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Short Baseline Neutrino Physics

The LSND, MiniBooNE, Gallium, and reactors puzzles
pushed theory and experiment to new directions

SBL community and program have become major
players in BSM physics at neutrino experiments
(beyond oscillations)

We are a data-driven and resourceful community



Sterile neutrinos

Theoretically, an extremely compelling hypothesis.

Much has been said about eV-scale sterile oscillations.
Still relevant (30+ years later!), but not my focus here.

This talks is about what happens when we go beyond the minimal scenario

Additional new physics can completely modify
the phenomenology of sterile neutrinos.
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Sterile neutrinos beyond oscillations at SBL
A MiniBooNE focuseaf [ist...

1) Decays to electromagnetic final states y and et~

a) beam production

b) neutrino upscattering

2) Decays to neutrinos: v, = 1, conversion from decay

3) Sterile-induced matter potential: resonant v, — v, conversion
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Influence of dark forces on heavy neutrinos

< Longer lifetime Shorter lifetime —

Decay in flight New production modes and decays

1%
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Detector Detector

No dark forces Stronger dark forces —
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Long-lived Heavy Neutrinos

Hodoscopic detectors C. Argielles, N. Foppiani. MH arxiv:2109.03831

Super-Kamiokande
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Most sensitive searches below the kaon mass:

ND280 @ T2K (low-density GAr TPCs)

PS191 (low-density Helium bags)

(1985 — 1 month of data) . - gf;i: o, GATPC1 GATPC2 GArTPC3

PLANE VIEW

iron shield
(Sm)

decey funnel

19 GeV l L91m) l
Drotons s ‘:%_ beam' aJlE L

. earth (65m)

G. Bernardi et al, Phys. Lett. 166B (1986) 479483 T2K collaboration, PRD 100 (2019) 5, 052006
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http://arxiv.org/abs/2109.03831

Long-lived Heavy Neutrinos at MiniBooNE

Constraints from other neutrino experiments C. Argiielles, N. Foppiani, MH andv:2109.0383"

|Uen| = |Urn| =0, fo =100 GeV, cy =04, ce =1, mg = 20 MeV

Axion-like-particle in N = v(a — e + e™) decays: 101 | \
C.V. Chang, C. Chen, S. Ho, S. Tseng, PhysRevD.104.015030 B TI2K (this work)l— EEM| MictoBooNE (Kellyrhachado)
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T2K and PS191 already placed strong limits on long-lived

Timing is also an important issue! . : . _
9 P particle scenarios with ¢ ¢~ decays
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Long-lived Heavy Neutrinos at MiniBooNE

Constraints from other neutrino experiments

Mixing + dipole portals to heavy neutrinos (N — vy decays):

O. Fischer, A. Hernandez-Cabezudo, and T. Schwetz,

Phys. Rev. D 101, 075045 (2020),

C. Arguelles, N. Foppiani, MH arxiv:2109.03831

Uon| = [Urn| =0, my = 250 McV

7,
Mtr N Her
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"0 2 4 6 3 10 as ND280 relies on off-shell photon:
d ( distance between bent trajectories at 10 cm _
( J ) N = v(y* - eTe)
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Long-lived Heavy Neutrinos at MiniBooNE

Constraints from other neutrino experiments C. Argiielles, N. Foppiani, MH andv:2109.0383"

Uon| = [Urn| =0, my = 250 McV

I f]

Mixing + dipale ports 0 hez neutrinos (/N — decs : TN Y
O. Fi
""Ys| Decays of long-lived particles as explanations of MiniBooNE:
« Timing at MiniBooNE is measured, consistent with a 10 ns spread, so My < 30 MeV
e Either production mechanism is very different at BNB compared to J-PARC L e ™ Afoppamn
* Or new particle decays to photons only (photons do not convert in T2K ND280 i + g; ‘
| i I '_ - ] Ve "rc'md'<0
co— i P
B dint
| ] other I
o §
N |
+
Scattering of light particles still okay (see Doojin’s and Adrien’s talks) o= : - —
Bunch Time (ns)
0 2 4 5 s 10 as ND280 relies on off-shell photon:

d ( distance between bent trajectories at 10 cm )

N = v(y* > eTe™)
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Sterile neutrinos beyond oscillations at SBL
1) Decays to electromagnetic final states y and et/

a) beam production

b) neutrino upscattering

2) Decays to neutrinos: v, = 1, conversion from decay

3) Sterile-induced matter potential: resonant v, — v, conversion



Influence of dark forces on heavy neutrinos

< Longer lifetime Shorter lifetime —

Detector

No dark forces Stronger dark forces —
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Dark Sectors in the MiniBooNE Low-Energy Excess

Particle production inside the detector

" Heavy neutrino decays:

P « Single photons via transition magnetic moment (X = y)

o +

1 & * Di-leptons from dark photons or scalars (X = e"e™)

» Di-photons from dark scalars (X = yy)

Non-exhaustive list:
E. Bertuzzo et al, [arXiv:1807.09877]
P. Ballett et al, [arxiv:1808.02915]
C. Arglelles, MH, Y. Tsai, [arXiv:1812.08768]
o o P. Ballett, MH, S. Pascoli, [arxiv:1903.07589]
eeli o “°§° 900 A. Abdullahi, MH, S. Pascoli, [arXiv:2007.11813]
z J. Liu et al, [arXiv:2001.06522]
W. Abdallah et al, [arXiv:2202.09373]
B. Dutta et al, [arxiv:2006.01319]
A. Datta et al, [arXiv:2005.08920]
B. Dutta et al, [arxiv:2006.01319]
S. Bansal et al, [arXiv:2210.05706]
W. Abdallah, et al, [arxiv:2202.09373]

M. Hostert = 15



https://arxiv.org/abs/1807.09877
https://arxiv.org/abs/1808.02915
https://arxiv.org/abs/1812.08768
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.055017
https://arxiv.org/abs/2006.01319
https://www.sciencedirect.com/science/article/pii/S037026932030383X?via=ihub
https://arxiv.org/abs/2005.08920
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.055017
https://arxiv.org/abs/2006.01319
https://arxiv.org/search/hep-ph?searchtype=author&query=Bansal%2C+S
https://arxiv.org/abs/2210.05706
https://arxiv.org/abs/2202.09373

The year was 2018... and we were excited

Neutrino upscattering explanations of MiniBooNE
within new light of dark sectors:

o
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Strong synergy with light dark sector program

Connection to neutrino mass models at low-scales

n

Lots of attention due to new MiniBooNE 2018 results
P. Ballett, M. Ross-Lonergan, S. Pascoli,

PRD 99, 071701 (2019)

E. Bertuzzo, S. Jana, P. A. N. Machado, R. Z. Funchal,
PRL. 121, 241801 (2018)

M. Hostert C. Arglelles, MH, Y. Tsa_i, PRL. 123, 261801 (2019) 16
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Then 2021 came... and were still excited. Perhaps too excited?

Mini SBN-Theory workshop

Model

SBN waorkshop slide...

31V — 16:30 Alternative models for the MiniBooNE LEE
Speakers: Asli Abdullahi

U. Signature

Reactors

, Carlos Arguelles

Cosmology

, Doojin Kim

lvan Martinez-Soler

. Matheus Hostert

3+1

Cscillations

[3+1) +inv-v decay

Camped cscillations

Large couplings. UV model?

(3+1) + NSI

Modified matter effects

Anomalous matter

Resonant appearance

Tension with T2K If resonance in E

Large extradim

Cec with rzlated freqs.

LNV in p decays

H* = ami-v,

Lorentz vinlation

Sidereal time variation

Dark neutrincs

UpscateringioN —vee

MINERVANCHARM.IIND280 tonsion?

Dipole portal

UpscateringioN — vy

MINERVAICHARM.IIND280 tansion?

(3+1) + vis-v decay

CIF ofv — v
$ (o]

Tension with solar antineutrinos.

(3+1) + vis decay

Dark sectors: dark
matter

CIFofN-—-vy

Upscatering loy' — y 2'e

MINERVA/ICHARM-IIND280 tonsion?

Dark sectors:
(pseudo)-scalar

Forward scatenng to y

MINERVAICHARM-IIND280 tension?

In a moment of poor judgement,

we made a ranking of models for the talk.

Let me right this wrong we caused.

M. Hostert
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Then 2021 came... and were still excited. Perhaps too excited?

Mini SBN-Theory workshop

Model

31V — 16:30 Alternative models for the MiniBooNE LEE
Speakers: Asli Abdullahi

A SBN workshop slide...

, Carlos Arguelles

U. Signature

Reactors | Cosmology

, Doojin Kim

lvan Martinez-Soler

YOU GET A TROPHY, YOU GET A TROPHY

-

, Math

3+1

Cscillations

[3+1) +inv-v decay

Camped cscillations

Large couplings. UV model?

(3+1) + NSI

Modified matter effects

Anomalous matter

Resonant appearance

Tension with T2K If resonance in E

Model

3+1

(3+1) + NSI

| —— ‘é\; —’—;

- >

eyl EVERYONE GETS A TROPHY!!!

MogiegTesTrenects

Issues

Large couplings. UV model?

Large extradim

Cec with rzlated freqs.

LNV in p decays

H* = ami-v,

Lorentz vinlation

Sidereal time variation

Dark neutrincs

UpscateringioN —vee

MINERVANCHARM.IIND280 tonsion?

Anomalous matter | Resonant appearance Jrkrown Tension with T2K If resonance in E
Large extradim Cec with ralated freqs. ankrown

LNY in pdecays H® — anii-v,

Lorentz vinlation Sidereal time variaticn Jrkrown

Dipole portal

UpscateringioN — vy

MINERVAICHARM.IIND280 tansion?

Dark neutrincs

UpscateringioN —vee

MINERVAICHARM.IIND280 tonsion?

(3+1) + vis-v decay

CIF ofv — v
$ (o]

Tension with solar antineutrinos.

MINERVAICHARM.IIND280 tansion?

(3+1) + vis decay

Dark sectors: dark
matter

CIFofN-—-vy

Upscatering loy' — y 2'e

MINERVA/ICHARM-IIND280 tonsion?

Dipole portal UpscaiteringioN — vy

(3+1) + vis-v decay CIF ofv — v Tension with solar antineutrinos
$ ¢

(3+1) + vis decay CIFofN-—-vy

Dark sectors:
(pseudo)-scalar

Forward scatenng to y

MINERVAICHARM-IIND280 tension?

Dark sectors: dark
matter

Upscatering oy — y 2'e’

MINERVAICHARM-IIND280 tension?

Dark sectors:
(pseudo)-scalar

Forward scattenng to y

The short-baseline olympics are cancelled. We are all winners.

MINERVAICHARM-IIND280 tension?

Score

M. Hostert
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Jokes aside, we are now In 2024: what have we learned?

Numerous connections to other

Novel uses of existing neutrino :
experimental programs

data by pheno community

V,u’
’

MicroBooNE ¢ "¢~ and y searches
Experimental analysis in advanced stage

-
-
-
-
-

Pb POD Pb GArTPC 1 GArTPC 2 GArTPC 3
| ‘
\

&% M. Hostert 19



Variations on upscattering

gum
lf u (]

For a review see:

A. M. Abdullahi, J. Hoefken Zink, M. Hostert,
D. Massaro, S. Pascoli

arXiv:2308.02543

M. Hostert

New physics in scattering

Topology Model Diagram Signal References
single -y neutrino upscattering N = vy [74-84]
neutrino-induced g
. e \‘f = [
inverse- Primalkoff , 7 @ A —~vA |84]
scattering ,);vwv
- - N — vete” - ”1_mo
neutrino upscattering ., hell N (36—41, 71-73]
_/;/ On-shel Section IV
e+8— L & 2<::w
neutrino-induced =0 A + o .
A not studied
bremsstrahlung off-shell N
.
. . /
neutrino-induced . + - o
: . z v w—+ee 40]
Primakoff scattering | = eee- < *
z e
§
neutrino-induced - —_
inverse-Primakoff v < Z'—se'e not studied
scattering y i
7
neutrino upscattering ‘_/i// ’ N — vyy 139]
1Y : o !
i y
D L.
- . - /
neutrino-induced 7 . ot studied
i ' 2 Y ol studilec
Primakoff scattering LA



http://arxiv.org/abs/2308.02543

Dark neutrino sectors at MiniBooNE

The nature of the mediator matters

N/
Normalized upscattering cross sections in different models:

, N
7
\ \‘V"\\/ -
% 10V - —
C = I
c.
2 .
N’ % -
O .
N € S
Vi A ,E\ :
«=3 10 1. !
7! gs i I
B : ) / Scatl regime
. & - /) p \\\ Scatt regime
Carbon = 1 ; / : R coherent
] : I/ dipole . — == p-elastic
S
| ; — light vector TN
N’ ,’ —— light scalar \\‘-\.‘~
102 . l , —=
0.0 0.5 1.0 1.5 2.0
E./GeV

Not all neutrino experiments would see the same physics.
Importance of complementarity.
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Dark neutrino sectors at MiniBooNE

The nature of the mediator matters

A. M. Abdullahi, J. Hoefken Zink, M. Hostert, D. Massaro, S. Pascoli arXiv:2308.02543
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http://arxiv.org/abs/2308.02543

Dark neutrino sectors at MiniBooNE

A Comprehensive fit to dark photon models A. M. Abdullahi, J. Hoefken Zink, M. Hostert, D. Massaro, S. Pascoli
arXiv:2308.02543

E. Bertuzzo, S. Jana, P. A. N. Machado, and R. Z. Funchal,
PRL 121, 241801 (2018)

100 E ‘ L J J ™ T . T -
- MiniBooNE: mz, = 30 MeV
od |
107 loc wmm 40 g, =025
- W 20 . S0 |

Experimental
constraints

1072 3 a3

]

1073

| le |2
3
llllll | B |

-6
-7
my [ GeV 107
1011 - B 0.03 B 0.20 1082
B 0.06 0.50
N 0.10 1077

102 10~ 10° 10710 L S—
N <7 10 10
g / (] C\/ mpy,, (GeV)
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Dark neutrino sectors at MiniBooNE

A Comprehensive fit to dark photon models A. M. Abdullahi, J. Hoefken Zink, M. Hostert, D. Massaro, S. Pascoli
arXiv:2308.02543

Not a sensitivity plot! Just benchmarking the rate.

v + 7 fit | 3+1 model | e?ap|Ups|? =5 x 1077 5 x 107° - mz = 30 MeV

e,
e

1 ] - V11 : — .
B 0.06 0.50 1.25 10 Projected 10° e'e pairs
B 0.10 SBND MicroBooNE [CARUS
T T T T T LI B | T T T T T T 1 ) 1(-)—]-2 ; . T T ' T T
—9 —1 () ]
10 10 10 10 2 10 1
N | T
/
my | Gel my | GeV
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Dark neutrino sectors at MiniBooNE

A Comprehensive fit to dark photon models A. M. Abdullahi, J. Hoefken Zink, M. Hostert, D. Massaro, S. Pascoli
arXiv:2308.02543

Not a sensitivity plot! Just benchmarking the rate.
v+ 7 fit | 3+2 model | 22ap|Ups|* =5 x 107° | A = 1.0 V4T

fit | 3+2 model | e2ap|Ups|* =5x 10 3| my =200 MeV| A =1

N 10 * - O
10~ \ \ \ ' / \
- = S W
1079 - 3 \
—6
~ %:’; =_ 7 (| 10
LD O
=10 # - —~
—— 107" =
’ . J
0 o= ]
-1 mz [GeV -
10 10 Mz, - M
B 0.03 I 0.20 .80 107° - W\\“Wr
B 0.06 0.50 1.25 ! Projected 10° ete™ pairs
B 0.10 : SBND MicroBooNE ICARUS
10~1 —— —— 10~
10~2 10~ 10Y —2 =
10 10

m; | GeV ms | GeV
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Dark neutrino sectors at the T2K near detector

T2K Collaboration, Phys. Rev. D 100, 052006 (2019)
See also, Vedran Brdar et al, 10.1103/PhysRevD.103.075008

Multi-purpose detector — advantageous for this signature

C. Arguelles, MH, N. Foppiani, 10.1103/Ph

sRevD.107.035027

ND280
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‘ systematics
SM expecltation
100
10~
2000 - Analysis-II FHC
__] signal reco SM expeclation
- ¢ < NE
1’[:"0(] _ ' Dlgnal KDE * data
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Events in GArTPCs
Just event counting,
none observed.

Events in FGDs
(Using Z'
invariant mass)

M. Hostert
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https://doi.org/10.1103/PhysRevD.103.075008
https://doi.org/10.1103/PhysRevD.107.035027

T2K Collaboration, Phys. Rev. D 100, 052006 (2019)
Dark neutrino sectors at the T2K near detector See also, Vedran Brdar et al, 10.1103/PhysRevD.103.075008

Multi-purpose detector — advantageous for this signature

C. Arguelles, MH, N. Foppiani, 10.1103/PhysRevD.107.035027

ND280 | , mz =125GeV, ap =04, £ =0.021, V2 =1
7 e — 1072 y——
| 103 4 independenty
Al N constraints \
1N—4 N\ /
10 \ /
ECAL \ /
o 10—5 \ d
Magnet “O \ J
= Heavy Z’ )’
i 10—° cavy \\ '3
\ | J ) B * Benchmark N\ * (=== kRﬁéI}iBOONE
. __O_ pOiIlt \\ (/
10* 4 [ preselection Jer=1cem . \ /|
g W ct” = 100 cm et = 0.01 cm 10_8 ThlS WOI‘k \ 74
N\
2 oo 1 $ gﬂ » Full T2K-I "
:S: e 10 ——= Full T2K-T + T2K-II
0+ [Py Y “rwﬂl il ol r————————
[ h { | 1072 10~2 10~1 10V
10—5 : . . xl\ . . . . G
0 100 200 300 400 200 600 TN [ GV]

Upscattering z [cm]

ete™ models with ¢ty /my > 3 cm/GeV are in tension with T2K data.
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Dark neutrino sectors at MINERVA

N. Kamp, MH, A. Schneider, S. Vergani, C. A. Arguelles, J. M. Conrad,

The dipole portal to heavy neutral leptons M. H. Shaevitz, and M. Uchida Phys.Rev.D 107 (2023) 5. 055009

Elovation View Antineutrino-electron scattering
Side HCAL -~
Side ECAL - d’w\/’ = 1.3-107° GeV_l, my = 458 MeV
v, |§ | » 7 [ ‘ ¥ 400 ;
s — :§ 7 - gg o8 ; 5 i + data
7 % 8.3 tons total éo © @ g P ] i Ve — €
z 15tons | 30tons %i = 300 A e-like ! v, CC, v.CC, and others
Side ECAL__ 0.6 tons © ' . c 0
. - : 770 Coh and Dif
Side HCAL 116 tons _ 250 _ 4 : -Iike
o § §“ : Y 1 N — vy (Nevt = 409)
: i
Tracking Modules = 200 7 §§ :
[ l i - 0 §§ MINERvA ME RHC
v . . v v B - \ \x
] e 1 uk : §§\\ arXiv:2209.05540
i NOVSOOMN
= 100 _\_\§§§ @“_w_{_
N\
| 50 l T
l/ﬂ Y 0 . :;I'V_H Tl 505500 s i
@ 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
dE/dx |1 MeV /1.7 cm]
" pbffe  Pbffe  C/Pbffe Pb/Fe  Pb/Fe Post-tuning of backgrounds.

Assign 30% and 100% uncertainty to cover it.
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Dark neutrino sectors at MINERVA

N. Kamp, MH, A. Schneider, S. Vergani, C. A. Arguelles, J. M. Conrad,

The dipole portal to heavy neutral leptons M. H. Shaevitz, and M. Uchida Phys.Rev.D 107 (2023) 5. 055009

- drp =0
Elevation View 10 1 TSl i ot
¢ S VIiniBooNE 95% CL
Side HCAL " 1 Jid
Side ECAL oz E cosf 7
U c ST =
S 0 +
= — "‘gz o B § §
i 3 i cker |2 £ E E . B
5’% Regon €| EE| 85 29| 83
7 g 8.3 tons total 8 m 8 \ (2
° % o g
% 15tons | 30tons gg
Side ECAL 0.6 tons
Side HCAL 116tons
> 2 M —>
Tracking Modules
|
d ! ) ! !
o 2 3 4 5
l/ﬂ 1 9N1987A — MINERvA ME RHC 95% CL (nbkg = 0.3)
! ! ! ! ! AL | ! ! ! ! ! AL |
10* 10° 10°
my [MeV]
Pb/Fe  Pb/Fe  C/Pb/Fe Pb/Fe  PbfFe There are a huge number of NV that decay inside

the fiducial volume of the analysis.
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Dark neutrino sectors at MINERVA

. : N. Kamp, MH, A. Schneider, S. Vergani, C. A. Arguelles, J. M. Conrad,
Limits, dragons, and opportunity M. H. Shaevitz, and M. Uchida Phys.Rev.D 107 (2023) 5. 055009

MINERVA coll. PRL117, 111801 (2016) arXiv:1604.01728

~ Excess of events attributed to diffractive 7" production
(wp* = vpTa)

£ eoof SEiemeevamie oy £ —Sim. snge e
q>; Flux & bknds constrained E, ' - == Sim. single y
w e |
. . £20.1
U — e scattering 400 c | _
[ =23 4 5 6
Min 100mm dE/dx in first 500 mm (MeV/cm)
Q Background (7", v, | —4— Data
200F Final-state e
' ' Final-state n°
* Heavy Neutrinos NN other
é : &Q-\‘I-—?r_
@ 19 +-+++ ...+ + ++_j_ -|-‘H' *
C. Arguelles, MH, Y. Tsai, PRL123.261801 *3 1 : 1;
0 . | . - L | : | .
0 1 2 3 4 ) 6 8

Min 100mm dE/dx in first 500mm (MeVIcm)
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Dark neutrino sectors at MINERVA

N. Kamp, MH, A. Schneider, S. Vergani, C. A. Arguelles, J. M. Conrad,

Limits, dragons, and opportunity M. H. Shaevitz, and M. Uchida Phys.Rev.D 107 (2023) 5, 055009

MINERVA coll., arXiv:2312.16631

Excess of events shows up again low- | 7| v, study.

g x10°
- — D
B 35 - & Czt:ntivo
o) - [ ce v,
- ™ [ NC coh
. NC =P
8 30 E CCv, n°
% 25| ' E Z):h:rs
U — e scattering *2 o0l
o -
> 15[
=
Q Background (7, v, =

Mean dE/dx (MeV/cm)

Figure 2 shows the distribution of the mean dF/dz
quantity described above for both data and simulation.
There is a large cxcess of data cvents in the background
dominated region with mean d£/dz > 2.4 MeV /cm.

This cxcess 1s similar to what was reported in MIN-
ERvA’s LE data[23] and with the conclusion that it may
be cxplained through diffractive pion production. NC
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DarkNews Generator

A. Abdullahi, J. Hoefken, MH, D. Massaro, S. Pascoli, Comput.Phys.Commun. 297 (2024) 109075

DarkNews Is a lightweight MC generator for new physics in neutrino-nucleus scattering.

: : : : : ip install DarkNews
To bridge theory and experiment, we require simulation tools. PP

github.com/mhostert/DarkNews-generator

DarkNews—-generator — zsh — mhostert

Modeling several processes for GeV-scale accelerator experiments:

Model: U A64_ Yy N; -

1 majorana heavy neutrino(s). K —

kinetically mixed Z'

VA —> NA )

T (Coherent & QE peak) 2 :

MicroBooNE A O A O

fluxfile loaded: ../fluxes/MiniBooNE_FHC.dat

POT: 1.225e+21

nuclear targets: ['Ar40']

fiducial mass: [85.0] tonnes
Note that the directory tree for this run already exists. ]Y} ]Y} ‘AG
Generating Events using the neutrino-nucleus upscattering M / N,' / Ni

+ ,,+ Tt

nu(mu) Ard® —> N4 Ard40® —> nu_light e+ e- Ar40 € H €H y
Helicity conserving upscattering. <=::::: <<:::::
N4 decays via off-shell Z°'. e~ U N
Predicted (790 +/- 9.5) events. ’
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https://github.com/mhostert/DarkNews-generator

SIREN

Sampling Injected Rare Events i1n ExperimeNts _ ,
A. Schneider, N. Kamp, A. Wen, in progress

Upscattering

Reimagined LeptonInjector for BSM studies. ¥ob |

Upscattering Rate

—1.0+

Efficient sampling of interactions and decay locations
given a detector geometry.

-5 T T T T
-10 -8 -6 ) -2

2 {Decay Vertex |

102

Distributions
Already used for MINERVA, CCM, and MiniBooNE [ nitial v — outgoingy —— Al Events

. 1 1 Upscattered Outgoing v = == Fiducial Events
studies. |

Number of Generated Events

Now integrated with DarkNews, so has access to
cross section and decay rates in dark sector models.

Event Rate in 1.22e+21 POT

101 I T T T T
0.0 2.5 5.0 7.5 10.0 12.5

M. Hostert Energy [GeV]




Sterile neutrinos beyond oscillations at SBL
1) Decays to electromagnetic final states y and et

a) beam production
b) neutrino upscattering

2) Decays to neutrinos: AR conversion from decay

3) Sterile-induced matter potential: resonant v, — v, conversion



Decaying sterile neutrinos S. Palomares-Ruiz et al, JHEP09(2005)048

Z. Moss et al, PRD 97, 055017 (2018)

' ' ' M. Dentler et al, PRD101(2020) 115013.
Effective v, — 1, appearance with small v, disappearance A deGouven of al JHEPO7(2020)141

MiniBooNE FHC 2020 HKZ 2024
Light sterile and a new scalar particle ¢: 1. unoscillated total bkg £}
- . misID bkg [
6 OSCIIIatIon ve disappearance []
g _ _ % + vy, — Ve appearance [_]
—Z D 8,V VP + 2 MgV alps = S data. + MH, K. Kelly, T. Zhou,
2 4- 9o = 0.0 in preparation
a"B § = ma = 0.4 eV
£3 3 |Uecs|? = 0.02
27 * ! U,.4]2 = 0.500
| | F
O | I | 1

0.2 0.4 0.6 0.8 1.0 1.2 1.4
Reconstructed EXF (GeV)

MiniBooNE FHC 2020 HKZ 2024
_{_. unoscillated total bkg i
misID bkg [
6 - D a Ve disappearance [
% + ec y v, — Ve appearance [_]
E S data
= 47 " 9o = 2.4
. . i $ m4 = 5.5 eV
}V/ No tension with disappearance: =, =N |Uea|? = 0.02
o _ o) |UM4|2 = 0.008
/v MiniBooNE signal: | U 4 . ™
|. Esteban talk at CERN _ 0 0 .
10.5281/zenodo.3509890. v, disappearance: | U 44 02 04 06 08 10 12 14

Reconstructed ESF (GeV)
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https://iopscience.iop.org/article/10.1088/1126-6708/2005/09/048
https://arxiv.org/abs/1711.05921
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.115013
https://link.springer.com/article/10.1007/JHEP07(2020)141

“Visible" sterile neutrino decay

V@
V@
1) v, decays tov,v,U, and |U, .| # 0 e . 2) vy decaystov,onlyand |U,,| =0 /
(&
M. Dentler et al, PRD101(2020) 115013 S. Palomares-Ruiz et al, JHEP09(2005)048
- A. deGouvea et al, JHEP07(2020)141
(&
MH, M. Pospelov, PhysRevD.104.055031 Decay Scenario - Dirac
19~ 107° 107 107 10°
mal4 =1 eV?, my = 300 eV, my/mq = 0.9 107 —————————r [-:]9'907(-:-L-":1(J2
0.012 ' i L iy K. | [ 95% C.L.
1§ ™ Yo" amLAND 202 J s8%cCL.| |
| 1 ~._ i 77— KamLAND 201 o Best-Fit |
0.010 ! ’]:: :___ SupeI.K_I'V
', l'." > :'i é___;;;~..,.B(i)rﬁxi_l_}(.')_ ...... ot
0.008 7 [\ 99% CL. |
_ | 1} exclusion | 3
2 (0.006 - l’ ' g
=~ ! S
0'004 | 1OOE - LSND+MiniBooNE i
— LSND 99% C.L. :
0.002 - — MiniBooNE 99% C.L. :
— KARMEN 99% C.L. Exc. Limit f
- MINOS+ 90% C L. Exc. Limit
0.000 | , B B erererwwrsvammrararewd W SAUUUREIUI
0.00 0.01 0.02 0.03 0.04 10~ 10° 1072 10~ 10°
‘U€4|2 |Up4|2
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.115013
https://doi.org/10.1103/PhysRevD.104.055031
https://iopscience.iop.org/article/10.1088/1126-6708/2005/09/048
https://link.springer.com/article/10.1007/JHEP07(2020)141

Full 3+1 oscillation with no decay

MiniBooNE vs MicroBooNE in slices in parameter space
MH, K. Kelly, T.Zhou, in preparation

Combined fit to v +  modes:

Raor = 3 | [Uq|? = 1.00 x 1072 nac =3 | 172 =1. )3
102 ot =3 | Vpal” = 19X X 102 5 ot =9 | Weal = L0 X 1077 v, = U, appearance
[ 1 )
- - 1 . . | .
- Preliminary i Preliminary R v, and U, disappearance
)
10" ¢ 10t § ’
3 ‘
Yy Uy v,
"“"r’s’:' 10Y ¢ TTeT O?E; 10" . >
10-1 4 10-14 Expanding on previous work:
—— LB 95% CL l—— B3 95% CI. C.A. Argielles, I. Esteban, MH, K. J. Kelly,
:—-' 1B 95% CL (Asimov) j_--' 11B 95% CL (Asimov) J. Kopp, P. A.N. Machado, |. Martinez-Soler,
o MB 1o, 20, 3. 4o ., MB 1o, 20, 30, 4o and Y. F. Perez-Gonzalez
= 102 10~ 0 102 101 PRL 128, 241802.
Uea|? Ul MiniBooNE coll.,

PRL 129 (2022) 20, 201801

MicroBooNE coll.,

* Other limits not show: v/, and »/, disappearance and cosmology.
e L PRL 130 (2023) 1, 011801
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Full 3+1 oscillation with decay

MiniBooNE vs MicroBooNE in slices in parameter space
MH, K. Kelly, T.Zhou, in preparation

Combined fit to v +  modes:

_ g, = 1.00| ngor =3 | U2 =1.0 x 101 i do = 1.00 | ngor =3 | |Ueq|? = 1.0 x 10~
105 n d 10° 5 ; v, — U, appearance
[ . . 1 . . I .
- Preliminary t Preliminary | v, and U, disappearance
104 § 10* 4 |
. 1 I
:
: i I
10° ¢ 10° | Ve
| | ’ /
T 102 4 =102
< | 4 a’
10! } 10" ¢
10" i— uB 95% CL 10" = uB3 95% CL
=== B 95% CL (Asimov) (=== B 95% CL (Asimov) ] ] o
. B MB 1o, 20, 30, 40 . {BE MB 1o, 20, 30, 4o Overall conclusion is similar,
10" — — - — T T Constraints somewhat stronger due to
104 10~ 10~2 10! 101 10— 102 10~ _ _g
U, L the energy degradation of signal 7,
7 e - (14

* Other limits not show: v, and v, disappearance, cosmology, and supernovae neutrinos.
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Sterile neutrinos beyond oscillations at SBL
1) Decays to electromagnetic final states y and et

a) beam production
b) neutrino upscattering

2) Decays to neutrinos: v, = 1, conversion from decay

3) Sterile-induced matter potential: resonant v/, — 1, conversion



Resonant flavor transitions

Quasi-sterile neutrinos

D. S. M. Alves, W. C. Louis, P. G. deNiverville, JHEP 08 (2022) 034

SM active;eutrino dark SSC;"‘ fermion Quasi-sterile neutrinos with large interactions with matter:
) o w2y,

__- vector portal

neutrino portal

Imat.t.er — (VS3 o ‘/;’ 'i-) |mat’r,er

OM?2 cos 20,

| 3 . . . . S I S Eres
T* B1 resonant component | V3 2 | AV‘
O.l()(); k’ | B1 non-resonant component
-~ | | . . . .
R | I r Challenging to find a UV model with such large potentials,
' 0010 — il but the potential may come from:
= | N .
- / ~ —a
| / o e 1 _ _
0'0015 / l . — . Ordinary matter (p™, e~, n)
/ . Ultra-light dark matter background
-4 / ‘ ‘ ‘ \
10300 400 600 800 1000 1200
Fire [MeV]

* Strong limits from T2K as well, but not proven that this doesn’t work. ©(50%) density differences matter. 40


https://arxiv.org/pdf/2201.00876.pdf

Resonant flavor transitions C. Sponsler*, MH, 1. Martinez-Soler, C. Argielles,

In preparation

Neutrino telescopes weigh in

* Harvard undergrad student

60

=0 _ Neutrinos are produced throughout the atmosphere, transversing varying

Resonance moves to higher energies:

E.. 0 ( 3 MeV )2 p om?
200 MeV Myl gy 1g/em? 104eVv2 )
!

E.. ~ O(500) GeV in atmosphere

N
()
1

Atmospheric Height [km]
Qo
-

DO
-
1

10 A

If the quasi-sterile potential is sourced by SM matter (¢, p™, n),
this resonance must be there.

0 I | | I |
0.0 0.5 1.0 0.0 0.5 1.0

Flavor-Normalized  Air Density [mg/cm?]
Production PDF

M. Hostert * First implementation of MCEQ neutrino production height in the neutrino flavor evolution (in nuSQUIDS). 41



Resonant flavor transitions C. Sponsler*, MH, 1. Martinez-Soler, C. Argielles,

In preparation

Neutrino telescopes weigh in

* Harvard undergrad student

3 Quasi-steriles (MiniBooNE benchmark Alves et al)

10°
— cos(6,) = 0.0
_1 cosd. =1
10 Bin-to-bin 16 error @ IC cos(f,) = 0.1 <
cos(f,) = 0.5 i
— cos(#,) =1.0

,,,MNV\,'\/_\ cosf, =0

103 104 10°
E, |GeV]

Same IceCube sample as eV sterile neutrino
search, but in different direction!

®: M. Hostert 1o



Sterile neutrinos beyond oscillations at SBL
1) Decays to electromagnetic final states y and et

a) beam production

b) neutrino upscattering

2) Decays to neutrinos: v, = 1, conversion from decay

3) Sterile-induced matter potential: resonant v, — v, conversion

‘Bonus rﬁougﬁts...



Antineutrino hypothesis of MiniBooNE

| ' P, N. Kamp, MH, C. Arguelles, J. Conrad, M. Shaevitz
Are we looking at the wrong sign* T aon (o

Knocking out neutrons from Ar harder than on CH,:

Ve e Ije et
v v
1) Protons are more tightly bound in Ar.
P e S 2) More neutrons, so more Pauli blocking for p™ — n transitions.
n p . n 3) Antineutrinos lead to higher-energy leptons.
_ K t. al. 2023
. Total C'C . Wire-Cell (1eX) = LI template
s 25 - 1 ‘C - ;’E Predicted, no LEE (x=0)
,_2\ - ——- CCQE é - ¢ MicroBooNE abserved
N I S RES £15- T0 (Nominal)
5 20- —_—— -
2 X
L £
~ 1.9 1 S | vrrrrrrry  srrrrrrs  rrrrrrrs
= a¥ i
% 0 - T e e e e e e e e e e e e o ;: L0
2 :
B 0.5 - MiniBooNE: CH2 Z
~— MicroBooNE: Ar C‘; 0.0 1
0,0 1 | | 1 | E . . .
‘ - . - £ Scenario 1 Scenario 2 Scenario 3
0.00 0.25 0.50 0.7 ,100 1.25 1.50 3 (f;.,'y =0) (fﬁ,"l" = 1/2) (fop = 1)
L,z /GeV 0.0 | | '

44


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.092002

Complementarity beyond GeV-neutrino beams

Higher intensities

IsoDAR: Modern spallation sources:
Definitive v, — v, disappearance test. Great complementarity between LANL, SNS, and JSNS projects:
Most intense neutrino source deep underground? - Coherent-Captain Mills 500 MeV protons, 100kW, 290 nsec pulsed beam

J““‘A‘l"‘s - ,

Dark sector searches (ALPs and dark bosons, - COHERENT

ideal for n — n’searches, ...)
. JSNS? (+ ND280)

J-PARC MLF: World best environment

4

Ll
s ) ll/'
o~ U Az

\- Hg TARGET

. Detedtor @3 floor

7~ SHIELDING MONOLITH

— 5
17t Gd-loaded liquid scintillator % (o)) CONCRETE AND GRAVEL
(4.6m diameter x 3.5m height) 3 ,,q' '"_
193 8" (inner}+ 48 5” PMTs (veto) A ©
CENNS-10> “_Pb Cube. Fe Cube, Nal 185kg
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Discussion session

=+ M. Hostert
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SBL anomaly interpretations

Model landscape evolved
significantly over the years.

NF02 White Paper: arXiv:2203.0/7/323.

Anomalies

Category Model Signature [SND BBl Descias [ Canrcas References
(3+1) oscillations oscillations v v v v Reviews and
global fits [93,
B 103,105, 106}
Flavor transitions (3+1) w/ invisible oscillations w/ vy v v v v [151, 155]
Secs. 3.1.1-3.1.3, sterile decay invisible decay
3.1.5 (3—1) w/ sterile decay vy — QU v v v v
[159-162, 270]
(3+1) w/ anomalous Yy, — Ve Via v/ v X X [143, 147,
matter effects matter effects 271-273]
Matter effects [ (341) w/ quasi-sterile Vy = Ve W/ v v v/ v/ [148]
Secs. 3.1.4, 3.1.7 neutrinos resonant v,
matter effects
Lepton-flavar-vialating ut — ety v X X X [174,175,274]
J1 decays
Flavor violation neutrino-flavor- v,A = e A v / X X [275]
Sec. 3.1.6 Changing
bremsstrahlung
Transition magnetic N — vy X v X X 207
Decays in flight | mom., heavy » decay
Sec. 3.2.3 Dark sector heavy N ->v(X — X v X X 208
neutrino decay ete”) or
N = v(X = vy)
neutrino-induced vA — NA, v v X X [205, 206,
Neutrino upscattering N > vete or 209-216]
Scattering N = vyy
Secs. 3.2.1, 3.2.2 neutrino dipole vA = NA, v v X X 40, 185, 187,
upscattering N > vy 188,190, 193,
233, 276]
dark particle-induced vore'e X v X X 217
Dark Matter upscattering
Scattering dark particle-induced v v v X X 217
Sec. 3.2.4 inverse Primakoff



https://arxiv.org/abs/2203.07323

Antineutrino hypothesis of MiniBooNE

| ' P, N. Kamp, MH, C. Arguelles, J. Conrad, M. Shaevitz
Are we looking at the wrong sign* T aon (o

Knocking out neutrons from Ar harder than on CH,:

Ve e 176 et
v \/
1) Protons are more tightly bound in Ar.
- S 2) More neutrons, so more Pauli blocking foerr — n transitions.
M\ . . -
n p . n 3) Antineutrinos lead to higher-energy leptons.
25 1 .
Total CC — T0 (nominal)
——- CCQE 20 - 11 (largest Axun)
_____ RES — 12 (smallest Axf‘B')
T o
3
<1 10 -

> RN I A N
5 _
2 0.5 MiniBooNE: CH2
~— MicroBooNE: Ar 0

0,0 1 | | 1 1 | T | |

0.00 0.2 050 0.79 1.00 1.25 1.50 0.0 0.2 0.4 0.6 0.8 1.0
E,/GeV fv;» = fraction of LEE events from 7.
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.092002

Zooming in on the low-energy excess with MicroBooNE 7, 1 1)
: : . : : U 4
The v, hypothesis (sterile neutrino oscillations)

Fit to full sterile neutrino oscillations

Argiielles et al. 2021 3
C. A. Arguelles, |. Esteban, MH, K. J. Kelly,

J. Kopp, P. A. N. Machado, I. Martinez-Soler,
and Y. F. Perez-Gonzalez

MiniBooNE PRL 128, 241802.
lo
0 .:.. .. P "?.:,'3.‘
y oo ® ’ .
g o € A 2 MicroBooNE coll.,
s P N PRL. 130 (2023) 1, 011801
’ %ae o° ”

MicroBooNE 95% CL
Inclusive

== = Inclusive (Asimov) - e
= (Official PhYSICS

102 107" APS Viewpoint:
sin® (26,,¢) = 4|U,4|*|Uesl?

Neutrino Mystery Endures

= M. Hostert 51


https://link.aps.org/doi/10.1103/Physics.15.85

Decaying sterile prediction

K. Kelly, MH, T. Zhou, in preparation.

[Ues]? = 0.10 | ngor = 3

10° J 2.5||‘ Ueal? = 0.1 . V 9 :0.02\%‘;.Q
B MB lo, 20, 30, 40 § | §
104 _ ! i
107
B
-~ 2
N§ 107 Preliminary
<]
10" Jme e
ET'-'f:::="“zf{:>
10V = T
= 1B 95% CL :
101 1=== uB 95% CL (Asimov) \
10~ 1073 10~2 10~

‘Uuﬁl‘Q
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Decaying sterile prediction

i g=2.5||Uecsl?* = 0.05
].O E | 11
: 0 MB 1o, 20, 30, 40
10* 5
103 -
B
= 2
cxg 107 5 Preliminary
<]
101 -
: O
10" 3 S
|go1 ] #B 9% CL \\

‘Uu4‘2

104 103 102

‘U64‘2 = 0.05 ‘ Ndof — 3

K. Kelly, MH, T. Zhou, in preparation.
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= Solar antineutrinos

D4 e
\/ IBD searches for v, from 5B decay and matter suppressed oscillations

my = 300 eV,

T4l =1x 103

|
10° =
fm.41"4 =1 0\72, M4 — 300 ¢V mg,/mJI = 0.9 E
0.012 7 - 1 /-
[" ' —— KamLAND 202 ’_IT‘ 1()4 - ::‘;04/2 —
0.010 - N i ..+ =— KamLAND 20]1 . ] —5 0~2
' ‘I !:’ ' ' - —- - SuperK-IV & ] | ~“‘~.,\~
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¥ » - ' '1}[43 A
| i SR 1 ——= mg/ma = 0.5 Ay, 2
0.002 - ] i All w/d cosmo N 100 { === me /g = 0.1 ‘}\,\
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// e Diasotore vy ' ' i ' |
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