New physics In rare decays
Toshi Ota, IFT Madrid




‘Rare decays” In this talk...

#1. New Physics (NP) in Neutrinoless Double Beta Decays (0v2b)
cf. Talk by Deppisch

#2. A bottom-up approach to the origin of Proton Decays



Rare decay #1: Ov2Db

Chasing v into the corner...
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It we will face a conflict...



...New Physics in Ov2b?
e.g., LBL&Cosmo: NH, Ov2b: Discovered at mgg ~ 0.05 eV
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...New Physics in Ov2b?
e.g., LBL&Cosmo: NH, Ov2b: Discovered at mgg ~ 0.05 eV
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Rizzo (1982), Keung&Senjanovic (1983) Ov2b exXpP. are sensitive to NP@TeV



What are the effective op.s made of?

Bonnet et al., 1212.3045
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What are the effective op.s made of?

Tong Mediator (U(1)em, SU(3)0) Bonnet et al., 1212.3045
# Decomposition Range? SorV, v S’ or Vé Models/Refs. /Comments
11 (ad)(e)(e)ad)  (a)  (+L1)  (0,1)  (-1,1) Mass mechan, RPV [58 60|, f f f f
LR-symmetric models [39)],
Mass mechanism with vg [61],
TeV scale seesaw, e.g., |62, 63|
(+1,8) (0, 8) (-1, 8) [64] w
l-i-a  (ud)(u)(d)(ee) (+1,1) (+5/3,8) (+2,1) o—<—o
(+1,8) (+5/3,§) (+2,1) - / €
1ii-b  (ud)(d)(u)(ee) (+1,1) (+4/3.3) (+2,1)
(+1,8) (+4/3,3) (+2,1) S/V S /V
2i-a  (ud)(d)(e)(ue) (+1,1) (+4/3,3) (+1/3,9)
(+1,8) (+4/3.3) (+1/3,3)
2ib  (ud)(e)(d)(ue) (b) (+1,1) (0,1)  (+1/3,3) RPV [58-60], LQ [65,66] f S {uvda 6} f
(+1,8) (0,8) (+1/3,3)
2ii-a  (ud)()(€)(de) (+1,1)  (+5/3.8) (+2/3,8)
(+1,8) (+5/3.3) (+2/3,8)
2ii-b  (ud)(e)(w)(de)  (b) (+1,1) (0,1)  (+2/3,3) RPV [58-60], LQ [65,66)
(+1,8) (0,8)  (+2/3,3)
2iii-a (de)(u)(d)(ue) () (-2/3.3) (0,1) (+1/3,3) RPV [58-60]
(-2/3.3) (0,8) (+1/3,F) RPV [58-60]
2iii-b  (de)(d)(u)(ue) (-2/3,3) (-1/3,8) (+1/3,3)
(-2/3.3) (-1/3,8) (+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) (+1/3.6) (—2/3,6)
i (uu)(d)(d)(ee) (+4/3,3) (+5/3,8) (42,1) only with V,
(+4/3,6) (+5/3,8) (+2,1)
3iii  (dd)(@)(u)(ee) (+2/3,8) (+4/3,3) (+2,1) only with V,
(+2/3,8) (+4/3.3) (+2,1)
41 (de)(u)(m)(de) () (-2/33) (0,1) (+2/3,8) RPV [58-60]
(-2/3,3) (0,8) (+2/3,3) RPV [58-60]
4ii-a  (ua)(d)(€)(de) (+4/3,3) (+5/3,8) (+2/3,8) only with V,
(+4/3,6) (+5/3,8) (+2/3,8) see Sec. 4 (this work)
4iib  (un)(€)(d)(de) (+4/3,3) (+1/3,3) (+2/3,8) only with V,
(+4/3.6) (+1/3,8) (+2/3,8)
51 (ue)(d)(d)(ue)  (c) (—1/3,3) (0,1) (+1/3,3) RPV [5860]
(-1/3,8) (0,8) (+1/3,3) RPV [58-60]
5i-a  (u€)()(é)(dd) (-1/3,8) (+1/3,3) (-2/3,3) only with V!
(-1/3,8) (+1/3.6) (—2/3,6)
5ii-b  (ue)(e)(u)(dd) (—-1/3,8) (-4/3,8) (-2/3,3) only with V!
(—1/3.8) (-4/3.8) (-2/3,6)



What are the effective op.s made of?

Long Mediator (U(1)em, SU(3)0) Bonnet et al., 1212.3045
# Decomposition Range? SorV, ) S or ‘;f Models/Refs. /Comments
15 (e e)md @  (tL1)  (0,1)  (-1.1) Mass mechan., RPV [58-60], f f f f
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Mass mechanism with vg [61],
TeV scale seesaw, e.g., |62, 63| w
(0.8)  [(Z18) [64]
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o /
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B8 (1433 (+1/33)
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2iia  (ad)(@)(€)(de) 1 (0}38)3 [ 13?
ii-a  (ud)(u)(€)(de (+1,1) (+5/3,8) (+2/3,8) .

- (+5/3,3) (+2/3,3)
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diia  (de)(@)(d)(@E) () (-2/3.3) (0,1) (+1/3.3) 58-60 .

Con3 BEE (133 Rev s Colour-1 diguark
2-ii-b  (de)(d)(u)(ue) (-2/3,3) (-1/3,8) (+1/3,3)

23 (138 (133 W= W'T and HT

31 (uu)(e)(e)(dd) (+1/3.3) ) _only with V, and V,
(+1/3,6)

(+5/3.8) (+2,1) only with V, "
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(+4/3.3) (+2,1) only with V,
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Searches for the mediators
at the LHC



Diquarks

cf. Han et al., 1010.4309

—— 00N Production: ggS int.

e.g., QRS & urdrS — Eg GUT inspired
Coupling with the size of the EM Int.
' Signal: Resonance in ij

>

* Same for the Colour-1 one wy”dW,*
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Diquarks
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cf. Han et al., 1010.4309

241 Production: ggsS int.
e.g., QRS & urdrS — Eg GUT inspired
Coupling with the size of the EM Int.

' Signal: Resonance in ij

>

* Same for the Colour-1 one wy”dW,*
(with the SM W-like coupling)

| | HC: Mg > 7.2TeV My > 3.3TeV

| Sensitivity at Ov2b exps. (with ¢ =1)

- 0.05eV
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Le ptO q u a r kS cf. Buchmueller Rueckl Wyler (1987)

Belyayev et al., hep-ph/0502067

& Faras ' ' Production: Strong interaction
° - 13 TeV, 36.1 fo' , . .
S | e channel Palr-prOdUCtIOﬂ W|th g
E [ 1902.00377 . | . :
3l Signal: g — SLqSrq — 2j2¢
§ : p 0~
S <
| \\ g Siq, j
: : / X al
— Observed i SLQ
------ Expected ] :
B Expected + 1o p J
ok S T it S
600 800 1000 1200 1400 | HC: M Sio = 1.25TeV
m, o [GeV] ' <

for the 1st gen. scalar LQ

*Br(SLq — ¢f) = 0.5 is assumed

To bound LQs with M1,q > 2 TeV
Pair-production suffers from the phase space suppression.

Single production gg — ¢~ — S.q + ¢ at HL-LHC o0 < 10 '1b



Dilepton, aka Doubly charged boson

cf. Han et al. 0706.0441

Crivellin et al., 1807.10224 .
E;::\I/tii(l)rr]l gndadiscovery reaches for pp - e*e*e e” PrOdUCthn EM Dre”—Yaﬂ
1400.': ' ' ' """ LI ;I".”'.' ......... ' ..... ; -
T T M E001% f ek e N : :
. =r§/m§ """ 29/ :::::::::;:::g::;::;:;:;::;:::::::::;::;': Signal: pp — 4e, resonance in M.
12°°f-§g'm.n(m) TR SR -
ble: : DR s q
L—G
v AST
\S++
i
p g 6_|_
S E i — T .1 Thereis adilepton search at ATLAS [1903.06248].
10 50 100 500 1000 However, it assumed that the dilepton also couples
Luminosity [1/fb] el
to quarks: ¢g — 5 — ee We have only g S

Future prospects of the searches for heavier dileptons

To produce a pair of them, we need high v/s = HE-LHC
Mq > 8TeV (with O(1) coupling) @||_C-250 (through Bhabha scattering) C{'ggﬂ'?(?;;j




Coloured fermion mediators

Colour-8 fermion (gluino-like) of. Octet boson@LHC, Chen et al.,1410.8113
Production: Pair-produced through g
Signal: P(8) = gSLq — ¢@¢  2j+alepton
uino in SUSY ¢ — ¢¢* — qqx3 2J+Missing E
uino in RpV SUSY V(8) = qqq 3 ATLAS, 1804.03568

G)

G)

pPp — ¢(8)@( ) — 2q266+€_ Carquin et al., 1904.07257
LHC run-lIl will set the bound at M,, > 2.5TeV



Coloured fermion mediators

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 ¢ — ¢¢* — qqx3 2J+Missing E
uino in RpV SUSY V(8) = qqq 3] ATLAS, 1804.03568
pp — V(8)1Y(8) — 2q2q¢T 0~ Carquin et al., 1904.07257
LHC run-lIl will set the bound at M,, > 2.5TeV

G)

G

Colour-3 fermion (VeCtOr‘like quark) “ 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 fermion mediators

cf. Talk by Drewes

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

Ov2b [ (=0*  Direct test of NP
contribution to Ov2b

LHC bounds depend
C on the “ingredients”

WR-N-WR, CMS 1803.11116,
WR—N—WR inspired by LR sym. ATLAS 1809.11105.

lllllllllllllllllllllllllllllllllllllllllllll

> - ATLAS Majorana Ny, ee channel - . WR COlour—1 dlquark MWR z 4: TeV

‘la—’ 3.55{5-13 TeV, 36.1 fb" 9.=9,
Ov2b amp. mediated by Wr-N-Wg

S e i
4TeV} 4 [QTeV}
My, Mpn

- [ Exp. limit + 1o
~2E [ Exp. limit + 20

Agzgg = 10"2°[GeV 7] [

: comparable with
1 15 2 25 3 35 4’7:;[_?_6\;5].5 AOVQB —68-10 19[G6V ] [ mpap ]




Neutral fermion mediators

cf. Talk by Drewes

SM v, sterile v, TeV N, etc..
Typlcal signal for TeV N is pp — €475 through the EW Drell-Yan

Ov2 u (0 Direct test of NP
contribution to Ov2b

LHC bounds depend
d LHC on the “ingredients”

W-N-W msplred by TeV seesaw W-N-W, CMS 1806.10905
| /1 Bound is weaker thanWg-N-Wrg

_ e [V2 1TeV
AOI/Qﬁ = 10 14[G€V 5] |:O]1V:| |: MN :|

| If LHC sees that N, 0v2b has already seen it

cf. e.g., Blennow et al., 1005.3240

—6.8.10-19 V—5{m66]
Asvzg = 6.8-1077(GeV™] | o S



Summary for Part 1: NP in Ov2b

Conflict in neutrino mass searches may suggest NP in Ov2b
Ov2b experiments are sensitive to NP at TeV

ANP =4 TeV

- 0.05eV |

Imsglexp.

1/5

complementary with LHC, ILC, etc.
cf. Talk by Deppisch

Collider searches for the Mediators

L BEeenneesiiens e elislizie (or two) have already been

strongly constrained at LHC ~ Mg > 7.2T1eV
_-LHC may help bound high mass LQ (Single production)

etc...

Caveat: Long-range mediator bound is different, search strategy is different

Caveat: Neutrino mass bound from cosmology is based on the SM of cosmology.
HO tension - ACDM is missing something?
>:m bound in the solutions for the HO tension...”



Rare decay #2: Proton decays

What does “NDE” originally stand for®

of Kamioka-NDE



v Detection Experiments

v detectors in 2020s

I ,
ucleon Decay Experiments

20 kt liquid scintillator . w
(35kt water Cherenkov veto) 4F 2

Start taking data in 2021

.....

Talk by De Roeck Liquid Ar TPC
4 x 17 kt (Fiducial 10 kt) modules

Installation of the 1st module In 2025

=\ Am? L

o Hyper-Kamiokande Zagn ~ g
200 kt (Fiducial 190 kt)
Water Cherenkov Proposal:

Expected to start in 2026 2nd detector in Korea

MEXT: green-light to the construction



v Detection Experiments

Vv deteCtOrS In fUture Nucleon Decgy Experiments
— European Spallation Source v SuperBeam
e)bi) https.//essnusb.eu =

MEMPYHS (MEga-ton Mass PHYSics) proposal

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

/—2nd OSC. maximum

1200 +

£

Baseline length [km]

s 8 &

£

<
[r

Neutrino energy [GeV|



https://essnusb.eu

People who started NDEs were
motivated by the grand unifications...



GUT = Proton decay




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

GUT = Proton dec N BARYONS

(5=0, /=1/2)

p, Nt = uud:  n, N° = udd
: Py_ 11+
— Quarks and leptons in a box |[7] 10P) = 34)
Mass m = 1.00727646688 + o.oooooooo?(}g u
C C Mass m = 938.272081 + 0.000006 MeV |2
10 5 {U’R 9 Q? CR } m, — m3|/m, < 7x10-1°, CL = 90% [*)
_ c %I /(,—‘j,%) = 1.00000000000 + 0.00000000007
5 9 {dR ,L} qe+q§/e<7x10‘1°,CL=90%lb]
Gp + Gel/e < 1x1072 :‘! !
Georgi Glashow (1 974) ! agnetic rr:orlnent Im (= . 73446-:2 0.0000000008 1py
' 1 a v — N2 L NQY v 1N




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

GUT = Proton dec N BARYONS

(S5=0, /=1/2)

p, Nt = uud: n, N = udd
S " Py_ 171+
Quarks and leptons in a box | [7] 10P) = 33)
Mass m = 1.00727646688 + 0.00000000009 u
C C Mass m = 938.272081 + 0.000006 MeV (3]
10 > {UR ) Q7 CR } mp — mg|/m, < 7x1071°, CL = 90% (¥
_ c —"m%|/(,—‘,',%) = 1.00000000000 + 0.00000000007
5 9 {dR 7L} qe+q:,/e<7><10‘1°,CL=go%lbl
dp + qe|/e < 1X 10—21 [<] I
Georgi Glashow (1974) ! agnetic n:or/nent I 1= : 473446_i6 0.0000000008 p
" [ e — N2 LN\ v 1N

It suggests...

| 60

= , o E Lifetime is 50 |

roughly... 40|

p X S !
10 10 1 2 |° s

UR g UL o ~m? | 20 |

UR = UR Tp p M?(
10 |
Georgi Quinn Weinberg (1974) 0
0 + - 0 5 10 15
T(p — 7 e ) ~ O(10°%) yrs 0g10(Q/GeV)

which is reachable with an O(1) kt detector in a year.



Past, now and future of “NDES”

~TktFe ~1ktFe 1ktWC 3.3ktWC 22.5 kt WC

1989-200171985-1990 1983-1995 1982-1991 1996-
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Past, now and future of “NDES”

~1 kt Fe ~1 kt Fe

Frejus

1 kt WG

3.3 kt WC
1989-200171985-1990 1983-1995 1982 1991

22.5 kt WC

1996-
Super-K

p—etal
n—etxa
p— u*ad
n—uta
Pp—=vnat
n—val .
p—>e*ny
P—=ufn
n—=wvn

p—=etpl
n—se*p- (R——_— i | i
P — utp0 |
n— utp” =
Pp—vpt
n—vpl
p—etm
pPopto &
nN—=vo

p—e+tK0
n—setK-
n—s-ekK*
p_,“+|(0

GUT —Proton decay

Proton decay—GUT?

Review the possibilities
w. a bottom up app.

N wtK-
¢
n—vK~¢ ‘ e

p - e*K*(a2)? |
e | LW
n — v K*ga2f » iR FOI"D

Naive GUT expectatio

anwmass report 1311 5285
~ For update cf. PDG
UNE&HK e.g., Miura, talk at WIN2017
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Past, now and future of “NDES”
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GUT —Proton decay

? Proton decay —GUT?

Review the possibilities
w. a bottom up app.

i Benchmark modes

D — 7TO = et
for GUT

p— K" +v
for SUSY-GUT

=l the other modes

tell us something”



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
L5 = K(LCiTZH)(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
L5 = K(LCiTZH)(HiTQL) + H.c. AL =2  Weinberg(1979)

At d=6, SMEFT violates B+L (conserves B-L)

1

Four-Fermi ops. with . L
3 quarks & 1 lepton Oy = e QT tQ r)(QC it T L)
AB=1 AL=1 05 — GIJK(dRCIuRJ)(URCKBR)

Weinberg (1979), Wilczek&Zee (1979), Abbott&Wise (1980)

They lead to 2-body proton decays, p — meson + anti-lepton



The effective operators suggest...

f we have p — 7 + missing at the next NDEs... T, ~ 1033ny

v C |drur||QL], [QQ||QL]
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p — 7 +imissing suppressed at the same level.

which may be caused by

p— 7 Hi, B+L is violated only with the 3rd gen. lepton.
- A hint to the flavor structure



The effective operators suggest...

f we have p — 7 + missing at the next NDEs... T, ~ 1033ny

v C [drur][QL], |QQ]|QL] p—m +e"/u" have
We should also h 0 gt already been constrained
e should also have p at 7, > 10%*yrs

but. ..

' . . _|_ _
Then, if we will discover solely p— T + Ve, should be
p — 7 +imissing suppressed at the same level.

which may be caused by

p— 7 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



A model for p -+ " + N

There are two additional effective operators with N = v

ONl — (QQ) (dRN) ONQ — (URdR) (dRN) cf. e.g., A‘;Iz(r)\gfjoéel’ggl,,
Light N has rich phenomenology



A model for p — 77 + N

There are two additional effective operators with N = v

ONl — (QQ) (dRN) ONQ — (URdR) (dRN) cf. e.g., /A;Izggf)oéel’égl,,
Light N has rich phenomenology

Helo et al.,

Smallness of neutrino masses «— Longevity of protons  1s3.00035

Dirac neutrino mass H(+,+) Qa(+,+) v, S(— 1) v, dry (+,+)
- > 9 — «— — & 4
NLH _ e e Yr(=,+)Y { dn(=,+)
. # e M, My Proton decay
Y, M,, Y4 UL (—,+) Y t UL(+,+)
> ‘ > o > & > . ~ — > — » -
L(+,-)  ¥p(=4) di(+4) N+ Qs(+,4) Y2 §(—4) Ve N(—.4)

with 2 vector-like fermions and 3 scalars
W'(1,1)g ¥(3,2) 16 n(1,2) 112 S'(1,1) S(3,1)_1/3
If M, 1 ~TeV, the size of the couplings Ys are roughly O(10~°)
for my, ~ O0(0.1) eV 7, ~ O(10°%) yrs



A systematic list of the models...

*Decomposition at tree = Leptoquarks

Decompose the eff. ops into...

q Y; S Y, g"  Heloetal,
g r——" < 1904.00036
U | T
- - — - — & -
q Yo S Y3 [




List of the modaels...

*Decomposition at tree = Leptoquarks

Decompose the eff. ops into...

q Y;: S Y, g"  Heloetal,
> r——-" < 1904.00036
U | T
¢ Y, &Y, ¢
- - » | Mediators

e ——————
Common for all Os

| -

D)

QO

= 3

,CY? #2131 3 3 1
5 #3/383 3 =
D #4/3 8 6 6 4
D #5331 1 1
— #6/3 3 8 8 -
- #7336 8 8 —4
NS, #8/6 3 8 8 4
3 #9|683 3| —4
O #10/8 3 3 3 -
8 836 6| -4
O 86 3 3 4




List of the modaels...

*Decomposition at tree = Leptoquarks

Decompose the eff. ops into... For O = |[drug]||QL] |
q Yl S Y4 qll Helo et al., 01 Mediators Sll](2)u(1) SU(2) FieI'ZXLOOP S[.I(3)
> o — — — —§ < 1904.00036 Decom. S Y S’ coeff. factors sign
du)(QL) 1, 1Q+§ 2°+é 1a+§ 1 M¢M¢,I4 +
2 2 1 2 -1
2 B T (ad)(q"0 IR
3 3 2 3 3
> > — > = - < (ud)(QL) 1, 10_§ 2Q_§ 10_'& 1 MyM 14 —
¢ Yo 5 Y3 L'l Mediators 2 2 1 2 | -
- — , , 2 9 3 2 _a
CommonforalOs . v § ¢ S 2 3 2 a| s
5 Mediators ’V — (d@)(ul) 1a 1"‘*& 1°‘§ 2°+§ -1 —3J4 -
% b S o' §'NSU(3) coeff. % Z ; ; ; ‘31
O #1]1 3 E E ! % 3 3 3 2 | -3
—~ #2313 3 1 — [(Qd)(uL) 1, 2 1 2 s 1 1| 1 L Ja -
L #3383 3| -3 @ ) L |
) D
N #4/3 8 6 6 4 N 2 3 3 2 ~3
D #5133 1 1 1 O 3 2 3 3
— #6/33 8 8 -~ = C (uQ)(dL) 1a 1, 2 1, 1 2,,1| —1 —3J4 +
- #7336 8 8 —4 . 2 2 2 1 —1
O 4816 3 8 8 4 O 2 2 2 313
% — 3 3 3 2 -3
#9/6 8 3 3 —4 @p)
C_) T a6 6 2 1 2 -1
= 836G 6 —4 §2 o 3 3 0 4
O 86 3 3 4 O 3 2 2 3 3




Inspired by Scotogenic models

8(3.’ 2)+1/6

Proton decays p — 0" /7" iy IS (O €
. —— 4 -
. _ 619 _
T, ~ 10°*[yrs] M 3 - 10 (3,2)-1/6] §¢/(1.1)
1TeV| | Y
UR > {,’ - == -}0/3 <
A2S‘,(]~v2)+1/2 ’




Inspired by Scotogenlc models
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d Yl Y4
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v mass a la scotogenic models M ~ TeV

. Ma (2006)
Vi ~ 1075 for s ~ 1

To reproduce the correct DM relic density,
Yai > 0.1 |7~ 10" yrs




Inspired by Scotogenlc models

5(3,2) 4176
dg Yl Yy
Proton decays P NN i3
— 4 6193 m | |
Tp N 1034 [YI'S] M 3 10~ (3,2)-1/6 P'(1,1)o
= 1TeV- _ Y - > *~ — > — & <

v mass a la scotogenic models M ~ TeV

. Ma (2006)
Y3 ~ 107° for A5 ~ 1
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Inspired by Scotogenlc models

5(3,2) 4176
d Yl Y4
Proton decays P INTANL & " 13
— -4 6 - 8 L m | |
e 10%yrs] | '3.10" 5(3.2)-/6 (1,1,
P y 1TeV| | Y R

v mass a la scotogenic models M ~ TeV

. Ma (2006)
Vi ~ 1075 for s ~ 1

To reproduce the correct DM relic density,
Yai > 0.1 |7~ 10" yrs

(6 ) 1704.07781 (CMS)
Squark”™ @LHGC 1712.02332 (ATLAS)

X4 Oy’ =jet+missing

CMS 35917 (13 TeV)
pp 484 -.qzj NLOWNLL exclusion

2 i

g 8 & §
PP
?

Cross section [fb]
=)

Y — drQi’ =2jets+missing with 7y 2 10's

“Heavy ionizing track” (“R-hadron”) searches...

10.1 | | 1
600 800 1000 1200 1400

1902.01636 m(T) (GeV]




Insplred by Scotogenic models
5(3,2) 4176
p ot/

dR Yl Y4 Q
- — -4

M -3 . 10_6 1% L"(g 2) 1/6Y A (?'v'(]_]_)o
1TeV | Y

- - > - — > — @& -

v mass a la scotogenic models M ~ TeV

. Ma (2006)
Vi ~ 1075 for s ~ 1

To reproduce the correct DM relic density,
Yai > 0.1 |7~ 10" yrs

(6 ) 1704.07781 (CMS)
Squark”™ @LHGC 1712.02332 (ATLAS)

X4 Oy’ =jet+missing

T, ~ 10°*[yrs]

CMS 35917 (13 TeV)
pp 484 -.qzj NLOWNLL exclusion

2 i

g 8 & §
PP
?

1
o

LHC

Cross section [fb]

Y — drQi’ =2jets+missing with 7y 2 10's

“Heavy ionizing track” (“R-hadron”) searches...

10500 800 1000 1200 1400
1902.01636 m(T) (GeV)




List of the modaels...

*Decomposition at tree = Leptoquarks

Decompose the eff. ops into... For O = |[drug]||QL] |
q Yl S Y4 qll Helo et al., 01 Mediators Sll](2)u(1) SU(2) FieI'ZXLOOP S[.I(3)
> o — — — —§ < 1904.00036 Decom. S Y S’ coeff. factors sign
du)(QL) 1, 1Q+§ 2°+é 1a+§ 1 M¢M¢,I4 +
2 2 1 2 -1
2 B T (ad)(q"0 IR
3 3 2 3 3
> > — > = - < (ud)(QL) 1, 10_§ 2Q_§ 10_'& 1 MyM 14 —
¢ Yo 5 Y3 L'l Mediators 2 2 1 2 | -
- — , , 2 9 3 2 _a
CommonforalOs . v § ¢ S 2 3 2 a| s
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D #5133 1 1 1 O 3 2 3 3
— #6/33 8 8 -~ = C (uQ)(dL) 1a 1, 2 1, 1 2,,1| —1 —3J4 +
- #7336 8 8 —4 . 2 2 2 1 —1
O 4816 3 8 8 4 O 2 2 2 313
% — 3 3 3 2 -3
#9/6 8 3 3 —4 @p)
C_) T a6 6 2 1 2 -1
= 836G 6 —4 §2 o 3 3 0 4
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How to use the tables...

Fundamental Lagrangian: Yukawa interactions

L D Y1q7)°S + Yaupeq' S
+Y31'0S" + Yyq'e’ ST + H.c.

—ffective Lagrangian for proton decays S..

PTTT o Tmmmmepmesmmsmmeees .  e.g., Aoki et al., 1705.01338
— : : ; Hadron matrix element

Log = [Y1?¢CS] [YQ’Q_DEQIS/T] [Y4q//c¢’S’T] [Ygzp_/&é’/] given from lattice calc.
= coeff. x O(s) eff. ops
A |

Tables - 5 12 !
r, = ;77/719 1 m]\; W x coeff.|”
Yukawa couplings times... L My

Group theory coef., Loop int., Fierz trans. Helo et al., 1904.00036



Summary for Part 2: Proton decays

We will have large neutrino detectors...

NDEs are also Nucleon Decay Experiments.

GUTs are the best motivation for nucleon decays, but...

the GUT-benchmark modes may be too much emphasized.

e.g.,Non-benchmark moc

e p— m" + missing

can give h

SMEFT — List of 1-loop d

ints of flavour structures / sterile v.

A bottom-up approach to explore the origin of nucleon decays:

ecomposition of the effective ops



Backup



Bound to >Xm from cosmology

Vv as radiation >V as matter >
mat. dominant VE
vdec. epair-ann. BBEN eV recomb. ph.dec. . vé:k ag? . reion. I
1.5MeV  “1MeV "0.1MeV 0.3eV  0.29¢y Vi9ointononrela g g0gey

"Sound horizon” > ¢_d.'||“Angular distance”fzvaec. J./

CMB o, = rafda| ")~ | )| )= | F

e.d., Xm /( |::> TZStayS & 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.)

N galaxy (Z<2) I_yA (Z~3) . | Skc):r[loenberlg et aI.,EOX£§9N4
21cm (10<2<20) ension btw galaxy+Ly

HO tension - Possibly something is missing in LambdaCDM?
o ol 1oos0ons. Incl. of “something” may change the bound...



HO tension and v parameters

Planck collaboration, 1807.06209

0.84
: TT,TE,EE+lowE+lensing 0.84
i~ +BAO =--- 0.62 75 -

. \t\e\nsgon. TV Riess et al. (2018) 0.83
0.80 T L 082
a 70
- 0.78 = - 0.81
S o S
0.76 £ 0.80
< 65 -
0.74 T 0.79
62 - : 0.72 60 - kA8
NH i NH or IH 0.77
60 : : . — 010 ' ' ' !
0.0 0.1 0.2 03 04 2.0 2.5 3.0 3.5 4.0
rm, [eV] Nes
Ym S Hy ™\, HO tension gets higher

—» |nclusion of the HO measurement with SNs
—»2m bound stronger

—xtra radiation relaxes the HO tension.



Long-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
!
chong—range — << pySM
c , 1 V '0.05eV]/?
ogLong—range — —GF_ > ANP — 56[T€V]
AS
np P . MBs

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

5dgr q €L S 1
g=0.1 Mgyr = 101°GeV
P X 24
10 10
UR g ur, 1
UR > up Tp ~ — 3 - 10°2[yrs
. m?2 |49 ‘
gauge int. P MGur

SUSY-GUT: Dim.5 mediated by a coloured higgsino + Dressing
g=0.1 y=y =107"
Msusy = 1TeV Mgyt = 10'°GeV

1
2 .@
2 /

P | 1672 MgurMsusy

Yukawa Ints.



