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The Outline

1. Low scale seesaws with a dark force.

2. Phenomenological applications of dark neutrinos
- MiniBooNE
+ (g-2)u and tests at e+e- colliders,

- Rare kaon decays.

IN COLLABORATION WITH:

Asli Abdullahi Silvia Pascoli

Based on
A. Abdullahi, MH, S. Pascoli, arXiv:2007.11813
P. Ballett, MH, S. Pascoli, PRD 101 (2020) 11,115025
P.Ballett, MH, S. Pascoli, PRD 99, 091701 (2019)
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https://arxiv.org/abs/1903.07589
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New physics under the lamppost

Nu masses exp. anomalies

Dark Sector
= (May or may not include
a dark matter candidate)

Many solutions to these problems invoke
new sectors of SM gauge singlets

New light states are naturally
feebly coupled to the SM.
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New physics under the lamppost

SM backyard NTIRE
FRONTIER (LHC)

-

Heavy NP

Nu masses exp. anomalies

Many solutions to these problems invoke le-6
new sectors of SM gauge singlets

New light states are naturally keV MeV GeV TeV M
feebly coupled to the SM. -  \ y,

Indirect tests only
(EFTs)

Accessible at current
experimental program
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Ruling out the SM in the laboratory

High Energies Weak Decays

B decays

UHE neutrinos

(IceCube, ANITA) Quarkonium decays

Displaced

Vertices L Sector

Beam dumps oscillations

FASER Scattering

OnuBB

Missing Energy Precision

NAG64
Belle Il

LDMX

*Not an exhaustive list O



Ruling out the SM in the laboratory

High Energies Weak Decays Can we learn anything

about the neutrino sector?

UHE neutrinos

(IceCube, ANITA) Quarkonium decays

Displaced
Vertices

&

1/ Sector

oscillations

Beam dumps

FASER Scattering

OnuBB

Missing Energy Precision

NAG4

Belle Il

LDMX

*Not an exhaustive list 6



Heavy neutral leptons at low scales



Beyond the naive scaling in the Type-|l seesaw

Type-l seesaw Lagrangian:

. M
LS g (LH) N 2N NeN + h.c.

M% U\2 —15 MnN
Single My = M (y ) ~ 3 x 10 GeV
After EWSB, neutrinos get a mass: — —
generation Y, ‘U ‘2 ~ 10—10 GeV
‘Ua4| ~ M—]l\)[ Oé4 MN
0 Mp Y UEwW
M, = ( where Mp = _
ML M V2 Multiple
. — M, ~ MpMy'M}  Matrix multiplication!
generations
M, can be small even for small entries in VN

and large entries in Mp.

1) Hierarchy of scales
Why are neutrino masses small in a seesaw model? 2) Small couplings 7
3) New symmetries or cancellations
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Where are the HNLs?

P. Bolton et al, 1912.03058

/ g L Under the MeV-GeV lamppost:
10 2 r\m \\\/J.: Balle
kY —~ CEI Y Y Y 1) Missing mass in pion or kaon decays
10—4 o N L .\\;\‘)/‘ﬁ\‘l)”i’lﬂf,
. ‘\ v "\\\;.x’;’)‘ A Q
N B WU TrOATIAS 7m/K — (N
2 107°
-

2) Decay-in-flight beam dumps/nu exps

w/K — {N — Npropagates — N decays visibly

107 10°
my [GeV] . L :
Most efforts have been dedicated to invisible or long-lived HNLs.

Lifetime is bounded from above due to BBN constraints (v < 0.1 s).

What if N decays visibly and much faster?

HNLs are long-lived particles if
they only interact via neutrino mixing.
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Endowing N with new forces



Portal:
(SM SINGLET) X (DS SINGLET) DARK SECTOR (DS)

LHN My

—— NN
/\\ Heavy neutrinos 2

Neutrino portal Neutrino masses

L B X"
SM v
Dark photons Gsy xU(1)x
,\/\N\m Forces from Abelian gauge sym?
Vector portal
Real or complex V(H,S)
~ e STS(HTH) - scalars

New scalar potential

Scalar portal



LHN

/\‘

Neutrino portal




A “Dark Seesaw’ Model



A renormalizable model for a dark neutrino sector

A. Abdullahi, MH, S. Pascoli See also B. Batell et al, JHEP 1608 (2016) 052
arXiv:2007.11813 Bertuzzo et al, PLB 791 (2019) 210-214 + others w/ 2HDM models

1) A minimal renormalizable model:

SUR2), Uy /UM)x
UN 1 0 0
v, 1 0 0 Dark neutrinos charged under a dark U(1)’
VD, 1 0 0 symmetry, broken at the GeV scale by (D).
d 1 0 0,

yV(LH)N + MNyNN +ynNvpd + MXVDLVDR

AR M. Hostert 14
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A renormalizable model for a dark neutrino sector

A. Abdullahi, MH, S. Pascoli See also B. Batell et al, JHEP 1608 (2016) 052
arXiv:2007.11813 Bertuzzo et al, PLB 791 (2019) 210-214 + others w/ 2HDM models

1) A minimal renormalizable model:

SUR2), Uy /UM)x
UN 1 0 0
v, 1 0 0 Dark neutrinos charged under a dark U(1)’
VD, 1 0 0 symmetry, broken at the GeV scale by (D).
d 1 0 0,

2) Neutrinos masses:

m,, = Mg(AT)_lMXA_lMD -+ 5Ml—loop(MN7MZ7MZ’)

0 MD 0 Vg
Mp My A VN E> Tree-level Loop-level
0 AT My VY
Z/7 S0/

/; Vi 1/ i
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A renormalizable model for a dark neutrino sector

A. Abdullahi, MH, S. Pascoli See also B. Batell et al, JHEP 1608 (2016) 052
arXiv:2007.11813 Bertuzzo et al, PLB 791 (2019) 210-214 + others w/ 2HDM models

1) A minimal renormalizable model:

SUR2), Uy /U(Dx
UN 1 0 0
Vb, 1 0 0 Dark neutrinos charged under a dark U(1)’
VDL 1 0 % symmetry, broken at the GeV scale by (D).
() 1 0 0

2) Neutrinos masses: 3) Modified decays:
0 MD 0 Vg
Mg MN A V]CV
0 AT My v 1) Faster decays

2) CC decays are negligible
3) Always accompanied by missing energy

A8 M. Hostert 16


http://www.arxiv.com/abs/2007.11813

MiniBooNE



The MiniIBooNE excess

2020 MiniBooNE results: g F =7
_ :>j 1000~ [ asty P~ misid
arXiv:2006.16883 S (7 Besr
S0 T Pam MiniBooNE is a very
1) Significance increases when restricting o inclusive” experiment:
o — Shower angle =3
to smaller fiducial volume © it the beam N
2) Excess overlaps w/ the beam time “or- .
3) New 2-D distributions in E vs angle. oF |
0— -08 0.6 —0 -0.2 ‘ 02 0.4 0.6 0.8 191
638.0+132.86 excess events
4.80 significance € U I ove B o
u>J 800f— | | ANy ] 2° misid
700:_ : Intrinsic v, E- ) :: Best Fit
- —@— Data Ve,
eoo:— > 't
Target - " : - e
Booster o [ I I : OE 8, Visible shower energy .
= | iof- M. Ross-Lonergan
OM  Region a etector o
primary beam secondary beam tertiary beam 0§ ol A Lo,
— e | 200 400 500 800 10({2sible Ene] éo_yo?Mev]
(protons) (mesons) (neutrinos)
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Heavy neutrinos + dark forces to accommodate MiniBooNE

Neutrinos up-scatter into HNL,
which promptly decays via

Carbon

AR M. Hostert 19



Heavy neutrinos + dark forces to accommodate MiniBooNE

Neutrino portal + kinetic mixing.

Neutrinos up-scatter into HNL, _ _
which promptly decays via Light mediator (10 - 100s of MeV)

E. Bertuzzo et al., PRL121.241801

0
N — eTe™ il IV | MeV | -
MiniBooNE: mz, =30 MeV Heavy mediator (~ GeV scale)

10~ lcc w400
. az, = 0.25 P Ballett et al, PRD 99.071701
200w 50 >~ 1a=10
102 | , 3 ae” = 2x10 , ' | '
—— Angular Spectrum Only
103 Experimental 3.0 N
constraints
1%
10 2.5
1% i -
I’L N 6 -y g |
1/ / = 10
i ~ . Z =) % 2.0
. @)
7! 10 —
1% N
H ) 1.5
e’ 10~ S
Carbon 108 10
107~ . 0.5 -
1D energy fit o W 2 30
101 bbb 0.05 0.10 0.15 020 0.25 0.30 0.35

10~ 10

my, (GeV)

my [GeV]
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Explaining MiniBooNE with our full model

HNLs produced in neutrino scattering

Using our benchmark point

2 —4
myz ~ 1.25 GeV e« ~ 4.6 x 10 m4q =74 MeV, ms =146 MeV, mg =220 MeV
150
Dark coh N5 — N4 (186 events)
| HNL masses HNL lifetimes oh Ng — N vents
coup lmg | incoh N5 — Na (337 events)
ma ma Ms Meg CTO/Cm 2 100 - coh Ng — N4 (28 events)
XD < , 5 “ incoh Ng — N (51 events)
/eV /MeV Ny Ns Neg >
CD y ‘ b
79 v
0.32| 0.05 |74 146 220 1.1 x 10" 2.2 0.14 $ 507 |
E: .
0 1
400 - ,
Ny | T | T T T
| % mz = 1.25 GeV 0.2 0.4 0.6 0.8 1.0 1.2
2 3004 | 2, 2 /
§ g\Z’ 5 62 = 4.6 X 10_4 Ews/ GeV
2 200 - &
= 100 4 | Angular distribution forward due to vectorial nature of Z’-proton-proton interaction.
—4— s +
] et 2 —4— = ) : : : ,
0 ===t , ' —— ; ] I Higher-Q2 and nuclear effects not included (important for GeV Z).
-1.00 -0.75 —0.50 —0.25 0.00 0.25 0.50 0.75 1.00
cos 0
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On-shell light 2’

E. Bertuzzo et al., PRL121.241801
C. Arguelles, MH, Y. Tsai, PRL123.261801

"-ﬁg" data

1.0 -

0.5 1

Excess Events/MeV

0.0 -

0.25 (.50 0.75 1.00 1.2H 1.50
ESCOE (GeV)

300 - my l.,",_b4|2 —
—— 100 MeV, 3.64 x 10 = -
= —— 200MeV, 7.32 x 10~F
c 200 A i,
2 —==- 420 MeV, 9.00 x 10~
™
2
—1.0 —0.5 0.0 0.5 1.0
cosf

MiniBooNE 2018

Excess Events

All Distributions

Off-shell Z’ (Z-Z’ interference)
P Ballett et al, PRD 99.071701

200
- MiniBooNE excess data
180 12.84220 POT Neutrino-Mode
160~ This Mode!
2 10| M,=1.215 GeV, M_=0.140 GoV
S F
g1 120::_ ¢ R S.te:rile Neutrina Oscillation
- sin‘26 = 0.884, A m® = 0.04 eV?
§ 100 =
S sl [T
80|~ T
60| Energy
o J |
q0F= |
20|~
=% 04 06 08 ] 12 14
Recanstructed Visible Energy [GeV]
200(—

i MiniBcoNE excess data
12.84¢20 POT Neutrino-Mode

150F=2022 This Model
= — M,=1.215 GeV, MN=0.140 GeV

o Sterile Neutrino Oscillation
100}— sin“20 = 0.894, A m” = 0.04 eV’

Angle

50—

'|1|r—1—1||
-1 08 06 04 02 0 0.2 04 0.6 08 1
Reconstructed Shower Angle [Cosine 8]

MiniBooNE 2018

Excess events

Off-shell Z’ (no Z-Z’ interference)

A. Abdullahi, MH, S. Pascoli, arXiv:2007.11813

mgq =74 MeV, m5 =146 MeV, mg =220 MeV

150
coh N5 — N4 (186 events)
B incoh N5 — Na (337 events)
100 - coh Ng — N4 (28 events)
incoh Ng — Nj (51 events)
20 A
" -
0.2 0.4 0.6 0.8 1.0 1.2
Evis/GeV
400 - i,
myz = 1.25 GeV
- e2 — 4.6 x 10~
3
o 200 -
7
S
-
= 100 -
s +

—-1.00 —-0.75 —0.50 —0.25 0.00 0.25 050 075 1.00
cos 0

MiniBooNE 2020
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Surely we would have seen this elsewhere...



Pseudo-photons at v detectors

Neutrino-electron scattering datasets Car{osg\rgu';..es Yu-Dai Tsa

C. Arguelles, MH, Y. Tsal, PRL123.261801

Currently, neutrino experiments can search for
photon-like showers inside their detectors.

1%
)
N
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Pseudo-photons at v detectors

Neutrino-electron scattering datasets

Carlos Arguelles Yu-Dai Tsai

C. Arguelles, MH, Y. Tsal, PRL123.261801

Currently, neutrino experiments can search for
photon-like showers inside their detectors.

1%
)
N

@ v — e scattering
Q NC#, v,CCQE

1500 - MINERvA ME 72 Background
" v—e * .
g 1000 - 1 NP — 4940 Dark neutrino signal
>
2 000 -
" 2 » D —
0 = "r'li Y7777 —y = -

10 15 20
dE /dxz (1 MeV /1.7 cm)
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Pseudo-photons at v detectors

Neutrino-electron scattering datasets Car.‘osArgu'e].es Yu-Dai Tsa

C. Arguelles, MH, Y. Tsal, PRL123.261801

_ 2 —10 _
Currently, neutrino experiments can search for mz: =30 MeV, ae” =2x 107", ap = 1/4

. S . 1072 5 , :
photon-like showers inside their detectors. : \\ I
. A\ I it
| K
Y | | |
~ e 1 MiniBooNE | |
L > , 10_3 4 energy fit : MINERVA
] 1 : LE and ME runs
_ g, \ |
E 30 | NN .
S S\
—===zZ=ZSESESSq----——g % B
104 - 2 | CHARM-II
| |
. - : : .
1500 = : MINERvA ME 72 Background : ) > 98%: ) > 87%: ) > 70%i
- :_"— ‘ v —e s on axisi on axis| on axis |
£ 1000 - 1 NP = 4240 10 | ’ ' —
0 10~1 10"
S
500 - ﬁ_{ . my (GeV)
o '_9_,_,;; Y0 I —— — | . Some tension with light dark photon scenarios (coherent scattering)
0 é 1'0 1'_ an but ineffective for heavy mediator scenarios (higher Q2 scattering).
9

dE /dxz (1 MeV /1.7 cm)

Datasets to keep an eye on:
NOvVA and MINERVA (anti-)nu-e scattering.
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Re-adapting decay-in-flight HNL searches

@ T2K near detector (ND280)

Carlos Arguelles  Nicolo Foppiani

. . . , C. Arguelles, MH, N. Foppiani, in preparation.
T2K provides leading constraints on standard HNLs above the pion mass.

T2K Collaboration, Phys. Rev. D 100, 052006 (2019)
See also, Vedran Brdar et al, arXiv:2007.14411

Large target mass
Gaseous Argon modules
+ Magnetic field to separate e+e-

Pb POD Pb GArTPC 1 GArTPC 2 GArTPC 3

Constrains events with no hadronic activity at vertex
and HNLs w/ finite lifetimes.

AR M. Hostert 27



Re-adapting decay-in-flight HNL searches

@ T2K near detector (ND280)

T2K provides leading constraints on standard HNLs above the pion mass.

T2K Collaboration, Phys. Rev. D 100, 052006 (2019)
See also, Vedran Brdar et al, arXiv:2007.14411

Large target mass
Gaseous Argon modules
+ Magnetic field to separate e+e-

Pb POD Pb GArTPC 1 GArTPC 2 GArTPC 3

Constrains events with no hadronic activity at vertex
and HNLs w/ finite lifetimes.

Carlos Arguelles  Nicolo Foppiani

C. Arguelles, MH, N. Foppiani, in preparation.

Multi-component detector — active target followed by Gaseous Ar modules.

Can use heavy target for upscattering and GAr modules for decay.

Dark neutrino signal is softer and more off-axis than standard DIF signal.

m4 = 150 MeV — all inclusive

0.4

0.3 1

0.2

0.1 A

[ standard decay-in-flight HNL
I:I dark HNL (mZ/ =30 MGV)

©__1 dark HNL (mgz = 1.25 GeV)

0.0

my4 = 150 MeV — all inclusive

0.8 -

0.6 1

© 0.4 -

0.2 1

[ standard decay-in-flight HNL
I:I dark HNL (mZ/ =30 M6V>

T2 dark HNL (myz = 1.25 GeV)

0.0

A M. Hostert
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Dark neutrinos @ MicroBooNE

New generation of Liquid Argon detectors at Fermilab can search for (e+e-) events and will test MiniBooNE results.

1S1T - mock example

p 4

—

Shower
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Dark neutrinos @ MicroBooNE

New generation of Liquid Argon detectors at Fermilab can search for (e+e-) events and will test MiniBooNE results.

Currently investigating these signatures in LAr together with microBooNE single-photon group.

1S1T - mock example

...... 170 DPoj &
Mg |
S N ;
gap? .............. S\ ) e == |
% A |
Ar Shower I -
1S0T 2S0T : no proton so smaller efficiencies, but enhanced in LAr (A2 coherent.)
181T 251T : shower displaced from proton. Mostly photon-like showers.

In our benchmark, before efficiencies, we expect
~800 events of vy —> N5 —> v ete-
~3000 events of vy —> Ng —> v ete-

A8 M. Hostert 30



Looking further back



“Double-bang” events

Experimental anomalies in the 80/90’s — not ruled w/ newer hypotheses

Double-bangs @ CCFR

NHL:
Production (NC): Decay (NC):
v Ny = AR
------ e S

AR M. Hostert  See also “Double-Bangs” @ IceCube, P Coloma et al, PRL119.201804 32



“Double-bang” events

Experimental anomalies in the 80/90’s — not ruled w/ newer hypotheses

Double-bangs @ CCFR

NHL:
Production (NC): Decay (NC):
v Ny o S
------ 1

9 NC/NC observed on a background of 34-0.2 (stat.)+0.4 (syst.)

To the best of our knowledge, this is not explained to this date.
P. de Barbaro, doi.org/10.1063/1.43269

Result was not pursued further as standard HNLs would
also lead to NC/CC events (N —> y/ 1 ).

But our dark HNLs only decay via NC channels, compatible
few events at E,~ 100 GeV (DIS cross section is small via Z’).

B M. Hostert  See also “Double-Bangs*” @ IceCube, P Coloma et al, PRL119.201804 33
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“Double-bang” events & old accelerator excesses

Experimental anomalies in the 80/90’s — not ruled w/ newer hypotheses

Double-bangs @ CCFR Accelerator anomalies
NHL: i:-’ 80 —l‘w e T i e e B B
—— s |
Production (NC): Decay (NC): Data  (al L(L: 60 Ll B
Nu o o Temnson) N 1 shower events :
...... .---Y.-_-..@"‘"" . 10 1L 1 shower events - N 0 | | @ E-816 |
| @ PS-191 S k | !
Cé) l_ ! .
o o - _g 20 f 1 .
4 8 | , | |
1 MC [5) | 7ol | J
I e e e e
3 ' |
; | - < {
9 NC/NC observed on a background of 3+0.2 (stat.)40.4 (syst.) | -§ 20 L b L
i ' F-=-3 + 0 0.5 1 1.5 2 2.5 3
0 > Distance of disconnection (rad. len. )

To the best of our knowledge, this is not explained to this date.

P. de Barbaro, doi.org/10.1063/1.43269 Chamber number

PS-191 (‘86 @ CERN): 3¢ deviation from expectation.

Result was not pursued further as standard HNLs would E-816 ('90 @ BNL): built to address PS-191, found a ~2¢ excess.

also lead to NC/CC events (N —> y/ 1 ).
Oscillation interpretation only ruled out by high-energy exps.

But our dark HNLs only decay via NC channels, compatible
few events at E, ~ 100 GeV (DIS cross section is small via Z’). Compatible w/ vy —» Né —> v (e*e) decays, which are fast.

AR M. Hostert  See also “Double-Bangs” @ IceCube, P Coloma et al, PRL119.201804 34
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Anomalous Magnetic Moment of the Muon

(9-2)u



Dark forces contributing to (g-2),

4QED HVP,LO , HVP,NLO , _HVP, NNLO HLbL , HLbL,NLO Not conclusive yet, but expect updates

u T a + 4, T 4 T a, ’ T a, T a, from FNAL Muon (g-2) very soon.

116591 810(43) x 1071

Phys. Rept. 887 (2020) 1-166

In full run, expect 4x better precision.

AL

/.

oS = 116 592089(63) x 107! Aay, = ag” —ay" =279(76) x 107"

Muon (g-2) Collab., PRD73:072003,2006 3.70 discrepancy with SM

Need not come from high scale physics, / 2
but also from light new scalars or vectors: a2 ~ 2 for m, < Mgz

Pospelov, PRD80:095002,2009
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Minimal Dark Photon

SM hidden
A 7!
WaVaVaVaVaV

Visible N

Invisible hidder

B A A A A A N A A A A N A A A A T T T A A A N T T A A A T T T e T e e ]
: 10_9 7T :
| |
| |
i ]
1 (L.M 1
1 i 1
1 i 1
1 i 1
' I (V- 70
1 i I 1 1
| A i I -
| - -, i i
: ' : e Tt el ;
Secluded | : :
| : 1074 - :
1071 i 1
| |
10-1 : :
| |
10 14 [ | P ]
10718 1070 M. Fabbrichesi et al, 2005.015157
M. Bauer et al, 1803.05466 . : A R -
10°
B e T - 103 102 10~ 1 10 !
M 4 [GeV] : m oy, GeV -
I = = = = = = &= = = E S E S O S O I I B B BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN B i
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Revisiting the muon (g-2) with semi-visible dark photons

Similar to Inelastic DM models,

G. Mohlabeng, Phys. Rev. D 99, 115001 (2019)

A K- Invisible dark photon
95% CL -
BaBar .
. - Y e
= (g-2)u:t2a BaBar 2017 | R f;
& favored 90% CL
5 ® & & n - r”:ff‘fﬂ;‘ e
= .;‘Too\a € A ! | ' »
LKB-11 Y oY ),
99.5% CL ) "
| <— This work, 99.5% CL
R. Parker et al, Science 360 (2018) 191
83 -2 1 0 1

/ \
Iogw(m\/Ge /)
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Revisiting the muon (g-2) with semi-visible dark photons

Similar to Inelastic DM models,

G. Mohlabeng, Phys. Rev. D 99, 115001 (2019)

A K—muw Semi-visible dark photon Explanation of the muon (g-2) anomaly
95% CL - via a dark photon now viable?
BaBar |
5 o Y e
2 2 _ —4
e e BaBar 2017 I:> B gt for g = 4.6 x 10
& favored 90% CL *
© -6 — , mz = 1.25 GeV
8 © O et 7/ |
Av o\ v
LKB-11 N < -
99.5% CL R _ this requires
| <— This work, 99.5% CL . —3
Invisible dark photon bounds relaxed. Pmissing all N < 2.2 x 10
R. Parker et al, Science 360 (2018) 191
s 2 » 0 :

/ \
Iogw(m\/Ge /)

44 45 46 55 56 66
0.15 11 0.48 1.6 86 0.59
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N

Revisiting the muon (g-2) with semi-visible dark photons

Pseudo-monophotons from HNLs

A K—nuvy
95% CL

_5 6_ ,y -
\6:8) =2 BaBar 2017 o |
i favored 90% CL * ~ ,
™ A
_|_ -
\AV(OO\DQ ¢ Z' A \

Semi-visible dark photon

BaBar

LKB-11 $ < " -
99.5% CL — el
| <— This work, 99.5% CL o
Invisible dark photon bounds relaxed.
R. Parker et al, Science 360 (2018) 191
_8-3 l2 1 0 1
logw(mv/Ge‘/)
| =
BaByr
o .. When only one N decays inside the
- o T[5 pef ECAL, it can fake a monophoton event.
. . | . . . . .
;ﬂq\ \ L Signal is Compgtlblle with mild excess at
N . B s 3 low missing masses.
. | - ,_
Az

Predicts a huge rate of s-channel e"e” > NN
production @ BaBar and Belle-ll (O(10*) events).

> 9 pref_erence for
~ ~50 signal events

[ for

Similar to Inelastic DM models,
G. Mohlabeng, Phys. Rev. D 99, 115001 (2019

Explanation of the muon (g-2) anomaly
via a dark photon now viable?

g2 = 4.6 x 1074

myz = 1.25 GeV

this requires

Pmissing all N < 2.2 X 10_3

102 -

full g
{ ===- bkg (611 cvents)
| Ml sig (53 evente)

Balar data (653 events)

25 30 35 40 45 50 3% 60

M?

miss

(GeV?)

SR,
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Direct tests with kaon decays



Looking for the dark HNLs elsewhere

Smoking gun signature at kaon experiments

Rare leptonic kaon decays

Peak search + (displaced) e+e- vertex

Z U

<.

At NA62, would expect ~3000 events
In existing data for our benchmark.

\pK — p£| — 5,6
TNmiss = |pK — D¢ — pee| — T4
Mee < ms.e — 114
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Looking for the dark HNLs elsewhere

Smoking gun signature at kaon experiments

Rare leptonic kaon decays Existing measurements:
Peak search + (displaced) e+e- vertex "
BR(K™ — u"ve'e™) = (7.81 + 0.21stat.) x 107° @ NA48/2
o
o BR(K" — u"vutu) <4.7x 107" @E787
/ Both SM process will be measured by NAGZ2.
Z' g . _
< New physics challenges:
U3 M. S. Atiya et al., PRL.63, 2177 (1989) Main challenge comes from pion Dalitz decays at mee < 140 MeV
:2; 600:=”'_";"" I S _ — —— Data . K'*' - lu"'vﬂ (7'[0 - ﬂ}/e+e_)
< [ ; —+— IB only K“,_v e MC
£ - [ JFak,, . McC " . _
At NA62, would expect ~3000 events = 500( B Background Additional cuts can reduce pi+ decay backgrounds:
| isting data f benchmark. ' '
in existing data for our benchmar L R R S S K* = (1t — 1tv)eter My > 150 MeV
:  NA482 _ .
‘pK — pg| — M5 6 200] | Ultimately, depends on exp resolution, but BKGs can also be
_ 1 f | reduced with displaced vertices. At NAG2, this is feasible for
- 3 Ct>10 ps
Mee < M5,6 — 14 o1 015 02 025 03 035 04

z=(M_ /M)
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Looking for the dark HNLs elsewhere

Smoking gun signature at kaon experiments

Rare leptonic kaon decays

Peak search + (displaced) e+e- vertex

K

<
%

At NA62, would expect ~3000 events
In existing data for our benchmark.

\pK — p£| — 5,6
TNmiss = |pK — D¢ — pee| — T4
Mee < ms.e — 114

Light dark photon case
ve = 400 MeV, m,, = 300 MeV, x*=10"°

Smoking gun peak at light 1074 - :
Ou, Cov, C > O, _
dark photon and HNL mass 3 iy ot |
1072 1 “ | =
\\\ g : I~ peak searches
1 [ ~ ~
10 0
= 3
10~7 P 1
= 10 - .
N oal N
= ’3 | 5
104 2 = z
- |
e |
10_10 g T NA62 (K — pree) L,_ L—‘_’_I_‘T
a . J
10— Tt
~
10_12 1 T

00 100 150 200 250 300
mz = g'v, (MeV)

Provides a direct and robust test of MiniBooNE explanations

A M. Hostert
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More exotic signatures in kaon decays

Dark higgs decays to dark photon

M. Hostert, M. Pospelov, arXiv:2012.02142

If the dark higgs is light but heavier than 2 dark photons, we also expect kaon decays with 4-leptons via a
cascade in the dark sector. Large (e+e-) multiplicities "for free”.

Several channels never even searched for, which can exceed Br ~ O(10-8 - 10-5).

K — m2(eTe™)
T
’ \ 4
K ,* |
..... v Mee = My,
2
e 9 v
, '
ha ’ My, = MM,
!
5 Mye = My,

Mee = M

Yd
|

!

My = My,

|
Mye = My,

|
Y4 My4e = ’])]\'" - p(z'(,,| — My .

. Hostert
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« PS-191 and E949 results — EM shower signals “ruled out” in other explanations
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Weak Interactions and Neutrinos (WIN 2021)
Online Workshop

Takes place every 2 years, alternating with Neutrino conference series.

win2021.umn.edu

Indico page

WrI V The 28th International Workshop on Weak Interactions and
Neutrinos (WIN2021)

12 Juna #1027

SCowalrozens
Uverview . : .
The International Workshops on Weak Interacticns and Neutrings have been organized regulzry for the
tcientitic Programmae past 40 years al many venues in Africa, Asia, Europe, | atin America, and the Linited States
Call fer Abstrets The 28th edition (WIN2021) will be held entirely enline and will be hosted by the University of
2 Ot J j - 205
Timetable Minnesota, from June 7 — 117, 2021.

Contrib tion | ist The goal of these Wor<shoos is to offer the physics community a sign ficant epportun 'ty to 283253 the Regis tra tion and abStraCt SmeiSSion open'

) ) etatus of major tonics within the field and initiate collaborative efforie 1o adcress current cha lenges.
Registration : _ . .
The Workshops attract leading experimentalists ard theorists, from all ovar the world, allcwing them to

Fartizipant List exchange ideas and *a develor new strategies. In many cases, the efforts initiated at thase Warkshaps

______ result in completed projects that are published in international journals. These projects have sometimes

Confzrence Weopace .
- f o proven 10 be major nreakthmugha suen as the MSW effeet, which was firat discussed at the WINRS @ The Ca" for abSTraCtS IS Open
Conener meeting in Finfanc. You can submit an abstract for reviewing.

Submit new abstract

Committees .
As custamary in this workshan senes, the pragram will ne atructured to allow ample time for farmal and

infermal discussions in the Four working groups.
WIN2221 Contact chalin

=] vin2021-loc@unn.cau 1. Neumno Fhysics

2. Electrowzak Irteractions @ RegiStratiun .-‘; 245 See detalls ’
3. Flavor and Prec sion Physics m You are registered for this event.
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http://win2021.umn.edu
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A renormalizable model for a dark neutrino sector

A. Abdullahi, MH, S. Pascoli
arXiv:2007.11813

X , Va
Fermionic DM extensions parentheses 4
_ . Dark Sector
X Vo
+ Option 1) Accidental symmetries
Xur ~ (1,0,Q/2) YR XGXRP" +yL XTXLP* + myXLXR
- Option 2) Imposed dark parity (e.g., from residual lepton number symmetry).
~,C ~— *
XrR ™ (lvoaQ) XL ™ (17070) W X%XL _|_yXLXR(I)
_ B. Bertoni et al, 1412.3113
When vector and scalar portals are turned off the model is B. Batell et al, 1709.07001
promising avenue for MeV/GeV scale thermal nu-philic DM. M. Blennow et al, 1903.00006
J. Gherlein & M. Pierre 1912.06661
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Minimal HNL Phenomenology

P. Bolton et al, 1912.03058
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Low Scale Seesaws

LNV = lepton number violating
3 families of neutral leptons — new symmetries in M

0 m 8 /
1 — Mn =
~Zymass 2 5 (7L N S) | m u A { h.c. p={m €)
8/
! A>
My =
\ N (A L4
(L= +1)

Light neutrino masses proportional to LNV parameters

um? — 2e'mA + %1/

T, =~
’ A2 —

Approximate conservation of Lepton number — Small neutrino masses.
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Low Scale Seesaws — two kinds of contributions

PS.B. Dev et al., 1209.4051
J. Lopez-Pavon et al, 1209.5342

“Inverse Seesaw” (ISS) “Minimal Radiative Inverse Seesaw” (MRISS)

0 m O V7
m ,u/ A N€
0O A O S¢
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Low Scale Seesaws — two kinds of contributions

PS.B. Dev et al., 1209.4051
J. Lopez-Pavon et al, 1209.5342

“Inverse Seesaw” (ISS) “Minimal Radiative Inverse Seesaw” (MRISS)
0 m 0 VE 0 T 0 Vz
m 0 A N¢ m :u/ A N€
0 A u ge 0 A O 5S¢
/
Integrate out S (4 —7 ) Integrate out N (4 — &)

2
m A
o S\
Amp A° S¢
p' p'

. . mpl m
Active-heavy mixing: Uqal? ~ A2 Active-heavy mixing: \UOA\Q — A—?
mi, ¢
Light state: Ty = — 5~ [ Light state: ™y, =0

(Holds provided #S = #N)
AR M. Hostert ¥4




Low Scale Seesaws — two kinds of contributions

PS.B. Dev et al., 1209.4051
J. Lopez-Pavon et al, 1209.5342

“Inverse Seesaw” (ISS) “Minimal Radiative Inverse Seesaw” (MRISS)
0 m 0 v§ 0 m 0 VL
m 0 A N¢© mo A N*
0 A p) \s 0 A 0] \s°
/
Integrate out S (14 — ) Integrate out N (4 — ©X)
m2D Amp 1/C
p ! L
0 mép yz Amp A2 ge
mp A~ N€ p p |
7 (D) ( (I.) )
L— L : N4[~4p~_i B
| o mpu m4 7z
Active-heavy mixing: Uqal? A2 Active-heavy mixing: \Ua4‘2 — A—?
: m% loop W m% /
Light state: Ty = FM Light state: m, - = 167 11 (mZ 7mh7,u)
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New exotic hypothesis to explain MiniBooNE

Minimal eV sterile oscillations.

v, disappearance + cosmology
excludes this model.

Open the floodgates to exotica

P. Machado - Neutrino 2020

99% CL -
2 dof PR
101}
T ) (=) ]
— . Vel Vu= Ve
?§> { " ( Fixed Fluxes)]
— 10" .
C‘E" ~
4 MINQS/
P MINOS+
& .
N
1()_l (—)
- v,—disapp
' combined <
R l_r) Pra— _1
107~ 10
| Upal”

AN M. Hostert

New signatures:
SN
Gninenko 1107.0279 wo v
Heavy neutrino O(MeV), magnetic moment, decay

Bertuzzo et al 1807.09877, Ballett et al 1808.02916,
Arguelles et al 1812.08768

Heavy neutrino O(1-100MeV), light Z', deca

W. Abdallah et al 2010.06159 A

Asaadi et al 1712.08019 Cw\\zﬂ%"'
Resonant matter effect N

Doring et al 1808.07460, Barenboim et al 1911.02329
eV steriles and extra dimensional shortcuts

ot C\e0<
A
Liao et al 1810.01000
Steriles + NCNSI + CCNSI, 00>
Decay: 0@,\0‘)?’3

. O\
O. Fischer et al 1909.09561 99"
Long lived HNL O(MeV) mag moment

Bai et al 1512.05357, Dentler et al 1911.01427, de |
Gouvéa et al 1911.01447 N w0
Heavy sterile O(keV-MeV) decay to ve W

New physics
In scattering

New physics
In propagation

New “visible” states
In the beam

Modified from P. Machado - Neutrino 2020
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Neutrino-electron scattering constraints

my = 30 MeV, ae® =2 x 107", ap = 1/4

1072 = 3 N\ ;
] \ peak | )
T \ searches l /
- I //
- | \ |
: [
1+r . :
MlﬂlBOOlEE : \ I Vary uncertainty on backgrounds:
—3 _ €Energy I
1073 - |
- lo 1
— i :
3 _ 30 | \ YV 4 g 30% — 100% for MINERVA LE
~ S J'___,,/ NS RN :- —/,,’ -
Nl e —— NN 0 0
10~ _ , & I \ §\ : \ 40% — 100% for MINERVA ME
) \ |
i | |
1 : : | \
' >98%1 > 87%1 > 70%) 3 — 10% for CHARM-I|
- < | | < |
on axisl on axis: on aXis: vy,
105 L———mi —— ~ )
10~1 10° -
T4 (G@V)

Analysis can be improved with future data:
events in forward

C. Argtelles, MH, Y. Tsai, PRL123, 261801 (2019) on axis = bin at MiniBooNE - MINERvVA ME nubar-e data
- NOVA nu-e data
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LSND & KARMEN

LSND: 1993 - 1998  arXiv:0104049 KARMEN: 1990 - 2001 arXiv:020302
1) 800 MeV proton beam, 1.8e23 POT! _ 1) 800 MeV proton beam, 6e22 POT!
2) 1 decay at rest and in flight:12° nu/p beam angle. General idea: 2) 1 decay at rest mostly. Detector 90° from p beam.
3) - contamination: 7,/7, ~ 8 x 104 3) - contamination: 7, /7, = 6.4 10~*
4) Baseline of 30 m at o ut o+ v, 4) Baseline of 17.7 m
5) ~167 tonnes of liquid scintillator | 5) ~57 tonnes of liquid scintillator
6) 8.3 m long det along nu beam. 6) 3.5 m long det along nu beam.
et + v, + 7,
§ = 6 | I | I
> o _
§ _ _ = D)
vV, — UV <
:u € E 4 - [_?_1 —_—
§ , o ‘ e o
> _ _
_ R
L2 0 T T Tt
20 30 40 50

04 06 08 1 1.2 14
L/E, (meters/MeV)

EXCESS: 87.9 £ 22.4 £ 6 EVENTS
3.8 sigma

energy prompt event  [MeV]

NO EXCESS

To this day, the most sensitive SBL 7, — 7. appearance experiments.
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Events

New distributions — Radius and Event Timing
Phys. Rev. D 98, 112004
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Excess In Invariant Mass, assuming 2 showers

PID variables : myy distribution

i oo
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: S = = omer B o
W s ®© 800
‘ m.- I.l>.l E A Ny - =" misid
: e 700 | Intrnsic v, Ol Bestn
3 —®— Data
600 . s . e
’, MiniBooNE preliminary

e 18.75 x 1020 POT

w Neutrino mode

(€ | - (d)

h N % 10 20 30 40 50 &0 70 80 30
" ¥ "= 93 IX o0 ; 20 F " 2 "= 993 IR o0 x X0 p Pio Mass [MGVICZJ

L L

FIG. 11: Comparisons between the data and simulation for
the gamma-gamma mass distribution after successive cuts
are applied: (a) no PID cut, (b) electron-muon likelihood
cut, (¢) electron-muon plus electron-pion likelihood cuts, and
{(d) electron-muon plus electron pion likelihood cuts plus a
gamma-gamma mass cut. The vertical lines in the figures
show the range of energy-dependent cut values.
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