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Neutrino masses The nature of neutrinos
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Why neutrinos?
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New technological developments
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MINOS event NOVA event SK/T2K event
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MINOS event NOVA event SK/T2K event
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MINOS event NOVA event SK/T2K event

e
o

lceCube event

18 ,
- | = |- i
E | 114 i I ]
c 0.2 ~ Iy , 08 I | Se
| [l J % . ®
s | = - .12 s - [ 1 s
g | Bl ew | : s 3 :i
a o (10 3 r 1 : , s )
s 9 = - , .. ol ¢ -
2 | - -8 . E 11 i M
s 5 $ %3 31 .y s
E'o‘ _ —6 I | LT f -
’ 0 4
0.4
: - ’

'0.6‘,-__,4 aliendienibaibeslaniirediodbadianiaaialiani - . - - ,,' I
0.2 0 0.2 0.4 0.6 0.8 1
Depth (m)

MiniBooNE event

2= Fermilab

Pedro Machado | New physics at the next neutrino facilities pmachado@fnal.gov

8 25/02/2021


mailto:pmachado@fnal.gov

MINOS event

0.6f '

| KL
! =16
-1 =
E | 14
€ 0.2 |
—g [ - o 112
- - 4
8 Bl ew 19
a o = - . 10
o - . |
iB e
2.0.2 |
- ' )
! = 4
04
» -- .

<
o

- W S G - e - - — 4

02 0 02 04 06 08 1 0O

Depth (m)

MiniBooNE event

NOVA event SK/T2K event

L LI I L L
- - -

Liquid scintillator event
(e.g. Daya Bay, JUNO, RENO, ...)

9 25/02/2021 Pedro Machado | New physics at the next neutrino facilities
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MI’NOS event NOVA event SK/T2K event IceCube event
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Beyond statistical limitations

JUNO (20 ktOn) lceCube-Gen2 (~ 10 km3)

(sorry IceCube collaboration, your experiment is too big to fit my slide...)
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Beyond statistical limitations

JUNO (20 kton) lceCube-Gen2 (~ 10 km3)
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Add the most intense neutrino sources ever to this picture!
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Joachim Kopp
sterile neutrinos and the SBL anomaly, non-standard interactions.

acronyms for neutrino experiments 2 “New V PN
@ Challeng® ™

yS\ cS

Pilar Coloma
sterile neutrinos broadly

Myself: X
Old new v physics

(NSI, steriles, HNLs, non-unitarity, Lorentz violation, ...)

New new v physics‘/

2= Fermilab
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Anomalies in Short Baseline Oscillations

[ LSND / MiniBooNE: anomalous v, — v, oscillations
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Taken from J. Kopp’s slides on Friday = 1°
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Anomalies in Short Baseline Oscillations

[ LSND / MiniBooNE: anomalous v, — v, oscillations
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Connect the MiniBooNE low
energy anomaly to the
generation of neutrino masses!

Dark neutrinos

May even address (g-2), and
BaBar anomalies.

Target (see Abdullahi’s and Guzowski's talks)

\ /N /N /
/ \ / \ /
<S§,>' ,’<S.> <H>\\ ,’<S,>

Neutrino masses are small because they are
protected by a local symmetry.

The symmetry is broken at a low scale which
explains why neutrino masses are small.

This naturally leads to a light gauge boson that
couples more strongly to RH neutrinos

2= Fermilab
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Dark neutrinos

Double bang signatures at IceCube/DeepCore

Q N O
—"y"‘

o O O

Coloma M Martinez-Soler Shoemaker PRL 1707.08573
Coloma EPJC 1906.02106

New signatures in LArTPCs

\’C

Neutrino-electron scattering like events in Minerva (and others)

Arguelles Hostert Tsai PRL 1812.08768
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Millicharged particles

All electric charges, in the SM, are multiples of the down quark charge
Q(down quarks) =-1/3  Q(up quarks) = +2/3  Q(e,p,T) = -1

Are there particles with tiny charges?

"‘Dark electromagnetism” typically leads to millicharged particles

‘Z-m'.x = --6-- \?) F\/M,
Ly

2= Fermilab
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Millicharged particles

ArgoNeuT demonstrated the LAr capability to

detect sub-MeV depositions (blips) o o | |
No particle identification, no track, just a blip

What can be done with it?

0.24 tons active volume

LAr TPC
47x40%x90 cm3, 2 readout planes,

480 wires, 4 mm spacing,
no light detection system

2t Fermilab
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Millicharged particles

R. Harnik, Zhen Liu, and O. Palamara, arXiv:1902.03246

detector

2= Fermilab
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Millicharged particles

R. Harnik, Zhen Liu, and O. Palamara, arXiv:1902.03246
detector PHYSICAL REVIEW LETTERS 124, 131801 (2020)

Improved Limits on Millicharged Particles Using the ArgoNeuT Experiment at Fermilab

R. Accia.rri,1 C. Adams,2 J. Asaadi,3 B. Baller,1 T. Bolton,4 C. Bromberg,5 F. Cavanna,1 D. Edmunds,5 R.S. Fitzpatrick,6
background B. Fle:rnjng,7 R. Hamik,1 C. Jame:s,1 L. Lepe:tic,g’g'= B.R. Little:john,8 Z. Liu,9 X. Luo,lo O. Palamara,l’Jr
G. Scanavini,7 M. Soderberg,ll J. Spitz,6 A. M. Szelc,12 W. Wu,l and T. Yang1

(ArgoNeuT Collaboration)
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2

S

_100;% AT +

10 -8 -6 -4

2t Fermilab

>s at the next neutrino facilities pmachado@fnal.gov



mailto:pmachado@fnal.gov

Millicharged particles

R. Harnik, Zhen Liu, and O. Palamara, arXiv:1902.03246
detector

PHYSICAL REVIEW LETTERS 124, 131801 (2020)

Improved Limits on Millicharged Particles Using the ArgoNeuT Experiment at Fermilab

R. Ac:ciarri,1 C. Adams,2 J. Asaadi,3 B. Ba.ller,1 T. Bolton,4 C. Bromberg,5 F. Cavanna,1 D. Edmunds,5 R.S. Fitzpatrick,6
background B. Flernjng,7 R. Hamik,1 C. James,1 L. Lepetic,g’* B.R. Littlejohn,8 Z. Liu,9 X. Luo,lo O. Palama.ra,l’Jr
G. Scanavini,7 M. Soderberg,11 J. Spitz,6 A. M. Szelc,12 W. Wu,l and T. Yang1

(ArgoNeuT Collaboration)

100 MilQ@SLAC
?T 107 ¢ i ,‘ E
80 + 4 : | :
 NE I - s ;

40 + —1 i
— 102 i -
0 L %; o : -
3 o:+ | — % ; gr— -
> L .. e )

Millicharge search -

A
+I_¥LI
lf+
=
A
|
—t

~60 - «lvk — - 1.0x10%° POT -
_8o£=~=~ +_ | + # % | ArgoNeuT

||";|1I| |‘||1|1|b||,||,- | i : : L1l l l L L) -
1908 6 2 2 0 2 4 6 8 10 10° wo*rmilab

X (m) >s at the nexi m, (MeV) y@fnal.gov


mailto:pmachado@fnal.gov

Dark Matter Mass Scale Courtesy of Gordan Krnjaic

\ \ \ \ \ \ \ \ \ \ 2

-28 =26 -24 =22 =20 -18 -16 -—-14 —-12 -10 —2 0 2 4 6 8 10 12 14 16 18 20 22
log|m/GeV]

v v \/
10722 eV eV MeV GeV  TeV  mgur mep| 100 mp,
| | | l | |
| | | | | | |

Bosonic Wave DM Thermal DM Composite, Primordial Black Holes
Axion, ALPs, “Fuzzy” DM Dark Sectors, WIMPs WIMPzillas, Nonthermal DM

Ultralight scalar dark matter could solve puzzles like cusp-vs-core, missing satellites and too-big-to-fail

2 2 -
Very light scalar DM (<< eV): (07 + S.H.at T mgb)¢ =0
- very high occupation number friction

V(D) - classical field Coupling to SM: constants of nature may

Klein-Gordon _ .
exhibit temporal variation!

Damped harmonic oscillator

. ®” << 3 H ®': slow roll regime Coupl|2§I1|::1>tinle1utl;|ns:l;ic“ll?:sges in
w Later times: coherent oscillations © on pro
. . _ 2r _(Tx 10718 eV Regimes
Modulation period 7¢ = my 10 min -~ Signal periodicity:
temporal modulation of the neutrino oscillation probability
~ 109 eV ~ 1023 eV A d distorted tri lations:
P interesting region . veraged distorted neutrino oscillations:
2.7 pisec ~ 10 years time averaged of the above (which is non-trivial)
(L ~ km) 14 orders of magnitude!!! Dynamical distorted neutrino oscillations:
L-dependent matter effect
J€. -
3¢ Fermilab
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Sizable spectrum |
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DUNE 1300 km

Sizable spectrum | —
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DUNE 1300 km

Sizable spectrum | —
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Ultralight dark matter and neutrino oscillations

0.1

~ JUNO L=53km

— 0 P(1 MeV) = 3%
—1s(Am3,) = 1.5%

5 30 35 40 45 50 55 60

E, MeV)

32

25/02/2021

Pedro Machado | New physics at the next neutrino facilities

pmachado@fnal.gov



mailto:pmachado@fnal.gov

m¢ [eV]
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0.02 {1 DUNE Am?2 modulation

10-1  10Y 103 10° 107

T b [ S ] Dev M Martinez-Mirave 2007.03590
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DiNO Bounds and Proj ections for Solar Parameters
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Krnjaic M Necib 2017

see also

Brdar et al 2017

Capozzi Shoemaker Vecchi 2017,2018
Faran Ruiz 2019

Liao Marfatia Whisnant 2018

Ge Parke 2018

Ge Murayama 2019

Cline 2019

Choi Chun Kim 2020

Dev M Martinez-Mirave 2020
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BSM searches in near detectors

Berryman et al 1912.07622

The DUNE Near Detector Complex DUNE MPD
ECAL/Magnets
Proton Beam» _
120 GeV
Magnetic Focusing Horns
230 m 574 m 579 m 584 m
ArgonCube: Pixel-based LArTPC, unmagnetized (150 Tons) > +2Z
MPD: "Multi-Purpose Detector": High-Pressure Gas TPC, solenoid, z—=0m Distance from Target (not to Scale)

ECAL, muon stack
3DST-S Plastic sintillator, gas TPC, magnet, and ECAL

2= Fermilab
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BSM searches in near detectors

Based on Kelly Kumar Liu 2011.05995
see also Brdar et al 2011.07054

Axion Decay
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BSM searches in near detectors

Based on Kelly Kumar Liu 2011.05995
see also Brdar et al 2011.07054
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BSM searches in near detectors

Based on Kelly Kumar Liu 2011.05995
see also Brdar et al 2011.07054

Axion Decay

, , Axion flux at DUNE’s near detector
(into photon pairs, hadrons)
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BSM searches in near detectors

Axion Decay
(into photon pairs, hadrons)

Based on Kelly Kumar Liu 2011.05995
see also Brdar et al 2011.07054

Axion Production
(meson mixing, gluon-gluon fusion)
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Target/Dump Detector

e/p —

Beam

|zaguirre Kahn Krnjaic Moschella PRD 1703.06881
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MiniBooNE PRD 1807.06137

MiniBooNE Detector

Dark matter in neutrino experiments
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(a) vector portal

Other experiments can also do similar searches,
including [SNS2, DUNE, SHiP, FASER, ...

1
m, (GeV/c?)
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Dark matter in neutrino experiments

Fixed-Target Searches for New Physics with O(1 GeV) Proton Beams at Fermi

National Accelerator Laboratory
Toups et al SNOWMASS21-RF6_RFO-NF2_NF3-AF2_AF5-099
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Neutrino physics is at its most exciting time

Diversity in EXPs

Sizes
technologies
signatures
I energies I

thresholds
sources

Diversity in THs I

|
h Dark neutrinos
Dark matter
AXions
| Millicharged particles |
h HNLs

NSIs

What else can we do?
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