorana mass...

1 1
L = L+ §m,,VLCuL +Y,. VSCVL<HO> -+ §mys v.cv, + H.c.
_ 1 C C my YVs <HO> VL
= ZLsm + 5 (VL Vg ) (YV‘Z <H()> m,. ) (Vs + H.c.
1 a €, 1L, T, S
= Zsm + iuLCa(U*)aimi(UT)iﬁuLg + H.c. ’5.6_{1’?4’ }
Some anomalous results of v osc. support v with
Ty ~ 1[6\/: anad ‘U€4HUM4‘ ~ 0.05 ...and some do not.

or #L Is exact, My = 0. - Dirac neutrino mass with N = vp



Sterile v search

: V, — V. appearance Y s <M v, disappearance
10 [ Lsnp so% 10 I Giobal 341, 30 allowed™'
3 l:] S - v, / ¥, Dis, 3¢ excluded”’
e ) I e SBN 30
- I Giobal 341, 3¢ allowed"” - N "= o
C\T\ = % ve/ vV, App, 30 allowe(!l % 1
> —— SBN 3¢ = E 4
2 1 B OE T
- = N\ = 32 T <] S, =
S E LN e
E I I N T S imaa
<] - 107
1 : (1) S. Ganazzo et al , asXav:1 703 00650 fhep-phj
1 0— :_ _ (2) M. Dantier et al , arXav:1803.10661 [lnlp-phl
E 107 107" 1
| (1) S. Ganazzo et al., arXiv:1703.00860 [hep-ph] . n2
| (2) M. Dentier et al, arXiv:1803.10661 [hep-ph] sin“20,,
Ll ll 1] | a1 ll Il | 4 1 | 1 ll 4 |-
-3 =
10 1072 107" 1
sin’20
ue Machado et al., 1903.04608

e LSND: Stopped pion source with a detector optimized to probe 7. via inverse beta decay. A 3.80 excess
of events over backgrounds was observed, compatible with 7, — 7. oscillations with L /E =~ 1 m/MeV (19).

e MiniBooNE: Accelerator neutrino source with the capability of producing a dominant v, or v, beam.
Excesses of v.(7.) events in v,(7,) mode were observed over backgrounds, amounting to a 4.5¢(2.8¢0)
discrepancy from expectations. The observed excesses are found to be compatible with LSND within a
sterile neutrino framework (6).

An additional contribution to >m, causes problems in cosmology...



Bound to Xm, from cosmology

. v as radiation »V as matter >
rad. dominant mat. dominant VE
vdec. epair-ann. BBEN eV recomb. ph.dec. . Va.w,[k ag? Jreion. Ly
1.5MeV  “1MeV 0.1MeV 0.3¢V  (.25¢V VS9ointonon-rela g g05ey

"Sound horizon™ > ¢ dz’||“Angular distance”zvaec. 4

CMB s, = rafda| ")~ | )| W)=

€.d., Xm /( |:> fr‘;/stays & dx \ ::> Hobs. /(

LSS Free streaming of v disturbs the structure formation.
The structures with the scale smaller than a particular size are suppressed.

BAO Standard rular rs(z+dec.)

in galaxy (Z<2) I_yA (Z~3) . | Sg:oenberlg et aI.,‘EO}Z\.é;I§9N4
21cm (10<2<20) ension btw galaxy+Ly

HO tension - Possibly something is missing in LambdaCDM?

f.B | et al., 1607.05617, T - 7
T e otal 190000712, INcl. of “something” may change the bound...



HO tension and neutrino parameters

Planck collaboration, 1807.06209
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m N Hy ™\ HO tension gets higher

Inclusion of the HO measurement with SNs
22 bound stronger

—xtra radiation d.o.f. (N_eff) relaxes the HO tension.




| ong-range contribution to Ov2b

No suppression with mgg Based on LNV dim.=7 operator
U e € (V]

Q For decomposition of dim.7 ops,
d Decomposition I-i d Helo et al., 1602.03362
!
O%Long—range — < vSM ]
c , 1 '0.05eV]"/?
ogLong—range — —GF_ > ANP — 56[T6V]
A3
Np P . Mgs

Ov2b exps are sensitive to NP at O(10) TeV.



Proton decays in GUT&SUSY-GUT

GUT: Dim.6 mediated by a GUT gauge boson

5dR g eLg
g=0.1 Mgyt = 10%GeV
P X 24
10 10
UR q U 1
ur . up ™ N £ 31032 [yrs]
. ms | &
gauge int. P Mgur
SUSY-GUT: Dim.5 mediated by a coloured higgsino + Dressing
g _
¢ = y—g-—-o) < ¢ g=0.1 y:y’:104
10 . 7L 10 < 10
- <> W 24 Mgusy = 1TeV  Mgur = 10'°GeV
1o 2l 5 §.> 5
2 - — - < 1 30
@ y 7 9 L 7~ 5 < 7107 [yrs]
mb | 1 9°yy’

p | 1672 MgurMsusy

Yukawa Ints.



Coefficients & angles

b1 = 167°

— 5.53°
— —0.322 + 0.0714i T'm b2

U >k
ulleq g 0.322 + 0.03121

sk
B Uu2 e2

¢3 — 270° : 2T — (¢3 T ¢2)

RE— —0.10311 _ 05 5°

Re

*
UM3 e3

To measure the cos § term . — coet.of the
Re|U,2U5 (U, 3U5)" |+ cosdterm

....................... = |Up2Ugs||Uu3U 5| cos (92 — ¢3)
"""""""""""" 7 ﬁ\\J = |U2U5||Uu3U 5| cos (93 — ¢2)
'8 — — UMQU;2 U,LL3U:3 COS (7T — (¢3 o ¢2))

= —|U,2U%||U,3U25| cos (— + (¢3 — ¢2))
= —|U2Ug||Up3Ucs| cos 3

IS to know cos 3 of the triangle




EXpansion W. Ams;, OF W. Am2,

5 Am%lL
4F
+4R€[Ulu,2 e2 U,UB UeB] 4E S111 2E
« 7 Ams L . 5 Am3, L
+8Im|U 02U UM3UG3] W sin? iR

P,/M_H/e — 4‘UM3‘2’U€3‘2SH1




Testfitof C 1 -C 4 with T2HK

w. the GLoBES software

40 T2HK, v app. onIy No BG 35 T2HK v app only No BG 30 T2HK v app only No BG 20 T2HK Ve app onIy No BG
w/o marglnallzatlon w/o mar8|nallzat|on w/o mar |naI|zat|on w/o margmallzatlon
50% for G, 5 4 107 for G4, 50% for Cg 4 104 for C4, 50% for Cy 4 ——— {Hpe for Cy, 50% for Gy 3
35 | 100% for C554 30 L 50/forC134 5O/forC124 50% for Cy 55
free free 25 | free 161 free
30 \(\6 . o5
. i ] 14
s\ra&\\' e 20 | .
25 ?)\* &\0(\ 1 12 |
Q‘\O\) \\7:& ﬂ 20 -
N 20 QP (Q\(\@ 1 % VN 15 1 T 10r
"\ 15 . gl
15 3
10 5
10 Actually, flat at zero! Vi 10r
5 ol )
/] 5¢ f
0 0 0 0

0.03 0.06 -0.15 01 -0.05 O 005 01 0.15 0 01 0.2 03 04 05 0.6 3 2 -1 0 1 2 3 4
C4

5% error for Am3,, 3% for Amgl, and 5% for the matter density.

As expected, T2HK cannot determine C_4; We need 2nd max.

Cs3/Cy = —2tan B : We can directly know an angle of the triangle!
If thisis O, 8 = 0 or m, I.e., the triangle is collapsed=CP conserve.






Cosmic neutrinos as a probe to NP



Cosmic neutrinos at IceCube

L ICECUBE =

2L0UTH IPOLE NELMIIING DsERvAs Ry

Amundsen-Scott S

¢

Pole Station, Antarctica
IEEC bR Laboratory | ggts;ﬂzsnﬁ::;?&";:& /é A National Science Fou

managed research facility

T

Data is collected here and
sent by satellite to the data
warehouse at UW-Madison

60 DOMs
on each
string
1
DOMs 2
are 17 _[
meters .
‘ apart =)
Digital O tlcal ‘ N
Module DOM) 2450 m
5,160 DOMs

deployed in the ice

Antarctic bedrock

V




Spectrum - A new playground for NP

HESE 7.5 yrs taken from 1907.11266

IceCube'Prehmlnary H o
SLro. '
1 ae, ’-B ’{1—} B Atmo. Conv. e
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o gt
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|
o
10—1 ‘ —- Al L l 1 L | L) h)
10* 10° 10° PeV 107 ,
Deposited Energy [GeV }

Best-fit single power law~2.8 which may produce too many GR |



Spectrum - A new p\ayground for NP

HESE 7.5 yrs taken from 1907.11266

ICeC;ube}Prellmmary W gatt.a
' SUro.
1 B Atmo. Conv.
;% 10"~ B Atmo. Muons o® ,‘
~ i§ :
3 e Bt
8 oot
g H i
E 10° E HH bt | I
g | ]
- || |
= H I L
|
| J
10—1 > 1 '.' l 1 L | LI} Ll
104 10° 106 D ev 107 | ‘
Deposited Energy [GeV l

Best-fit single power law~2.8 which may produce too many GR |
Characteristic structures can be a hint on New Physics

1. Decay of PeV DM as the source,
2. Resonance with a TeV LQ at the detection

3. Leptonic torce mediated by a MeV field in the propagation



Where do they come from*/

It Is still a mystery - but we are getting some hints recently...

No correlation to the galaxy—Extra galactic origin
Milkyway galaxy ~30 kpc in diameter

v's travel more than O(1) Mpc-Gpc!  sn1es7A51.4 kpc

Local group of galaxies ~3 Mpc
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No correlation to the galaxy—Extra galactic origin
Milkyway galaxy ~30 kpc in diameter

v's travel more than O(1) Mpc-Gpc!  sn1es7A51.4 kpc

Local group of galaxies ~3 Mpc
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Where do they come from*/

It Is still a mystery - but we are getting some hints recently...
No correlation to the galaxy—Extra galactic origin

, Milkyway galaxy ~30 kpc in diameter
v's travel more than O(1) Mpc-Gpc!  sn1es7A51.4 kpc

Local group of galaxies ~3 Mpc

lceCube170922A event 1807.08816
v from a gamma ray source, TXS0506+056

~HH ”Ml”‘ o Ve WITh E~290 76V
| R traveled “1.75 Gpe?

Blazer

M TXS0506+056,

B WAGE: P
e i

‘ - - )

L. 2Hm

I ———S

A hint? Sky map of vus with E>1TeV 1910.08488
5 [INGC1068], -
One of the hot spots corresponds to 1:/ ‘a@m I \
NGC1068, which is anearby SMBH, " g 1= )
14.4 Mpc away. > ///




Multi-messenger astrophysics

Spectra of UHECR, HEv, and = from BH jets

10-5 Fang&Murase 1704.00015 i
-+ Fermi EGB -+ IceCube (HESE 6yr) T KASCADE —all
w= FermiEGB (non — blazar) B IceCube (v, 6yr) + ¢ KASCADE - light
== Associated yray — total == v - allflavor A Auger (E x 1.05)
— 1 0—6 == Associated yray — source Murase — Beacom 2010 ** TA + TALE (E x 0.91)
.-lc * ~ m=m CR-all
B . * }l -A‘ »s CR-— rtnedium/heavy
T T, G R ' g== CR =light
w 107 A\
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O Hiememms
- -8
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e
o
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Multi-messenger astrophysics

Spectra of UHECR, HEv, and GF from BH jets

—g5 Fang&Murase 1704.00015
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Multi-messenger astrophysics

Spectra of UHECR, HEv, and = from BH jets

10-5 Fang&Murase 1704.00015
-+ Fermi EGB - IceCube (HESE 6yr) g i KASCADE — all
w= FermiEGB (non — blazar) B IceCube (v, 6yr) * ¢ KASCADE - light
mm Associated yray —total == v-—allflavor A Auger (E x 1.05)
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New leptonic force
for the lceCube spectrum



“Structures” in the spectrum?

New leptonic force as an idea for the gap(s) in the spectrum

Resonant scattering with CvB  Neutrinos with a particular energy
loses its energy In their propagation.

1/ 1%
7/ Model: gauged U (1), 1.,
IDNNIZ | g 4G [Tar® Lo+ T 7,
VOyB ” with the charge Qe .- = {0, +1, —1}
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s=2FE,m, = M%/ with m, ~ O(0.1)eV | > My ~ MeV

N the limit of CvB-at-rest




“Structures” in the spectrum?

New leptonic force as an idea for the gap(s) in the spectrum

Resonant scattering with CvB  Neutrinos with a particular energy

y y loses its energy In their propagation.

7! Model: gauged U(1),, 1.,
9z Jz’ L =9z Qa [ oY’ Lo +€Ra/yp€RO‘] Z/
VCyuB 1 with the charge Qe,M,T — {0 +1, _1}

#1. Gap @~PeV: v with E,, ~ PeV make the resonant scattering

|
s=2FE,m, = M%/ with m, ~ O0(0.1)eV | > My ~ MeV

N the limit of CvB-at-rest

|
Mean free path A :%ncyBa@res) < O(1)Gpc

news = 56.8[/cm”] U e B
for each d.o.f | Pares £ O(107 )em” => gz 2 10




The new leptonic force is also good
for the other observables...



Muon g-2 - Long-standing 3 sigma
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Muon g-2 - Long-standing 3 sigma
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We are waiting for the release from Fermilab g-2 exp.



HO tension - NP beyond ACDM?

Neff-HO correlation in the CMB observation
CMB Qobs — TS/dA\
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HO tension - NP beyond ACDM?
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HO tension - NP beyond ACDM?

CMB Oobs. = Ts/dA\Neff/‘ > Ts \(&keep Oobs. > da \1
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HO tension - NP beyond ACDM "

Neff HO correlation in the CMB observation
CMB eobs — Ts/dA\Neff/‘ E:> Is \&keep Hobs |:> da \

Sour(wd hor)lzon c.dz’ “Angular distance” fzyace. ds —{|atetime H ya
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Planck collaboration, 1807.06209
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The decay of Z' heats v's

—>T, "> Neff /> Relax the tension



HO tension - NP beyond ACDM?

Neff-HO correlation in the CMB observation
CMB Qobs. — Z:S/dA

Neff/‘ s \(&keep Oqps > d

ke - " 200 n .
SR el P e || toimo
) ec.) —
deecH( ) K 0 H(Z/)
Planck collaboration, 1807.06209 Escudero et al., 1901.02010

Riess et al. (2018)
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—>T, "> Neff /> Relax the tension



Impact on the lceCulbe spectrum

Numerical result araxietal. 1508.07471&1409.4180
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A hard spectrum with a gap can fit to the data - good for GR
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Numerical result araxietal. 1508.07471&1409.4180
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A hard spectrum with a gap can fit to the data - good for GR

Araki et al., 1702.01497. Ballett et al., 1807.10973, Altmannshofer et al.,1902.06765

Future test of the leptonic Z': @Belle I, Trident@ DUNE near
detector etc... Ultimate test - Muon beam dump ghinenko et al. 1412.1400



