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SBL anomalies and the sterile neutrino hypothesis

Deep-dive into alternative LEE models
o Flavor transitions
o New particles in neutrino scattering
o New particles in the beam

New physics models ranked!

Outlook for SBN program

Final words
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Short-baseline
Anomalies

Several hints of new physics at the
short baselines

Simultaneous explanation
possible with a ~1 eV fourth
sterile neutrino

SBN workshop -
I. Martinez-Soler
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Global Fits and the Vanilla Scenario
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3+1 model severely disfavored by tension between appearance

and disappearance

All global fit groups agree on this conclusion: Diaz et al arXiv:1906.00045, Gariazzo et al. 1703.00860, and Dentler et al JHEP 1808
(2018)
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Let’s not forget cosmology!

. . e . sin229‘/ Vacuum mixing
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Dasgupta & Kopp 2014; Chu, Dasgupta & Kopp 2015 Saviano et al. . . .
2014 Mirrizi et al. 2015; New physics attempts to avoid constraints have largely
Cherry, Friedland & Shoemaker 2016; Chu et al. 2018 failed

See talk by Yvonne Y. Y. Wong at Neutrino 2020 for summary
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From here: The Garden of Forking Paths

Y Null results are often not scrutinized as carefully as anomalous ones.
o Are all null results reliable?

%  Experimental setups at MB, LSND, reactors... are markedly different.
o Do the anomalies share a common origin?

% To what degree do the anomalies themselves constrain the possible explanations?
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What ideas have been proposed?

We focus on the MiniBooNE LEE and consider three broad categories of models

Flavour transitions Production of new particles in the beam

Uy — 1, %-ZZ'/D'

+  Oscillations
o sterile neutrinos
o sterile neutrino + decays

o Lorentz violation - v!s!ble st.atels .
. matter effects o visible + invisible states

o LED o dark sector states
% LNV decays

Y meson decay-in-flight to:
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What ideas have been proposed?

We focus on the MiniBooNE LEE and consider three broad categories of models

Production of new particles in neutrino scattering

s HNL production from neutrino upscattering.
Subsequent decays to
o electron-positron pairs
o single photons

SBN workshop - A. Abdullahi, C. Arglelles, M. Hostert, D. Kim, |. Martinez-Soler



Flavor Transitions
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Lorentz-Violation

The neutrino mode low-energy excess
is consistent with no sidereal
variation.

Only C-parameter is nonzero, but this

is sidereal independent parameter.
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Antineutrino mode showed some
hint of siderial dependence.

Analysis has not been updated

since 2013.
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Sterile Neutrino Decay
@ (3+1 with Invisible Decay)

Yj
Moulai et al https://arxiv.org/abs/1910.13456
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Sterile Neutrino Decay
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Non-Standard Matter Effects
(3+1+NSI)

J. Liao et al https://arxiv.org/abs/1810.01000

Muon-neutrino disappearance can be
IceCube modified bycs: NSI

reconciliated with MiniBooNE MINOS+ modified by NSI
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Bhupal Dev et al https://arxiv.org/pdf/1907.00991.pdf
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Non-Standard Matter Effects

(3+1+NSI)

e The 3+1+NSI can be tested in IceCube

e NSI-NC will shift to lower energies the MSW
resonance
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Oscillation probability
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Anomalous Matter Effects

J. Bramante, https://arxiv.org/pdf/1110.4871.pdf

U(1) vector coupling between sterile neutrinos and fermion=<
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Large Extra Dimensions

e Right handed neutrinos propagate in the bulk and SM

fermions are restricted to 4D

e Masses in the bulk for the sterile neutrinos lead a seizable

appearance
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MiniBooNE neutrino mode
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Lepton-Number-Violating Decays + Sterile

G
Lepr = _47; [(eLyaver)(Pury L) + 2¢(irver) (v CeL)]

The new interaction enable
smaller values for the mass
and the mixing

Sterile + LNV get a better
agreement between LSND,
KARMEN and MiniBooNE
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New particles produced
by neutrino scattering
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Neutrino Upscattering with N— v e*e"

Neutrinos up-scatter into HNL,
which promptly decays via
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Dark sector coupled via neutrino portal + vector portal

€
&3 = —F, X" +yLHN +y pN)® + gp X, (pr'vp)

5 Neutrino mode

arXiv:1807.09877

Events/MeV

11000 1200

600 800

Reconstructed neutrino energy in MeV

SBN workshop - A. Abdullahi, C. Arglelles, M. Hostert, D. Kim

10° .
F MiniBooNE:

mgz, =30 MeV
loo w40 @z, =025

s =104
.2 . S 2 _ o
1072 . 3 ae” =2x10 ]

Experimental
constraints

10710 g R i 5 %% gye]
107! 10°

my, (GeV)

23


https://arxiv.org/abs/1807.09877
https://arxiv.org/abs/1903.07589

Neutrino Upscattering with N— v e*e"

Light mediators (10 - 100s of MeV Z’)

arXiv:1807.09877
arXiv:1812.08768
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Inter-generational decays (~GeV scale Z’)

[arxiv:1903.07589]
[arXiv:2007.11813]

mg =74 MeV, ms =146 MeV, mg =220 MeV

150
7 coh N5 — Nj (186 events)
B incoh N5 — Na (337 events)
100 coh Ng — N4 (28 events)
incoh Ng — Ny (51 events)
50
0
0.2 0.4 0.6 0.8 1.0 1:2
E.i./GeV
400 A
300 A
200 A
100 A
0
—-1.00 —-0.75 —0.50 —0.25 0.00 0.25 0.50 0.75

1.00

cosf


https://arxiv.org/abs/1807.09877
https://arxiv.org/abs/1812.08768
https://arxiv.org/abs/1808.02915
https://arxiv.org/abs/1903.07589
https://arxiv.org/abs/2007.11813

Neutrino Upscattering with N— v e*e-

Scattering and decay may also be mediated
by a scalar particle:
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B. Dutta et al. [arxiv:2006.01319

20 25

Cross section goes down in energy, so MINERVA and CHARM-II may have a
harder time testing this.

SBN would be in the sweet-spot for producing HNLs via this scalar

SBN workshop - A. Abdullahi, C. Arglelles, M.
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A. Datta ef al. [arXiv:2005.08920
Scalars are interesting also because they
Can decay to two photons.

Would mimic a ° signature — overlapping
photons would contribute to the signal.

Same scalars can also appear in a
contribution to the muon (g-2)”

A. Datta et al. [arXiv:2005.08920]
B. Dutta et al. [arxiv:2006.01319]

Hostert, D. Kim
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https://arxiv.org/abs/2005.08920
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.055017
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Neutrino Upscattering with N— v e*e-

129
Mimicking photon final states oy
neutrino-electron scattering Rare kaon decays at NA62 v
(MINERVA, CHARM-II) P. Ballett et al [arxiv:1903.07589] o
VA
C. Arguelles et al, [arXiv:1812.08768 0
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Measuraments can afso be done t L
. . .
MINERVA, NOvVA, and at the SBN program. M 7 M
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Neutrino Upscattering with N— vy

Transition magnetic moment
(“dipole portal”)

Simple model — 2 parameter model (d, mHNL)

Yp N s [arXiv:2105.06470]
i, ¥ L,="2F, vYc" Ng 1075 =107
Y é"“"\: 2 .
et Dim-5 operator — needs further UV
¢ completion — may be challenging?
. . . . T 10—6 3 - 10—8 .
Angular distribution benefits from Dirac nature = g =
and helicity-flipping interactions. g ] AN &
{d, mn} = {2.8 x 107 GeVL, 376 MeV} b 1 CHIRM g/FS
H v(p,n) —+ N(p,n) 10_7_- E 10_9
150 1 SN1987A s
3 [ :A :VJ:fA — EPF95% CL f
5 {Am?2,sin%(260)} = {1.3 eV?, 6.9 x10~} cosf 95% CL |
g 100- =+ MiniBooNE Data —rT — ]
= 10! 102 103
2 ']' my [MeV]
£ 50
S I +_H-
] ar + [arXiv:0902.3802], [arXiv:1201.5194], [arXiv:1210.1519),
=10 (5 0.0 0.5 1.0 [arXiv:1803.03262], [arXiv:2105.06470], [arXiv:2111.02504]
cos 6

SBN workshop - A. Abdullahi, C. Arglelles, M. Hostert, D. Kim

27


https://arxiv.org/abs/2105.06470
https://arxiv.org/abs/0902.3802
https://arxiv.org/abs/1201.5194
https://arxiv.org/abs/1803.03262
https://arxiv.org/abs/2105.06470
https://arxiv.org/abs/2111.02504

Neutrino Upscattering with N— vy
related ideas

Multiple HNLs — faster N decay for lower-masses: Weak scattering for better angular distribution.
v
N’ N
N S. Gninenko, [arXiv:0902.3802]: Uy G v
HNN' ~7 v vy, NC scattering for LSND to produce
LD ——FuNpLo" Ngr ¥ free neutron. VA Y
2 Y 5t 4 : '?
bt c e
oy
d
Vergani et al, [arXiv:2105.06470
o =i i - iv: .
10-5 . 10 7 LLuis Alvarez-Ruso et al [arXiv:2111.02504]
: -1.0 -0.5 0.0 0.5 1.0
__ 60— Total - ' ' 160
S s0f— QE on protons 50
7 10 1078 2 ,,l— Coherenton'2C 140
> ' = g — Incoherent on '2C
o, & W 30f i 130
" . — MiniBooNE exce:
_ & 20f I 20
A B )
10 -10~° % 8 1of I—l—' | § = & 110
— E9P95% CL | O 1 f—
—— cosf 95% CL | T oF=F 10
10? 103 -1.0 -0.5 0.0 0.5 1.0
my [Me
v (Y] Cos(6,)
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Neutrino Upscattering with N— v (e*e’) or y

Liquid Argon TPCs can search for (e+e-) events as either single showers or separated e+ and e- showers.

n1BoONE _

Signatures in LAr.

. Nopo ” 181T - mock exampl
.. .Olntln
-~ g p A
Va N ~-..N
gap? — € - / Tl g
Z' - Np
€ ¢
Ar Shower 7

@ @ Light Z' or Dipole: no proton so smaller efficiencies, but enhanced in LAr ( 42coherent.)
@ @ Heavy Z’: shower displaced from proton. Mostly photon-like showers.

Giant
resonance

Elastic l NUCLEUS
Quasielastic ) .
a0 W E:> Nuclear modelling so far has been rather simple.
do DEEP INELASTIC
W EMC "
—ZQ—AZ ?Qr;\ 2%; + 300 MeV =
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New particles in the beam
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Light “steriles” coupled to a new scalar

Sterile Neutrino Decay
(3+1) Visible Neutrino Decay

Ve

V4 ~

LD —gusvsp — Z Map ValVp

a=¢€,l,T,S

|.Esteban,10.5281/zenodo.3509890.

S. Palomares-Ruiz et al [arXiv:0505216
Y. Bai et al [arXiv:1512.05357

A. de Gouvea et al [arXiv:1911.01447
M. Dentler et al [arXiv:1911.01427

g

Ve
e

M. Dentler et al [arXiv:1911.01427

5 |Ueal? = 0.002
|Ual? = 0.0043
my = 425eV
mgy/my = 0.82
4. myl = 2.1eV?

Events / MeV

MiniBooNE (v mode)

—J— data

[ ] vefrompu
[ vefromK
B~ mis—id

l:] A-Ny

B i

[ other backgnd.
=ssmee 3+1 (MB best fit)

v4 decay (this work):
MB + null results
== syst.error

00.25 05 075 1.
Reconstructed Neutrino Energy E, [GeV]

. m_> 0 “favored compared to the m_ = 0 case at more than 99% C.L.”
e  AtLSND, anti-v_ can be produced from both p or 1t decays.

125 15 175

Excess Events/MeV

A. de Gouvea et al [arXiv:1911.01447

2.0
~ MB data v mode
~ Decay Majorana (Best-Fit)
5 ~ Decay Dirac (Best-Fit)
1. — Oscillation (Best-Fit)
— Decay LSND+MB Majorana (best-fit)
1.0
’:‘
0.5
0.0 1 1 T
0.2 0.4 0.8 1.0 1.2 1.4
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Sterile Neutrino Decay
(3+1) Visible Neutrino Decay

maly =1 eV? my =300 eV, my/mq = 0.9

my =300 eV, [Uus|? =1x 1073

=— KamLAND 2011
= SuperK-1V

DN

_— m¢/m4 =0.9
=== mngjmi= 05 SK-IV
(1) [— -
10 mg/ma = 0.1 ; ~ ) : MiniBooNE
0 5I 1|0 1l5 2l0 Reactors preferred
E, [MeV] 0.00 0.01 0.02 0.03 0.04
|Ueal?

Strong but model-dependent bound:
Requires sterile neutrino to be of Dirac nature with stable mediator.

M. Hostert & M. Pospelov [arXiv:2008.11851
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Visible Decays in the Detector Fiducial Volume

UtaVugu G [3"(1 = 75)q4] [£4,(1 = 45)N] + hec.

e Decays of a heavy sterile neutrino (~250 MeV)

Target@Horn Detector allows the photon to be emitted in the off-beam
N direction.
K :‘_ — e Such heavy sterile neutrinos may travel in a less
relativistic way and leave the delayed decay
W signal. (cf. Timing measurement by MiniBooNE

disfavors the delayed signal MiniBooNE Collaboration,

arXiv:2006.16883)

120 o sm— Y e 300 ==
H i $ data v mode data » mode i
E 100} § dats vmode E 250 : d:::umodl CELISHIEIIE. ADSODRAIIIONE ST
ﬂ '& O » mode -E 3 vmode : i
5 ‘2 80 B0 & mode ‘la 200H o mode S S S .
S E c ! i
o o v ‘
= T 60 3 150
5 S S 100
i » 40t -
0 o i I}
© Qo i o 5o SN S
: o s L o
= z2 gt o ] 2 g ‘ a
A P S E RS ) T . B0 P
300 350 0.5 1.0 15 2.0 %% 05 0.0 0.5 1.0
my [MeV] E, [GeV] cosf

[O. Fischer et al, arXiv:1909.09561
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Dark-Sector Interpretation with Charged Meson Decays

° Dark-sector interpretation B. butta et al, arxiv:2110.11944

10t

™ Muon decay Mode - s meetecnsr
I e T K. vo
Vu/ Ve s s i A ::wuh-«ﬂ:u
B gl AT
Tt /K* Suppressed by a “wrong” helicity assignment =
_______ ‘; 10 24 PR
El ~‘\\\\
ﬂ+/e+ Ta 1 \‘
10 °4
VS 10 ® T T
100 10! 1P
Boson Mass m [MeV]
vu/ve =y Electron decay mode
+ n 1071 -
m /K ¢  scalar, pseudoscalar, vector etc =
3 10°
1
I"'+/e+ 1; 10 *4
Z
pl;g 1079k, Scalar
By adding the third particle ¢, the helicity suppression can be evaded, I
l.e., 3-body decays can be hugely enhanced. The decay to a massive i e
vector is even more enhanced due to the longitudinal polarization. .., L t e
C.E. Carlson et al, arXiv:1206.3587 Boson Mass m [MeV]
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Neutral Meson vs. Charged Meson

Target Y Target
X
ﬂ‘iéﬂ---&< * o .,
X
°/m a
O s
N § N

e Comparable production rate: % nm*:mr :n:K*:K~ ~ 1:1:1:0.1: 0.1: 0.1
e Unfocused n° nvs. Focused =%, k*
e Widerspreading n° nrinduced signal flux vs. Forward-directed =*, k*induced signal flux

e No BR enhancement vs. Large BR enhancement

SBN workshop - A. Abdullahi, C. Arglelles, M. Hostert, D. Kim, |. Martinez-Soler



Counts

Dark-Matter Upscattering Scenario

—Lyine D e(e1Vh, + €2Vo ) Iy + (9

BR(V - 2y):BR(V - 2e) = 50%:50%
for illustration

Wi+ 92V2.;t)-];; + (g’l i+ g'.,a VZ.;A)J;)"

dipole operator, x'o*xEwy]

Target(X)Hor: Detector e FElectron-positron pair collimated
u
e Scattering may happen through an
nt/K* v X —)
"""" exchange of a different mediator. [The
ur X different mediator could be massless, e.g.,

Scenario | (mv, , mvy, my, my ) | €1€295” / (47)
Example fit in the double-mediator scenario Double | (17,200,8,50) | 1.3x 107"
v-mode v-mode v-mode v-mode
110
250 4
70
125 4
i}
250 500 750 1000 1250 500 1000 1500 2000 1.0 0.5 0.0 0.5 1.0 0.5 0.0 0.5
By [MeV) Eyis [MeV| cos0 cosl
B. Dutta et al, arXiv:2110.11944
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Inverse Primakoff Scattering of (Pseudo)Scalar

A
Ls D gudpp + gnZiuy™u + qu)f""wF“" + h.c.,

Target®Horn e Photon signal mimicking electron
v, . - :
. e Scattering through a massive Z’ lets a
nt/K* I . .
_______ ¢ sizable number of events populate in the
ot off-forward region.
o . Scenario  |(mz/,m4/a)|(gugn)) [MeV ™!
Example fit in the scalar scenario Scalar (49,1) 2.2x10°°
v-mode ) v-mode v-mode v-mode
110
850 250 1
70
s 125
0 0
250 500 750 1000 1250 500 1000 1500 2000 1.0 0.5 0.0 0.5 1.0 0.5 0.0 0.5 1.0
By [MeV) Ey [MeV) cos0 cos 0
B. Dutta et al, arXiv:2110.11944
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Predictions in Other Neutrino Experiments

Stopped-pion neutrino experiments (CCM, COHERENT, JSNS2)

e Charged meson

production channels

This dark-sector coupling in the

Target CEVNS detector double-mediator scenario can be large
T <va< P X X(_/ enough for CEVNS experiments to observe
. P " MB signal events.
" - N
n°/n vV, x °/n 7 @ hoeeees 14
____________ 7'
ﬁ:ﬁ\ X irt:w‘lxy —— CCM is testing the dark-sector scenarios.

become subdominant Target Detector

because of no focusing. P, 7 . ¢ JOPPINNY y
e Dark-sector coupling 14 % S— 14 % andjor —------ Odir,t ,

associated with V; is as N= N N= " N

small as ~€; to have

Photon signal populated in the very forward region
creating “hot-spot” excess in the beam direction
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Charged pion/kaon decays — They allow to explain the difference between the neutrino
and antineutrino mode excesses.

Consistent with negligible events in the MiniBooNE dump mode: signals from neutral
mesons are subdominant or negligible.

Solutions can emerge from upscattering of dark matter (collimated e+e- pair) or forward
scattering of (pseudo)scalar via inverse Primakoff (photon)

Allowed by the MicroBooNE results

Predictions for stopped-pion neutrino experiments (vis neutral pion), on-axis measurement
at SBND (smaller distance), off-axis NuMI measurements at MiniBooNE, SBN (ICARUS,
MicroBooNE, SBND) etc
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Model

U. Signature

3+1

Oscillations

(3+1) + inv-v decay

Damped oscillations

(3+1) + NSI

Modified matter effects

Anomalous matter

Resonant appearance

Large extra dim

Osc with related fregs.

LNV in p decays

+ .
p* — anti-v,

Lorentz violation

Sidereal time variation

Dark neutrinos

Upscatteringto N — v e*e

Dipole portal

UpscatteringtoN —» v y

(3+1) + vis-v decay

DIF of vV, — Vv

(3+1) + vis decay

DIFof N> vy

Dark sectors: dark
matter

Upscattering to ' — x e*e”

Dark sectors:
(pseudo)-scalar

Forward scattering to y

LSND

Reactors

Cosmology

Issues

MINERVA/CHARM-II/ND280 tension?

Score

1"

MINERVA/CHARM-II/ND280 tension?

Tension with solar antineutrinos.

MINERVA/CHARM-II/ND280 tension?

12

10

MINERVA/CHARM-II/ND280 tension?




The MiniBooNE

Lens

Single photon

(3+1) + vis. decay

Dark sectore w/ pseudo -ccalar
3+1 occillations

Single electron
Dark sectore w/ dark matter Large Extra Dim

Neutrino dipole portal (3+1) + inv-v decay

Dark nevtrinoe  (3+1) + vie-v decay Lorentz lfiolation

DIF of N— vy Anomalous Matter

(WV in p decaye (3+1) + NST

Di-electron
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SBN Tricolor
Lens

(3+1) occiflations Slngle electron

Neutrino dipole portal (3+1) + NSI ~ (3+1) + inv-v decay

(3+1) + vis. decay

Single photon Dark sectore w/ pseudo-ccalar Lorentz Violation

(arge Extra Dim

DIFofN—> vy

(NV in p decays

(3+1) + vie-v decay

Y,
\/o Anomafous Matter

Dark sectore w/ dark matter

Dark nevtrinoe

Di-electron
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Take home message

¢ Vanilla eV sterile neutrino is extremely disfavored as a solution, but is still an
important benchmark model.

e Large number of proposals put forward:
o important to use benchmark models
o improved PID at the SBN program can discriminate between them,
o as a result, there is a need for more tailored analyses.

¢ Non-oscillatory models have more predictions at other facilities — multi-prong
approach
o if a signal is seen, other experiments can provide additional discrimination,
o e+e- colliders, kaons, beam dumps, large volume neutrino detectors.
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Gracias!
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