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Three-neutrino oscillation: Shot Bacofine
Not the full picture? Anomalies

Long and Medium
Baseline




Liquid Scintillator Neutrino

DEtECtOI" (LSN D) Cherenkov : Scintillation = 1:5

\ 0.8 GeV proton beam

17.5 — ® Beam Excess

15[

Beam Excess

125

10 |-

7.5

O f

—

0.4 .0-6‘ | 70-8. | 7 | .1-2 | 1-47
hep-ex/0104049 L/E, (meters/Me\V)

87.9+22.4 + 6.0 events
3.8 0 excess

LSND detected more Vv, than expected :

water target

| beamstop L~30m
E~ 30 MeV

Scintillation
vV

Cerenkov Neutron

capture on
H

LSND neutrino source

+ _DAR + o +
—g  —— V. U — V. Vv e
i T
P
—’—
800 MeV or ——r e ¥ o — v |V |e
1.5 GeV/c 1% T8 e
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EventsMeV

EventsMeV

MiniBooMNE 1207.4809

E:}_' | | | Neutrino

o + - Data (stat err.) E
2.0 - [ v= fromu™” ]
1 v, from K™ E
l 3 v from K°
1.5 B < misid -]
A — Ny

=3 other -

—— Constr. Syst. Error

Antineutrino

*Neutrino and anti neutrino modes see
excesses of v, and v, (Combined is also
3.8 0 excess )

(I W

/

" Booster
_—

Magnetic Decay Absorber  Dirt Detector
focusing horn  region

To test the LSND indication of anti-electron
neutrino oscillations

Keep L/E same, change beam, energy, and
systematic errors

Baseline: L = 540 meters, ~ x 15 LSND
Neutrino Beam Energy: E ~ x (10-20) LSND

Different systematics: event signatures and
backgrounds different from LSND High
statistics: ~ x 6 LSND

Perform experiment in both neutrino and
anti-neutrino modes.



MmiBooNE’s Low Energy Excess

¢ Observation of a Significant Excess of
Electron-Like Events in the MiniBooNE
Short Baseline Neutrino Experiment

ouble neutrmo-mode data in
2016-2017 (6.46x102° + 6.38x10%° POT)
“ Event excess: 381.2 £ 85.2 (4.50)

Events/MeV

MiniBooNE Collaboration hep-ex/1805.12028
1 L] [} I ] ] ] | I 1 i I [} i ] l | | 1 I i ] ] I | | I i i
- o Data(stater)
5 =3 vofomy”

N — v, fromK"™
L 1 v, from K°
- B misid
v + Ca-N

: E dirt

[ other
Constr. Syst, Error
------- Best Fit
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https://arxiv.org/pdf/1805.12028.pdf

MimniBooNLE’s Low Energy IExcess

MiniBooNE

observed a large «
excess in the much
lower energy region

This is the region that
the LSND oscillation
should have appeared

MInIBOONE Collaboration hep-ex/1805.12028
I ] | I ] [] I ] ] ] | I 1 1 I ] ] I I I I i []

- pemT TS - e Data [stat er.)
T‘F‘ 0 v, fromp**

N | v, from K™
£ 1 v, from K
..... \ [  misid
“I + \ C_Ja-Ny
: \ I dirt
. [ other
I
(]
[}

Constr, Sysl. Error

------- Best Fit
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https://arxiv.org/pdf/1805.12028.pdf

what s golng on???

* What is the nature of the excess?

* Possible detector anomalies or reconstruction problems?

* Incorrect esimation of the background?

* New sources of background?

* New physics mcluding/excluding exotic oscillation scenarios?

The origin of such excess 1s unclear - it could be the presence of new physics, or a large background mismodeling.
However, the MiniBooNE result, if due to new physics, would revolutionize the field of particle physics.

What sort of new physics can explain these anomalies?




% What about eV Sterile Neutrino Interpretation ??7?

Am? L
PSBL = 1 — 4|01 = |Un?) sin® [ —=
4F
Am? L
PSBL — 4 Uﬂg 2 U 2 Siﬂ2 41 .
ws = Ul Upd] "
Slnzze ue =4 |Ue4_ Uu4 |2
Leads to v, Leads to vy
disappearance disappearance

(md}z_“

m’ (eV?)

W Ve
. ‘Il'lll_l
W Vv




% What about eV Sterile Neutrino Interpretation ??7?

sin“20 =4|U., Uy |? I
V 99.73% CL
X 2 dof
Leadstovutwov, 107
disappearance
S
=
* 2variables: U,,U,, = 100 Appearance
- 3 datasets: v,-Disappearance ~ : (27l DIE)
v,- Disappearance >
V.- Appearance Disappearance
= Free Fluxes
U_l - — - Fixed Fluxes
Mona Dentler et al. JHEP 1808 (2018) 010 10~4 1073 1072 10~

.2
sin® 20,



% What about eV Sterile Neutrino Interpretation ??7?

sin?28 , =40, U,

99.73% CL
2 dof
101}
4.7 © tension between
Appearance and A
: @
Disappearance data sets o0l Appearance
. =1 - ;
under eV sterile ; ¢ = wjo DIF)
interpretation ——
. Disappearance
— Free Fluxes
10_1 _———Fi}:edFlu}:es - .
Mona Dentler et al. JHEP 1808 (2018) 010 10~4 10-3 102 10—

Collin et al. 1602.00671

L.
Gariazzo et al 1703.00860 Sin“ 26y
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Failure to accommodate 9 Data

I Background

Shortcoming:

—

MimiBooNE low-energy excess.
MiniBooNE v mode

Events/MeV

Physics Workshop 2018)

o , -
EUT R\ T Energy (MeV)
N \C\EN D. Cianci, et al. (Talk presented at Applied Antineutrino




d Explanation of MiniBooNE’s low energy excess

¢ Sterile v at the eV scale present strong tension between data sets

Cosmological bounds further threat the eV sterile v hypothesis

[s there an explanation that is not ruled out?

Is there a “real model” for these explanations?

Can this relate to any of the theoretical problems of the SM?




< Explanation of MiniBooNE's low energy excess

Interaction  track Cherenkov
wCCOE MU gy,
% Electron

E is a mineral oil (CH,) detector that can zefr?—?;e ««
observé Cherenkov radiation of charged particles. i { W

Neutral pion
jally, it could not distinguish electron induced (
CHlerenkov cones from photon induced Cherenkov cones. NCn® M
VEN=v+N+7° 0:"‘_.
cess 1s correlated with beam in power, angle and timing. It .&‘W

resent in positive and negative horn polarities. It is not




that much
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» Degays of invisible light (<10 MeV)
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so lead to forward spectrum
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<+ Explanation of MiniBooNE's low energy excess

arxiv : 1805.12028 [hep-Ex]
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<+ Explanation of MiniBooNE's low energy excess
A LIGHT DARK SECTOR - THE IDEA

» There 1s a dark sector with a novel interaction

Bertuzzo et al 1807.09877
Bertuzzo et al 1808.02500
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» Right-handed neutrinos are part of the dark sector
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<+ Explanation of MiniBooNE's low energy excess
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<+ Explanation of MiniBooNE's low energy excess
A LIGHT DARK SECTOR - THE IDEA

» There 1s a dark sector with a novel interaction

» Right-handed neutrios are part of the dark
sector and are subject to new interaction

Mixing between Z, and photon leads to
interaction with protons

Bertuzzo et al 1807.09877
» Relevant part of the Lagrangian : Bertuzzo et al 1808.02500

2
mZD

20 Zou 2l + 902 Jpp + ee Zip I + I 71 J7

Lp D
D J'_,t, GW




“+ Explanation of MiniBooNE'’s low energy excess
A LIGHT DARK SECTOR - THE IDEA




“+ Explanation of MiniBooNE'’s low energy excess
A LIGHT DARK SECTOR - THE IDEA

---------

uuuuu

Sl : o
N coofl | arxiv : 1805.12028

o 50 100 150 200 250 300 350 400
m,, {MeVic®)

If e*e” pair is collimated (cosO,. > 0.99-ish), it will be classified as e-like



“+ Explanation of MiniBooNE'’s low energy excess
A LIGHT DARK SECTOR - THE IDEA
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We have to get this angular spectrum



“+ Explanation of MiniBooNE'’s low energy excess
A LIGHT DARK SECTOR - THE IDEA

(1) N, should be heavy (> 100 MeV) so its decay products are not so boosted

2) Z, should be light (< 60 MeV) so that the e+e- pair is collimated




< Explanation of MiniBooNE's low energy excess

§i| MNeutrino mode

Fit to energy spectrum only
(Ofticial MB data release)

Benchmark Points :

EventsMeV
= ot %] [F¥] 4~ [¥,]

- Antinentrino mode
my = 420 MeV el
—_ = 03 -
=30 MeV
|Upa|2=9x10-7 ol
aD=O'25 D-D;[I]DI I I-fI-EI]DI II IS{I]D'I — S[I]'DI I Ill}:ﬂﬂl I IlE.Il]ﬂl I Ilﬂllml .
ag2=2x10-10 1200 pr—————— Sreme e nevno enerey MY T
2 - 1000 ¢ I
X /dOf 33'2/36 EDDE — Data (stat. err.) il'
- : . s 7 mnasid ]
z  %00p ' B
Bertuzzo et al 1807.09877 “zz f
See also Ballett et al 1808.02915 N

for different realization of the mechanism



Model Independent Constraint
on Heavy Sterile Neutrino

i 1 <3
B - 5'::___ - ]
{f"\\;;'.____ :__LIU .-Ui!..l: j R AT hr__‘;-i_i_-lj_ ———
3 o 94 GT
W]
it ‘.m- \
:_ I W by
WL ?l’.!.-"
j
10t 1t 1 10! 10? 107
my GeV] de Gouvea Kobach 1511.00683

» Constraint on Light Dark Sector

l

u
W

llten et al 1801.04847

10 SR
107 10! ] 10

Ty [ G{-.‘\'r]

» Z,phenomenology is similar to dark photon case

» LHC constraints are not expected to be stringent
below 1 GeV



< Explanation of MiniBooNE's low energy excess

0o : : :
E MMiniBooMNE: iz, = 30 heWV
10—t E 1cr DR 1o rz, = 025
F w2 R S0 - " 10
ID_E E Frr (s = P10
102 ] Experimental il
constraints
10—
e
= 107 _
T i 3 Bertuzzo et al 1807.09877
10 =
107 _;I
10— % é
10— F E;
10— . -

=
2

101
. (GewN)

Region of our model in the |U“4|2 versus s, plane
satisfying MiniBoolNE data at lo to bo CL, for the

hypothesis mz, = 30 MeV, az, = 0.25 and ae” = 2x 1077,
The region above the red curve is excluded at 99% CL by
meson decays, the muon decay Michel spectrum and lepton
universality
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Neutrino Mass ==)> New physics beyond SM:

Masses (eV)
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Small Neutrino masses

s “Technically natural” in ' Hooft sense. Small values are
protected by symmetry. At acut-off scale A :
“natural” - 8m, ~ g2/(16m2) m;In(A2/m)
“unnatural” - Smg2~ - y,2/(8m2) A2

« Two ways to generate small values naturally :

“* Suppression by integrating out heavy states:
the higher dimension 1/A», the lower A can be.

“* Suppression by loop radiative generation:
the higher loops 1/(16m2)~, the lower cut off scale can be.




SCNeutrino Mass Models

o Lowest higher dim. operator O9=° : Lg_5 = z=LLHH

Weinberg, PRL43 (79) 1566

H: , 2

S n, A A —— ANP
= h@.—' - EWSB! — @

1/Anp

S|
W)

=
v

o Realization of Weinberg op. —

» See-saw: there are many seesaw realizations —

* Type-l  Minkowski (77), Ramond,Slansky {79), Yanagida {79), Glashow (79),
Mohapatra, Senjanovic (80)

* T}fpﬁ-“ Schechter,Valle (80), Lazarides, Shafi, Wetterich (81). Mohapatra, Senjanovic (81)
* Type-lll Foot, Lew, He, Joshi (89), Ma (98)
* Linear, Inverse, etc ...

» Loop-induced:
* 1-loop  Zee (80), Ma (99)
* 2-loop  Babu (88)




“Standard/Type I Seesaw

yNH{ + MyNN

%
vyl HVH
M N
o202 3202
m,, ~

S Ay e Sy

L m, ~ 0.1eV y ~ 0.1 My ~ 102 GeV !

it iyl H i

Lepton nunnber is broken at very ]hl[igh scale M,




*Inverse Seesaw

[Mohapatra, 86]
1 [Mohapatra,Valle, 86]

YU H{ 4+ mg PP §,LLIIHIJ

IIIJIIJC Pseudo-Dirac
y2y2
my i —2@
my

y~01 mg~1TeV (un~ 1ke\>

* Why 4 is much snnaller than TeV scale?




Scale of Seesaw Mechanism

» Seesaw | mechanism with TeV scale heavy neutrinos
o Standard Seesaw with small Yukawa couplings Y, ~ 10~5./My/TeV

- “Bent” Seesaw | mechanisms (e.g. Inverse Seesaw)

Decouple A ny from 2 ;
= 14

heavy neutrino mass :gu Y, (H) = 10% GeV q

E%mple 1010 M = 103 GeV :

10° 1

0 Y,(HY O 10° 3

Y, (H) v M g 10'f Quasi-Dirac !

v H = 10°rMajorana Neutrino ;

0 M 7] Z 10° :

10-2 !

10—4 L

Large Yukawa 10-6 o 1

couplings ~ 1072 10-5 — 0.1 eV 3:

- - - I - . 1

Quas I_D| rac heavy IG E nal 24 e L Larn—"_rmn—Lsn— Lnn—_an—— e — Lot Lan—"_rne— L L e Lo ane— e _nae— L e L] ..._n—
neutrino 10°% 107 107* 1072 10 10° 10* 10° 10% 10' 10" 10!

it [GeV]




Scale of Seesaw Mechanism

“* Despite numerous searches for neutrino mass
models (at TeV scale) at high-energy colliders, no
compelling evidence has been found so far.

“ Is it really sufficient to search for new physics scale
behind neutrino mass generation mechanism at
LHC only ?

“* The new physics scale behind neutrino mass
generation mechanism might be at low scale and
which is less sensitive to high energy collider
experiments

+ It may show up at low energy neutrino experiments
at near future.



Scale of Seesaw Mechanism

“* Despite numerous searches for neutrino
models (at TeV scale) at high-ener
compelling evidence has be

“ Is it really sufficient
behind neutri

ale behind neutrino mass

anism might be at low scale and

ess sensitive to high energy collider
experiments

+ It may show up at low energy neutrino experiments
at near future.



Neutrino masses from light physics

In an effective theory, the Lagrangian should be described as

L = ZLsm




Neutrino masses from light physics

Gauge U(1)p: SM has no charge, RH neutrinos N have charge +1

Anomaly cancellation: N’ with opposite charge should be included

anomaly cancellation is

arequirement to have | W\3llks and quacks like inverse seesaw
a consistent QFT

0 m 0 v 0 2
ML—-' — T U ﬂf_{ N + — Ty, — #ﬂ*’fz |
0O M u N° —

m and M are forbidden by dark symmetry, they need to be
generated dynamically

Bertuzzo et al 1808.02500




Neutrino masses from light physics

Minimum scalar content

O O
y(bl P = doublet with dark charge +1
Mu — yﬁﬂl O M sz = singlet with dark charge +2

O N y’ 59

Add s with charge +1 and something special happens:
@D, and sz start with no vevs, s| develops a vev like the Higgs

S| S| S| H
x“i f‘"x x“"ﬁ- I"x
v’ v P, and s2 vevs are induced, like in
. - type |l seesaw, and thus can be
s 52 . D naturally very small!
| |

\\ Bertuzzo et al 1808.02500




*Inverse Seesaw

[Mohapatra, 86]
1 [Mohapatra,Valle, 86]

YU H{ 4+ mg PP §,LLIIHIJ

IIIJIIJC Pseudo-Dirac
y2y2
my i —2@
my

y~01 mg~1TeV (un~ 1ke\>

* Why 4 is much snnaller than TeV scale?




Neutrino masses from light physics

Minimum scalar content

0 YP1 0
Mu — yqﬁl /

0 M
0 M @

Add s| with charge +1 and something special happens:
@ and s2 start with no vevs, s| develops a vev like the Higgs

@D, = doublet with dark charge +1
s2 = singlet with dark charge +2

S| S| S1 H
xﬂ-“ "i’ xi“ **fx
Te R P, and s2 vevs are induced, like in
. - type |l seesaw, and thus can be
' S) D) naturally very smalll
: :

Bertuzzo et al 1808.02500
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Neutrino masses from light physics

Minimum scalar content

0 v y L,=—1y,LoN +yy Sy NN+ S5 N'N'
M, = 1h1 v=""Yv YN 02 Yn' D9

0 M _
0 M @ +mN'N®+he.

Add s| with charge +1 and something special happens:
@, and s2 start with no vevs, s| develops a vev like the Higgs

S| S| SI H
xﬂ-“ "i’ xi“ **fx
Te R P, and s2 vevs are induced, like in
. - type |l seesaw, and thus can be
' S) ol naturally very smalll
: :

Bertuzzo et al 1808.02500

\\



Neutrino masses from light physics

y- N ’ 2 I (1¢ T
/:S > \\ // \\ // d=9 'Ur pr (LEH)(H L) * 2

NS S8 <cHY <S8 ‘E’y yy D i D) (81‘5‘1)
s T Y M iy MS’D m

| |

| & ts. ¢ .
| | | Neutrino masses from D=9 operator
\Y N N N N A

.

All scales involved may be below electroweak

- Light Zp, vV-N mixing, Zp-V-N coupling, kinetic mixing unavoidable

Bertuzzo et al 1808.02500




Neutrino masses from light physics

V =—my(H H)+ T'Ili(ﬁ:}ifﬁ} — miS] 81 + maS5Ss

Vacuum Expectation Values

v (GeV) | wy (MeV) [ve (MéV)|ws (MeV) 7 3 ,H-f 2 e oy i .
246 136 0176 0.65 — [551&;& H)+ 5515'9 + E[H $)S51.55 + h.c.}
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Air Mrg = Myo| Arrs, Mg , y ; {H.,4.5,.52} o
0.129 1o—° 10" —107° + A @ HH ¢ + Z Ap(@'p)
A g, A g As, As, Sg v
102 102 2 0.01 {H.é.51.52}
p (GeV)| @ (GV) |« g0 + > e (eTe)eTe).
0.15 0.01 10—=% 0.22 o<y’
Bare Masses
I mg (GeV) | mz (Gel) | 1 o’ vy JIEL s 1 oL U s A o wih
I 100 | 5.51 | "=/ (ME;JMEFE Mﬁg) 2T e (Mgbnfﬁﬂ M3,

Masses of the Physical Fields

Trthopg [GEV} TR o {GUV:I Mg I::I'I.'IEV} Mg {E-IEV] *m.H% {GUV:I M AL {G.r_ﬁ.."] Map {I'I.'IEV_] - {E-Itﬂ-'r_] My [:I'».-{UV:I
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Mixing between the Fields

r 2
Orr s Brr =y 1150 B, # a2, By 50 ee £ L
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Bertuzzo et al 1808.02500




< Phenomenology on other neutrino experiment

MiniBooNEFE’s signature: Collimated
ete pair in MINOS+, NOvVA, or T2K is
likely be tagged as ve event

General signature:
Heavy ghough Zp can decay to p+u- or 14 meters
7T pair, much easier signature
(MANOS+ is magnetized...)

ower energy experiments (reactor and
solar neutrinos) as well as electron
scattering may lack energy to produce N




“ What happens at the SBN program?

v' No baseline dependence

v Almost no hadronic activity
to tag interaction vertex

v' Decays to collimated e*e” pairs

v' More events due to coherence:
N%ee, UM, TTHTT
\Y e (always same flavor)
v (Cvs JAr ~ 3 times more events w

for same exposure ftetorinG

hadronic activity




Conclusions :

Novel explanation of MiniBooNE
Agreement with all EXP data
Novel, simple framework

Deep connection to neutrino mass
generation mechanism

A realistic “complete” model
below EW scaleto explain
neutrino mass generation

Solves the hierarchy of Inverse
Seesaw

Rich phenomenology
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