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good morning

and thank you for the invitation!
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the big picture!

1 . . - R
(none of the next few slides are new, just an organization of my motivation)
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In neutrino beamline experiments, 1/, beams are made from collimated nE

Sanford Underground u ;

R h Facilit
esearch Facility Fermilab

00 miles —
(173(% K\\ome’(ers\ ‘,
v PR

v

20 T T T
[ — Prediction NOVA 6.0510% POT-equiv. ] Count vy, at near detector (ND) and
] 1-0 syst. range ]
15[+ Max. mix. pred. 4  compare to # at far detector (FD)
[ --- Backgrounds ]
) | —— Data -
S 10 E ..
@ ] v, deficit + v/ apperance at FD
s 4 best described by v/, — Ve > 10,
i transitions/oscillations
0 == =
e g“’? | é < NOvA v, disappearance [1701.05891]
o= 1F =
o ' ;
inatiiciiiiiecanit — evidence for » masses!

T Z 3 7
Reconstructed neutrino energy (GeV)
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https://arxiv.org/abs/1701.05891

So, neutrinos have masses, with m, < O(1) eV

Is this a problem?

Yes.
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SM'’s guidance on m,

Problem: according to the SM, m, = 0 (not enough ingredients!)
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https://arxiv.org/abs/hep-ph/9805219

SM'’s guidance on m,
Problem: according to the SM, m, = 0 (not enough ingredients!)

my, # 0+ left — handed (LH) weak currents

/ (renormalizability) \

LH Majorana mass : %mﬁﬁu}; Dirac mass : mPwpvp
l (gauge invariance) l
mk = y(A) or new dynamics mP = y(®sy)
b, =Y -V Y 5 b, = Y\¥sM

m, # 0 4+ renormalizability + gauge inv. —> new particles!

Ma('98) + others
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SM'’s guidance on m,
Problem: according to the SM, m, = 0 (not enough ingredients!)

my, # 0+ left — handed (LH) weak currents

/ (renormalizability) \

LH Majorana mass : %mlfjﬁui Dirac mass : mPwpvp
\l] (gauge invariance) \l]
mk = y(A) or new dynamics mP = y(®sy)
b, =Y -V Y 5 b, = Y\¥sM

m, # 0 4+ renormalizability + gauge inv. —> new particles!
Ma('98) + others
New particles couple to 7, and /", usually H, and often mediate
processes that violate lepton number and/or lepton flavor symmetries
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https://arxiv.org/abs/hep-ph/9805219

These core ideas can be realized in many ways! 2

Minkowski ('77); Yanagida ('79); Glashow & Levy ('80); Gell-Mann et al., ('80); Mohapatra & Senjanovi¢ ('82); + many others

Colored S:/3 porren P
Weinberg d = 5 28 7ZB@1 loop

2For reviews, see Cai, et al [1706.08524]; Cai, Han, Li, RR [1711.02180]; Coy, Frigerio [2110.09126]
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https://arxiv.org/abs/1706.08524
https://arxiv.org/abs/1711.02180
https://arxiv.org/abs/2110.09126

m, # 0 4+ renormalizability + SM gauge inv. =— new particles!

[Ma ('98)]

Incredibly powerful but also incredibly vague since new particles:
@ ... can be light ® or heavy ®
@ ... can be short-lived ® or long-lived ®
@ ... can have SM gauge interactions, e.g., H¥* in Type Il, Zee-Babu
(vg not always needed!)

@ ... can have new gauge interactions, e.g. vg and Zg_; in U(1)p_r,

@ ... must couple to ®gp and L, often inducing collider processes that
do not conserve lepton number (LNV) and/or lepton flavor (LFV)
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https://arxiv.org/abs/hep-ph/9805219

what if right-handed neutrinos do not exist?

Majorana, -

L.y
--____&_—‘ /-
v~ O\ — nzyk?éo

U(l)p

-
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what if right-handed neutrinos do exist?

Majorana, -

L.y
--____&_—‘ /-
v~ O\ — nzyk?éo

U(l)p

-
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Consequences of vg

Obviously lots of rich phyS|cs excluded 0v33
— m, and v oscillations 01007774
— Ovf decay (probably) G . = i
— particle dark matter candidate 2 12
1c

— trigger matter-anti. asymm. ooor 12
— stepping stone to GUTs, etc. ' i§

- s=1 '%

1005010010 omoI 1

(see previous talks or papers by nearly everyone here) my (eV)

Hagedorn, et al [1602.04206]



https://arxiv.org/abs/1602.04206

broad implications for the universe ®
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life with v is probably more complicated ®
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Motivation for non-minimal scenarios

Little-known fact: WOi WOi — in Type | violates s-wave unitarity

Dicus & He ('04, '05); Fuks, RR, et al [2011.02547]

Working out the matrix element for
Woi Woi — , you get:

M

2
My
(in limit that My, MWW < my)

—iM ~ g2 VeNVeN

Extracting the s-wave amplitude

_ 1 r1
aj—0 =35 [ ;dcosf M
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Motivation for non-minimal scenarios

Little-known fact: WOi WOi — in Type | violates s-wave unitarity

Dicus & He ('04, '05); Fuks, RR, et al [2011.02547]

Working out the matrix element for
Woi Woi — , you get:

M

2
My
(in limit that My, MWW < my)

—iM ~ g2 VeNVeN

Extracting the s-wave amplitude

aj_o = %fildcosé? M
and requiring |aj—o| < 1 gives scale (Mww/) at which unitarity is violated:

32mM2, 1
(275@[.@ )gW ‘Z lkvjk|

(scattering energy)?
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https://arxiv.org/abs/2011.02547

does this tell us anything? (unsure)
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Unitarity violation in the Standard Model

1. In Fermi Theory, unitarity violation in
VN — /N suggests missing particle

W boson!

2. In Fermi Theory w/ W (no Z),
unitarity violation in — W-wt
suggests missing particle

Z boson!

3. In the SM without Higgs, unitarity
violation in Vj Vé — VoV suggests
missing particle

HO boson!

in AL = (1/2)rv5rR probably needs to be generated dynamically by
... but maybe vr do not exist

(yes, this is a jump baby with the bath water” argument)
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Type Il Seesaw?®

Konetschny and Kummer ('77); Schechter and Valle ('80); Cheng and Li ('80); Lazarides, et al ('81); Mohapatra and
Senjanovic ('81)

Seesaw scalars at the LHC — NuTs 2022 (Madrid) 17 / 48



The Type Il Seesaw is special: generates m, without hypothesizing vr
@ shows m,, # 0 % that vg exist
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The Type Il Seesaw is special: generates m, without hypothesizing vr
@ shows m,, # 0 % that vg exist

Hypothesize a scalar SU(2), triplet with lepton number [ = —2

R + ++ R
8= (Jano i) v fae3uma(015 -0t he)

The mass scale piya breaks lepton number, and induces (/) # 0:

VE(R) = va m i
A \/§m2A
which leads to left-handed Majorana masses for neutrinos

o _ygTA . _yg (7 7C> 0 0 ]/f'
AL = \sz AL = e vic  pi A 0 )i

>-1 (\/EyZVA)I/?V"

\—/“—/
—mi
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Fewer free parameters = richer experimental predictions
Fileviez Perez, Han, Li, et al, [0805.3536], Crivellin, et al [1807.10224], Fuks, Nemevsek, RR [1912.08975] + others

e Example: A decay rates encode inverse (IH) vs normal (NH)
ordering of light neutrino masses
=+ p+ ij =~ di
M(A = 00 ) ~ ya ~ (Upyns e

my UE’MNS)U

Bray in %

Bray in %

0.1 NH

10* 0001 0.010 0.100
my,. ineV

0.001 0.01 0.1

0.001 0.01 0.1
my,,. ineVv

m,__ineV
min
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https://arxiv.org/abs/0805.3536
https://arxiv.org/abs/1807.10224
https://arxiv.org/abs/1912.08975

The leptonic scalars of the model A*, AT AY £0 all couple directly
to VV7 Z,’}/ via gauge COUp“ngs (= unambiguous xsec prediction!)

7 ,A F(at) P 'A* ,,::Df /B ,,Au
/\(,,/)v (A0 (b) SoAF O

, ++ /r’/+, —- /r/, fot E
. \}3 : \npa ME 14TeVLHC -
Soae S W s o Q E
@ © ) 1
S
Sk .
Many production channels but most IE E
studies focus on pp — AT AT 107 Ly, E
. ] +0 . o 4 9 3
(unsure if studies on £ even exist @) 1072 ? N Uﬂ/ é
L4 . . 1073? | \ il
If A= is the lightest state, then decay o = S E
. . SOV OT IR A™AT(NLO)Y
rates set by oscillation parameters ° ! = ER NLO)
b )
(I find this really, really cool ©) r 02040608 1 121416 1.8
X Triplet Scalar Mass, m, [TeV]
If A"" is not the lightest state, or v is Fuks, Nemevéek, RR [1912.08975]

large, then things get “interesting”
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The of the model A AT AP €9 all couple directly

to W, Z, Y Via gauge cou p|lngs ( = unambiguous xsec prediction!)

Sz e AT(AT) L oast :]>/ ne,ATT(AT)
/\/\K NA /\/\K SAT Y
AtE

oA \—J\:’ A \”3:/\3 Tass Preferred decay modes of
N }\\A” SATC wH X (AM =my — my)

(d)

1000
50.0-
Many production channels but most
studies focus on pp — AT T A < l:g
> 50!
(unsure if studies on €% even exist ®) Q
=
< 10k
If A™" is the lightest state, then decay 05
rates set by oscillation parameters

|
10-10 10-8 10-6 1074 0.01 1

(I find this really, really cool ®)
V, (GeV)

If A:i iS not the |Ightest state. or VA iS Melfo, Nemevsek, Nesti, Senjanovic, Zhang [1108.4416)]
large, then things get “interesting”
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https://arxiv.org/abs/1108.4416

the “large” va limit
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a) (A) (A) T

N , Do | 80478 = 83 ———
\ /
\ ’ CDF | 80432 = 79 —_—
A /7
W+ /\/\/\/\\X//\/\/\/\ W+ DELPHI 80336 = 67 ———
L3 80270 + 55 —e——
OPAL 80415 = 52
b) A**. At

ALEPH 80440 = 51

s N

w+ /\/\/\/{ ‘(\/\/\/ w+ Dol 80376 = 23
\ 7/
-

ATLAS 80370 = 19

.”H

_ CDF Il 80433 = 9
A= A

e b b b b B B

10 and 20 regions preferred by my,

450F T =
1 . hel
CDF's legacy measurement of the My is 400l 3 ]
larger than EWPD suggests [science(22)] | : ]
(not sure the experimental result should be discounted so quickly) % §
[©]
£ 300f 1 1
g T
. ' . s 2501 B
Interesting that Type |lI's correction to p :
param. accommodates measurement 200y ) 1
— favors A", A" with lighter masses 150 How
Heeck [1108.4416] 100k

50 100 150 200 250 300 350

my [GeV]
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https://inspirehep.net/literature/2064224
https://arxiv.org/abs/1108.4416

strong(er) motivation for LHC searches

q V170 7 A (AY) 7 AFE

P W
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LHC limits on pair production

pp — ATTATT o AWTE s 24+ Fr+ X

( ) [2101.11961]
= 60T e
|: 50 - A LAS —e— observed 95% CL upper limit _|
C = 1 ]
? - Vs=13 TeV 139 fb - - - - expected 95% CL upper limit |
? 40 i D expected limit (+20) 5
= E [ expected limit (+10) E
H; 30— ——— Theory (NLO QCD) _
. - .
III 201 7
T C n
1 C ]
a 10— -
£ C 7
] Co b b b b L L T .
; 200 250 300 350 400 450 500 550 600

My s [GeV]
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https://arxiv.org/abs/2101.11961

LHC limits on associated production

pp — ATTAT 5 3WETZ - 24+ Fr 4+ X

( ) [2101.11961]
— 1207717
a B i
5 B ATLAS —«— observed 95% CL upper limit |
— Vo= -1 il
‘; 100: \/E—J_S TeV 139 fb - - - - expected 95% CL upper limit 7
+|§ 801 C] expected limit (+20) 7
o C [ expected limit (+10) T
% 60} ——— Theory (NLO QCD) {
H—j: | _
b r ]
I 40? 1
! N ]
g 20 Tl 7
S . T~ T i
< I P PR R PR e ol
o}

200 250 300 350 400 450 500 550 600

My pes [GeV]
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Details on event selection ( ) [2101.11961]

Charged Higgs

H mpy=: =200GeV | my+ =300GeV | my=++ =400GeV | mpy== = 500GeV
boson mass

Selection criteria || 2£% channel

miets [GeV] [100, 450] [100, 500] 300, 700] [400, 1000]
S <0.3 <0.6 <0.6 <0.9
AR+ px <1.9 <2.1 <22 <24
A‘/’(LE{!““ <0.7 <0.9 <1.0 <1.0
mye [GeV] [40, 150] [90, 240] [130, 340] [130, 400]
ENS [GeV] >100 >130 >170 >200
Selection criteria || 3¢ channel

AR s [0.2, 1.7] [0.0,2.1] [0.2,2.5] [0.3,2.8]
mye [GeV] >160 >190 >240 >310
EP™ [GeV] >30 >55 >80 >90
AR[J:e[ ) [0.1, 1.5] [0.1,2.0] [0.1,2.3] [0.5,2.3]
pingiet (Gev] >40 >70 >100 >95
Selection criteria || 4¢ channel

mye [GeV] >230 >270 >360 >440
EIs [GeV] >60 >60 >60 >60
P Gev] >65 >80 >110 >130
AR?‘I‘"[1 [0.2,1.2] [0.2,2.0] [0.5,2.4] [0.6,2.4]
ARTE, [0.3,2.0] [0.5,2.6] [0.4,3.1] [0.6,3.1]

R
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LHC limits on pair production (new!)

pp — ATTATT = 40+ X

( ) [ATLAS-CONF-2022-010]

10EATLAS Preliminary = ---- Expected 95% CL limit

(s =13 TeV, 139 fb! Expected limit + 1o
Expected limit + 20

— Observed 95% CL limit

— Doubly charged Higgs |

=o(pp - H"H)

a(pp ~ H Hy)

3, B(H* - F 1) = 100%

Total cross-section [fb]

1072 ||||||L|\gu

400 500 600 700 800 900 1000 1100 1200 1300
m(H™) [GeV]
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What if A", A" are discovered?

10 and 20 regions preferred by my,

450

400

H*™>W* W*excluded

350

300

2501

my & my [GeV]

H">sWw*w*
excluded

R. Ruiz - IFJ PAN

50 100 150 200 250 300 350

my+~ [GeV]
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celebrate! ®
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A AT are not unique in BSM models
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context: the remainder of this talk is to show that
falsifying competing models will be difficult

(some guidance exists but personal hope is to inspire interest and new work)

Seesaw scalars at the LHC — NuTs 2022 (Madrid) 32 /48



Zee-Babu Model*

Higgs Doublet Ext @
" S\
High scale Type I @ @
L4

-
' S -

4Zee ('85x%2), Babu ('88)
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Zee-Babu model generates m, radiatively without hypothesizing vr

again shows m,, # 0 # that vg exist
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https://arxiv.org/abs/1402.4491

Zee-Babu model generates m, radiatively without hypothesizing vr

again shows m,, # 0 # that vg exist

Hypothesize two scalar SU(2); singlets k. h with weak hypercharge
Y=-2,-1(= Q=-2,Q,=—1) with lepton number [ = -2

L7z = Lsm + (Duk)T(D'“k) + (Duh)T(D'“h) + + (,uy hhkt + H.C.)

[f,-j Tilih' + gz () ek + H.c.} .

PR LN
- s I S ~ ]77
1
v N
1
1
1

k \

\

€L i
by

VL

€R €R VL

T — — — 4

T
I
:
%
) o)

[1402.4491]

The mass scale juy breaks lepton number, and induces m,, # 0:

(Mgavor)ij = 16;“[ f,-a my g;"b Iab(f) meg f;-b.

R. Ruiz - IFJ PAN
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Fewer free parameters = richer experimental predictions

Nebot,et al [0711.0483]; Ohlsson, Schwetz, Zhang [0909.0455]; Herrero-Garcia, Nebot, Rius, et al [1402.4491]; + others

e E.g., k", h" couplings encode oscillation physics

Normal ordering:

cos 0o . .
Jer = tan 012 ———= + tan 03 sin faze ™
fur cos 013
cos 05 . .
fe,u = tan 61273 — tan 913 sin 9236 W0
Jur cos 613
Inverse ordering:
Jer  sinflaz s
- . )
fi“' tan 913

few _ cosbaz s
fur " tanfqs

for
feu

= —tan 923.
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Fewer free parameters = richer experimental predictions

Nebot,et al [0711.0483]; Ohlsson, Schwetz, Zhang [0909.0455]; Herrero-Garcia, Nebot, Rius, et al [1402.4491]; + others
e E.g., k™", h" decay rates encode IH vs NO

NH & IH, sin®(623) <0.5
05 IH h - ev

NH & IH, sin?(63) = 0.5
0_5L IH h - ev

BR(h)
BR(h)

- -/2 0 n/2 n

u}
)
l
n
it

DA™


https://arxiv.org/abs/0711.0483
https://arxiv.org/abs/0909.0455
https://arxiv.org/abs/1402.4491

The leptonic scalars of the model k", h™ couple directly to Z,~ via
gauge COUpIingS (= unambiguous xsec prediction!)

q

N
v /2 k() 75 K g
7 “w kT (RY) v, ve. = 10°K
594 3

<a> B . . ® = 1028 g8k kT 14 TeV LHC
e T s NGRS R
v . “w. “w. - -
| \ Wﬁ’) . ’ = yy KK (LO)
5
> 10
Many production channels but most ::10’
studies focus on pp — k' "k PO )
glO’ 0 x K.\I\NLL>\\
. . blo—SgT‘ L L
If k™ is the lightest state, then decay P Erer T v - :
1 1 A
rates set by oscillation parameters ol E NN,
~ l Lh = “scale
(1 find this really, really cool ®) TI’ 200 400 600 800 1000 1200
M Zee-Babu scalar mass [GeV]
What about discerning from Type |l
S 2 RR [O(1) week]
eesaw’

Seesaw scalars at the LHC — NuTs 2022 (Madrid) 37 /48



Usual argument: Different gauge quantum numbers — different o

@ In principle, this is a good arguement

£ d— 10k 4
S E ER-=] k 3
£k 14TeVLHC — I= 10\ ek k" 14TeVLHC
< 10 ié\’\ E >< \ 1O x KNN.‘\ILL) mk = mh 3
Lol 15 R\ 1
§l0¢ EE! 5
5 ERS E
e 2=0E E
E 02 3
10 JF0ve ]
B X100k \
1072;7 7; T]Qﬁ zg’y%h'h* A
E E I\ ?LOXKW.\LL) \ .
10733 | L S 010° )
S 3 e (NPLL)... att a0z x - o 13E- kKT DY.-NLO)E 8 018y 3
St L R w2 %12 G
oy 01 ATATNCOy 4 M i (DY NLOy %73,
ﬁ 02040608 1 12141618 ?I‘ 200 400 600 800 1000 1200
X N

Triplet Scalar Mass, m, [TeV] Zee-Babu scalar mass [GeV]

(note: axes do not cover same domain/range)
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Usual argument: Different gauge quantum numbers = different o

In principle, this is a good arguement

@ ... but difference (1x or 2x) can be absorbed by BR
E SRR ; S ;:::m::::\ii ;MAL __;x )
= B — & —
SEE Ih*/ AA* (DY NLO) 1o Ih*/ AA* (DY NLO)
~ ~
P 5
] [ B N
a L 4= i
& &
6 03 o 0% FTFTFFFFFTTTRFFFFFTTTTITNNY
L Kk / A"A** (DY NLO) i %f kKk**/ A"A** (DY NLO) |
r 13 TeV LHC 7 100 TeV LHC 1
07‘ P I U TR E I S R 0 e ey ]
]I% k(DY NLOY £, 07 0 1]21 KK (DY NLOY 851 0,7
9 M A S i
© 007 P27 777 O () o i )
~ 08F “(DY.NLO) + 8 ~ 03E Bh*(DYNLO)+ 3§ i
ﬁ 200 400 600 800 1000 1200 ﬁ 0 2 4 6 8 10
X Zee-Babu scalar mass X Zee-Babu scalar mass

my, = m, [GeV]
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Usual argument: Different gauge quantum numbers = different do

In principle, good argument...

Plotted: p> in pp — ST+S—~
for Type Il and ZB

— Zee-Babu (solid, lower line)
— Type Il (dotted, upper line)

— Zee-Babu x (M> (dash)
oz

. except same shape

(note: this also holds for other models)

R. Ruiz - IFJ PAN

Z Babu (NLO
Zee-Babu (NLO) E(“Typen/"za I
Typell (NLO)

10" @
—_ =
£ £
-~ +
E %
% 102 ©
~ .Lg
9 18
© o

=

g

+

NLO+LL(PS) mg =500 GeV Q

10° | P
t t t t t t o

0.04 12
0.02 | 45
2

002 {{I}iiifffif{{{}{ g

e b scale variation over central scale 7@

0.04 - L L L L L L 1s!

3 F . . . . . . 13

25 fx ]

2 F = B

15| 1

O.é L ratio to baseline 3

0 . . . . . .
0 200 400 600 800 1000 1200 1400
pr* [Gev]
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Usual argument: Different gauge quantum numbers = different do

107 b ZeeBabu (NLc‘)g — ]
Zee-Babu (NLO) E(‘I?yTﬁlgﬂl(lNong) I
10°
In principle, good argument... =
f 10
g
S ++c—— &
Plotted: y> in pp — S™7S Qe
for Type Il and ZB =
— Zee-Babu (solid, lower line) S e

— Type Il (dotted, upper line)

NLO+LL(PS)  mg= 1250 GeV

ph5_aMC@ILO + Pyt hi a8

ZB

— Zee-Babu x (W) (dash) w7 —

0 {E}iii%i%%iii{{{
. except same Shape 005 scale variation over central scale

;
(note: this also holds for other models) ‘ ‘ ‘ ‘ ‘ ‘ ‘
.

SM ZeeBabu_NLO UFO + MadG a

T I
b ==t

05 F ratio to baseline

0 I I I I I I I
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silver lining (pt 1)
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Guidance from oscillation data

The ratios of h* — (v couplings are fixed by oscillation data
@ v cannot be tagged at the LHC
@ LHC only sensitive to sum over v = inclusive w.r.t. /!

From flavor-exclusive decay rates:
2 2
r(h = o)) = 5B my (1 7%)

4 my

define flavor-inclusive decay rates:
T

[L(ht = efrvy) = Z [(ht — etiy)
l=e

L(h* — pFvy) = Z L(h* — pFvy)
l=e
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Guidance from oscillation data

The ratios of h* — (v couplings are fixed by oscillation data
@ v cannot be tagged at the LHC
@ LHC only sensitive to sum over » = inclusive w.r.t. v

From flavor-exclusive decay rates: R _ BR(W® = evx)
+ N _ P m? e BR(h* — pFrx)
r(ht = ) = et my (12 oy o
Y 2 2 S b s
| feul? + | fur P |;“\2+1

define flavor-inclusive decay rates:
T

[L(ht = efrvy) = Z [(ht — etiy)

(equivalent to measuring cross section ratio!)

l=e
T Using NuFit(v5.1)
F(h:t - ,Ltﬁ:I/X) = Z F(h:t - M:ty‘e) RZU % 0313 (+smallish unc.)
l=e
Rgﬂ‘ ~ 0.715 (+smallish unc.)
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silver lining (pt 2)
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Zee-Babu - DY NLO QCD [this work] |
Type Il Seesaw [ATLAS-CONF-2022-010]
ATLAS exp. 139 o'
-------- ATLAS obs. 139 b
0 1oexp)
[ 20(exp)

— - - Projection 3 ab™
I 16 (proj)
[ 2 o (proj)

13 TeV LHC

P I N
400 600 800 1000 1200
Zee-Babu scalar mass m, [GeV]

o(pp — kK )xBR(k**— TFIf [fb]

Identical kinematics = automatically obtain LHC limits (new)
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Type II Seesaw [ATLAS-CONF-2022-010]

ATLAS exp. 139 fb!
-------- ATLAS obs. 139 fb!
I 16 exp)
1 206
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Summary and Conclusions

The origin and nature of 7, # 0 remain major puzzles for hep-ex/ph/th

— SM provides some (but limited)

guidance on solution ©

— While popular, models beyond
“minimal” Type | Seesaw or w/o
vr motivated by hep-ex and th ©

- turn
oscillation data into collider
predictions

these models are testable at the LHC and dedicated
flavor experiments! for reviews, see:

Cai, et al [1706.08524];

Cai, Han, Li, RR [1711.02180];

Coy, Frigerio [2110.09126]

R. Ruiz - IFJ PAN

T
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w | B
o€ 4 .
ol L n t
o 215F
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o

1 2 3 4
Reconstructed neutrino energy (GeV)

Upon discovery, hypothesis- testing will be
difficult ®; further studies are encouraged

(oscillation data will provide strong guidance ©

)
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https://arxiv.org/abs/1706.08524
https://arxiv.org/abs/1711.02180
https://arxiv.org/abs/2110.09126

Thank you.
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