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Remaining questions in the standard model

Spoiler alert: they’re all in the neutrino sector

1: which is the heaviest neutrino T V. 1-99 fa Lo6r
: I 9om v, I '
mass eigenstate? Vs 0.71n 2 Hadn Jam3,

21 P

2: what is the 0,5 octant?

. , o Am3, >0 i
3:is there CP violation in 3 Am3,; <0

neutrinos? v, 1.99
i i M 0 L alFON 1.96m v
4: what is the absolute neutrino 1 071n V3 111n
?
mass scale- NO 10

Amgll

D. Pershey Neutrino oscillations and OvBf 2



Remaining questions in the standard model

Spoiler alert: they’re all in the neutrino sector

1: which is the heaviest neutrino
mass eigenstate?

2: what is the 0,3 octant? L

3:is there CP violation in
neutrinos?

4: what is the absolute neutrino
mass scale?
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https://arxiv.org/pdf/2203.06219
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Remaining questions in the standard model

Spoiler alert: they’re all in the neutrino sector

1: which is the heaviest neutrino
mass eigenstate?

2: what is the 8,5 octant? Long-baseline oscillation experiments
3: is there CP violation in
neutrinos?

4: what is the absolute neutrino

la? } OvBB, tritium spectrometers, cosmology
mass scale:
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Long-baseline accelerator experiments
7/ decay region

Near detector

]

Far detector

e focusing
accelerator < >

L ~ 500 km Image: Mark Messier

Accelerator produces beam of GeV-scale neutrinos
Can focus either T or T~ giving v, or v, neutrino flux

Near detector — constrain uncertainties on flux, cross section, etc.
Far detector — measure oscillated spectrum

Oscillation channels: v, = v, //Vv, =V, ,andv, = v, //V, =V,

Disappearance Appearance
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V, appearance probability
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Neutrino mass ordering
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CP violation
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0,5 octant

—~. 0.09
o [ |Am,2) = 2.32 10°eV?
Lo 0.08 | sin®26.,) = 0.095
. 3 sin“(Az —al) ,, [ o 13
P{i""p » L) in” 264 A aL)? Az L SIn (2323) =0.95
—i1] - L
. - . sin( gy HL} _ sinf(al) . . 0.07 . . 623 > 45 deg
- 51N 233'5 51N ?H]"g 51N .EH]_? {Il ﬂL]I ."1'1.3] W ﬂ:ﬂ OOE {..'ﬁ._‘;] f ﬁ] - . '-E
=31 s .
in? 0.06 [ . "
i {f{}HEHg_‘; E-i-llf'lj EHE hl?ﬂiﬁf} .lil i @

0-05 :_ L.‘-..““

004 | ‘ E“‘
[ Am®< 0 ~®‘

003 | ‘ S
Am®>0 S

002 F0§=0
- @ 5 =1/2

] - ® §=31n/2
u L L 1 | 1 | | | J L L

0 0.02 0.04 0.06 0.08

D. Pershey Neutrino oscillations and OvBf



Maximal v -v. mixing

Vg ™V

1l 1l

Am3,L
4F

R

= 1 — sin? 0, sin?

Is there “maximal mixing” between

v,andv.?

Would expect complete
disappearance of v, beam at the
oscillation maximum

Need to worry about smearing and
backgrounds!
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The NOVA ex

D. Pershey

eriment

Long baseline neutrino oscillation experiment
in NuMlI neutrino beam at Fermilab
High-purity and configurable Vu/‘_’u beam

Peak energy = 1.8 GeV // baseline = 810 km

Functionally identical near and far detectors for
optimal cancelation of systematic uncertainties

— Liquid scintillator detector
— Low-Z: good imaging of electromagnetic
showers necessary for v /v, channel tagging

— FD(ND) is 14(0.3) kt

Neutrino oscillations and OvBf
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Long-baseline oscillation measurements

Step 3: Oscillate
and extrapolate

accelerator

(G
W focusing detector

—

Step 1: make a neutrino beam Step 2: Measure Step 4:
in near detector Measure
in far
detector
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Make a neutrino beam: the target

~ 1 MW primary proton 1342mm .
beam incident on target
of 48 2-cm long and 1.5-cm

wide cylindrical graphite fins - 255 5mm -

Fins held in vacuum and
cooled with water

344 C maximum temp in
each of the fins after beam
spill

Horizontal fin Target fins

Beam spill rate of 0.53 Hz Cooling
Pipe Phil Adamson et al., Fermilab Pub 15.253 (2015)

Produces secondary meson beam

D. Pershey Neutrino oscillations and OvBf 15


https://lss.fnal.gov/archive/2015/pub/fermilab-pub-15-253-ad-fess-nd.pdf

Make a neutrino beam: the horns

Horn = giant electromagnet
that acts like a lens

Pulse current up to
207 kA through the horn
for 2.3 ms each beam spill

Produces magnetic field
which deflects charged
particles. Series of two
horns together focuses
mesons of one charge sign
while deflecting those of
opposite sign

D. Pershey Neutrino oscillations and OvBf 16



Make a neutrino beam: the decay pipe

Mesons produced in target
need opportunity to decay

Steel cylander evacuated to
0.0006 atm of pressure allowing
mesons to decay in vacuum

How long should the pipe be?
Beam peaks at 2 GeV -> comes
from pions of about 4 GeV
L= ytc = (E/m)tc
= (4 GeV / 140 MeV)(26 ns)c
=220 m

Finally, terciary neutrino beam!

D. Pershey
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Make a neutrino beam: the absorber

Muon Alcove 1 Muon Alcove 2

Muon Alcove 3

Hadron Monitor

At end of decay: sequence of

/
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Make a neutrino beam: off-axis angle
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On-Axis

7 mrad Off-Axis

14.6 mrad Off-Axis (NOvA)
21 mrad Off-Axis

E, [GeV]

10

Off-axis, kinematics of meson decays limits the maximum energy of neutrinos produced

-> induces a narrow-band beam.

NOVA placed 14.6 mrad off-axis with peak beam energy of 1.8 MeV
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NOVA detectors

Extruded PVC cells filled with
10.2M liters of scintillator

instrumented with

wavelength-shifting fibre and
APDs

Single Cell
-
|
|

To APD
Readout
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Neutrino interactions in NOVA
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Neutrino interactions in NOVA
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Event identification with convolutional neural networks
Edge detection

kernel

S R

81 -1 -1
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Event identification with convolutio

Edge detection
kernel
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https://iopscience.iop.org/article/10.1088/1748-0221/11/09/P09001

Event identification with convolutional neural networks

Edge detection i |

kernel

NOVA Simulation
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Near detector data Step 2: Measure
B in near detector

Apply CNN classifier to data to select T/ decay region
events believed to be v, or v, CC — \— @ B
. . . . P T
Degree of mismatch with simulation (©) -
focusing detector
must be propagated to the far detectors A
v, CC-selected v, CC-selected
Signal for channels Background forv, — v,
vbeam Vi = Vi and vy = Ve bear NOVA Preliminary
600 — ~6 5M data 4 D Data = — 12 ~100K data events +-ND Data E
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Constraining the far detector prediction — extrapolation

Apply simulated acceptance differences and
oscillation probabilities channel-by-channel

Result: a data-driven constraint of the

far detector signal prediction!
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cveins s 0.1 GeV

Vi disappearance data Step 4: far detector

7/ decay region
Simple oscillation formula, can check if target N— \
. . +
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V, appearance data

Step 4: far detector

7 / decay region
target g_——-——— \
Ty SVEay S
—— focusing detector
Vy = Ve Vy = Ve
v-beam NOVA Preliminary  y-beam NOVA Preliminary
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The T2K experiment

Super-KAMIOKANDE

Near Detector
A / A A Purev, beam\
T —
oo v
205 km 280m
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0.6 GeV beam from J-PARC
295-km baseline

Composite near detector

with tracking capabilities
Far detector = SK

Hadron Experimental Hall
MR
(Main Ring)
T

Beam Abort )
Dump

p S—— MLF
N

bW (Materials and Life Science i
Experimental Faallty)
;7. & 5‘.
( 3-508T - s,
[ 2 RS

400-MeV Neutrlno Facility

LINAC RCS
(3-GeV Rapid Cycling

Synchrotron)
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Summary of appearance data
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Joint NOVA/T2K data:

Slight overall preference for the
inverted mass ordering

If mass ordering is inverted:
Ocp = 3m/2 —to give more
appearance in neutrino mode

Marginalizing over mass ordering
and 0,3, we can say Oqp = /2
is ruled out at > 30

D. Pershey

CP violation and mass ordering
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https://indico.fnal.gov/event/62062/contributions/279004/attachments/175258/237774/021624_NOvAT2K_JointFitResults_ZV.pdf

Joint NOVA/T2K data

Slight preference for upper octant:

623 > T[/4‘

Indication v, /v, appearance both
more likely than expected in
maximal mixing scenario

D. Pershey
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https://indico.fnal.gov/event/62062/contributions/279004/attachments/175258/237774/021624_NOvAT2K_JointFitResults_ZV.pdf

Sensitivity of the future DUNE experiment

DUNE v, Appearance
Normal Ordering

H sin22913 = 0.088

sin’0,; = 0.580
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Direct mass measurements




Double beta decay

¢ 30
h .
2.0 2V B B :
[Double beta decay] ",
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] : 0.90 1.00 1.10
K_/Q
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Finding candidate nuclei

Consider nuclei whose 1P decay is 55 |
kinematically forbidden!
—60 }
General trends in binding energy for |
nuclei as a function of proton number
for a given atomic mass

Mass excess (MeV)
|
o))
9

— Due to unpaired nucleons, odd-odd
nuclei have higher binding energy
than typical 75|
— Look for most stable even-even for
a given atomic mass

70 }

/'

eve n eve n

28 29 30 31 32 33 34 35 36 37 38 39
Z

48Ca 7GGe SZSe 9GZr- 1OOMO 116Cd 130Te 136Xe 150Nd 238U
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Choosing your target

Double-beta Q-value Phase space  Isotopic abundance Enrichableby  Indicative cost
candidate (MeV) Gu(y™) (%) centrifugation normalized to Ge
BCa 427226 (404)  6.05x 10714 0.187 No —

Ge 2.03904 (16)  5.77 x 10715 7.8 Yes 1

82Ge 2.99512 (201)  2.48 x 10714 9.2 Yes 1

NZr 3.35037 (289)  5.02x 1071 2.8 No —
1Mo 3.03440 (17)  3.89x107" 9.6 Yes 1

| 2.81350 (13) 4.08 x 1074 7.5 Yes 3

130T 252697 (23)  3.47 x 1074 33.8 Yes 0.2

B36Xe 245783 (37)  3.56 x 10714 8.9 Yes 0.1
150Nd 3.37138 (20) 1.54 x 10°13 5.6 No —
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Choosing your target

Double-beta Q-value Phase space  Isotopic abundance Enrichableby  Indicative cost

candidate (MeV) Gu(y™) (%) centrifugation normalized to Ge
—iea L2000 L cos.. Ly o Ok Mo

Ge 2.03904 (16) 5.77 x 10715 7.8 Yes 1

82Ge 2.99512 (201)  2.48 x 10714 9.2 Yes 1
—tr et Il e AL TSI L BRI 2% e

1Mo 303440 (17)  3.89x 107 9.6 Yes 1

| 2.81350 (13) 4.08 x 1074 7.5 Yes 3

10T 2.52697 (23) 3.47 x 10714 33.8 Yes 0.2

136 Xe 2.45783 (37) 3.56 x 10714 8.9 Yes 0.1
e i el L 56 Mo
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Choosing your target

Double-beta Q-value Phase space  Isotopic abundance Enrichableby  Indicative cost
candidate (MeV) Gu(y™) (%) centrifugation normalized to Ge
—ica L2000 L cos.. Ly o Ok Mo
76Ge 2.03904 {16) 5.77 x 10715 7.8 Yes 1 Semiconductor
82Ge 2.99512 (201)  2.48 x 10~ 9.2 Yes 1 Bolometer
e Ze et Il e AL TSI L BRI =i e
10Mo 3.03440 (17)  3.89x 107" 9.6 Yes 1 Bolometer
Hecd 2.81350 (13)  4.08 x 107 7.5 Yes 3 CdWO, scintillator
130T 2.52697 (23) 3.47 x 10714 33.8 Yes 0.2 Bolometer
136 Xe 2.45783 (37) 3.56 x 10~ 14 8.9 Yes 0.1 Scintillator
—_— el Bl e
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Choosing your target

Double-beta Q-value Phase space  Isotopic abundance Enrichableby  Indicative cost
candidate (MeV) Gu(y™) (%) centrifugation normalized to Ge
—_—Sa LoTo0e clndy e 0z 0 1 AR Ao
76Ge 2.03904 {16) 5.77 x 10715 7.8 Yes 1 Semiconductor
82Ge 2.99512 (201)  2.48 x 10714 9.2 Yes 1 Bolometer
—ttrs et Il e AL TSI L BRI 28 Me
1Mo 3.03440 (17)  3.89x 107 9.6 Yes 1 Bolometer
TeCd 2.81350 (13) 4.08 x 1071 7.5 Yes 3 CdWO, scintillator
130T 2.52697 (23) 3.47 x 10714 33.8 Yes 0.2 Bolometer
136 Xe 2.45783 (37) 3.56 x 1014 8.9 Yes 0.1 Scintillator
S o oA s A Tt Rak L == By

Focus on one example of each technology

Semiconductor Bolometer Scintillator
’5Ge — LEGEND-200 130Te — CUORE 136Xe — KamLAND-Xen
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Translating to neutrino mass: nuclear theory

1031 - . 76Ge -
- I 136ya =
. " . = e
Relies on “nuclear matrix — . @ 7t N
” — T —
element = . - ° =

(7°Ge|OvpBB|7¢Se) E 107 E A E . _ E
= - A . ] » m
Depends on neutrino mass: NE‘E - £ ; A < : ]
« o . — I | —

needs helicity flip! -~ R _
S<= 10 | —
.. . . — — =
Some nuclei intrinsically = =
more efficient at probing - -
neutrino mass § 7

1028 | L || | L1 | |

48 76 82 96100 116 124130136 150
A

—1
19 (0 0%)] " = G (o, 2)|M™ " (m,..)?
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Enrichment: up to 92%
Energy resolution: ~ 0.1%
Background: 5.3e-4 /keV/kg/yr

Ge: the LEGEND-200 experiment Mass: 200 kg

Controlling backgrounds
with multi-site rejection

= o . O e == =

e e L - - Wiz | =
| 3 W " e S

-, . s Yoo Yo o i = Y
b - A A=t A
" v €
- ~ A A
= — - ~ e e A

Ar
: H‘ Ge
i /
200 Ge semiconductor ionizing detectors
Inner liquid argon scintillating veto 1: Pulse shape discrimination
Outer water Cherenkov veto 2: Argon anti-coincidence
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First results )

4
All detectors [48.3 kg yr] é
After muon veto and multiplicity cut 'M
10 24T strougl o 2
TWO-Stage st rategy E 5“"":“:"3 Y After Pulse Shape Dlscn!'run_atn:r:-n (PSD) :
Py I After PSD and argon anti-coincidence a
for background = 102 Qps N
w
I . 2
mitigation reduces 3 ~ 0.25 x (200 kg-yrs)
by 100x 10
10° L1l
1000 2000 3000 4000 5000
Before analysis cuts I After cuts [48.3 kg-yr] Energy [k‘EW
IU"" + t t + t +
¢ ICPC:FWHMg,, =2.58 £0.01 keV - FWHM curves v a + bE - 102 . . %
64 ¥ PPC:FWHMg,, =2.50% 0.01keV ; ﬂbfa“zh data 2 Qe ;
BEGe: FWHM,, = 2.06 + 0.01 keV physics E‘“ 0 210 Iyl Ll | 3 : _
<5 3 COAX: FWHMg,, = 4.50 = 0.04 keV 01A) 3 Pon . FIrSt reSUItS
veaeameanas@Ben i | .
= 4 "'!'H-“." ; | | .
L 1600 1800 2000 2200 2400 2600
J > L]
E 3 s B Ty >1.9-1026yr(90%C.L) Tl/z 1 9e26 yr
) _{,_i ..... e O D L ’ 5, 107 === Background=5.3+2.2 107 cts / (keV-kgyr)
2 gt s o 4 F 3 P
1 T T T T T T T T %’ -3
500 750 1000 1250 1500 1750 2000 2250 2500 S 10
Energy (keV) oL | | | | - . .
1950 2000 2050 2100 2150 LUIgI Pertoldl, Neutrino 2024
Energy [keV]
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https://agenda.infn.it/event/37867/contributions/233912/attachments/121891/177847/202406-Neutrino24_edited.pdf

Te the CUORE experlment

988 TeO, bolometers in 10 mK cryostat
No active veto — but passive shielding

i‘ [t = 1 o
R s SR

L

EERENENEREEN

| 0 D

" B RS
D 0

5 D 0

0 0 B

0 O O R O

L

‘DusnEnDEaERERE O~

Mass: 742 kg
Natural abundance: 34%

Energy resolution: ~ 0.1%
Background: 1.4e-2 /keV/kg/yr

Amplitude (2. u.)
=
]

Slow pulses — background
rejection is difficult

Veto for coincidence activity
in multiple detectors
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Te: the CUORE experiment

I Base cuts
B Base cuts + AC

Base cuts + AC + PSD 210,
40K CUORE Po
80, preliminary
Co , 19_°Pt f\

i s 3
ﬂ] III|I|'||| ||||mq?v“r

5
‘o
X ]
T | -
> "w il 20&-'- | 232 20Thy
| . 1 “Th
% 1 N ¥y 21:BI I225F!a 'Ez‘
3 0
© ﬁ H
1072 [ IR o S — R
1000 2000 3000 4000 5000 6000
Energy (keV)

" CUORE, arXiv:2405.17937

Data L1 Close parts L p
~ 1 Shields [ Crystals
I;

D

B0

—_

I [
-

2

3 —

3

& ||

1000 2000 3000 4000 5000 6000
Energy [keV]

Full background characterization in response

to larger background rate

Natural radioactive shielding in tower structure
and shielding dominate background

CUORE, arXiv:2404.04453

T.,>3.826yrs
<Mgg> constraint ;
70-240 meV

105

mgg (meV)

CUORE (2 tonne-yr)

0.1
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https://arxiv.org/pdf/2404.04453
https://arxiv.org/pdf/2405.17937

Enrichment: 91%

Xe: the KamLAND-Zen experi

ment Mass: 745 kg

Energy resolution: ~ 4-5%
Background: 1.1e-4 /keV/kg/yr

n n
N e @,..Z‘. ]36X e
£ ................... y p
A \a\k
B.G.
Dominant background:
745 kg Xe-loaded liquid scintillator in nylon balloon Xe spallation — a long-lived
Radiopure liquid scintillator veto in detector nuclei activated by cosmics

Outer water Cherenkov veto N _ o
Position + time coincidence
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https://agenda.infn.it/event/37867/contributions/233913/attachments/121868/177779/KamLAND-Zen-Neutrino2024.pdf

Double beta decay results

) — Total “0%e OvPB (90%C.L. UL
10° ---- T;q;,al (OvBp U.L.) Xenon spallation products
= — "Xe 2vpp Carbon spallation + " "Xe
#" — [B/External RI
- 10° Internal RI
g Solar Neutrino ES + CC
~ —4— Data
g 10
-
m
107" e i A ——
1 2 3 4
Visible Energy (MeV)
E (b)LD —— Total —— " Ovpp (90%C.L. U.L.)
10° «-== Total (OvBB U.L.) Xenon spallation products
> — "Xe 2vpp Carbon spallation + " Xe
L F
b . . —— [B/External RI
= 10k Long-lived sideband - iema s
g Solar Neutrino ES + CC
- —+4— Data
=
5 10
o
& Yy
-1 P e =
1{] ey ! — I"_'r.: l Ly —== M
1 2 3 4
Visible Energy (MeV)

KamLAND-Zen, arXiv:2406.11438

— Tag long-lived spallation background:

— Time correlated to multi-neutron interaction
using N, ..ron dR, dT info

— Tags 47% of background giving sideband to
estimate background in region of interest

57 events on 32 background in 1.13 t-yrs
T,/,>3.8e26yrs
Translates to <mg,> less than 28-122 meV

Current run completed, upgrading light
collection to improve energy resolution
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https://arxiv.org/pdf/2406.11438

Experimental outlook

=
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g 10°- o 5Ge
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https://arxiv.org/abs/2308.09059

summary

— Plenty of fundamental physics questions remain for neutrino physics!

— Many unknowns in oscillation frameworks which are currently known at the
~ 1o level from NOVA/T2K experiments

— Current data demonstrates validity of accelerator approach which will be
advanced by future experiments such as DUNE

— Beyond oscillations, OvBB experiments can determine direct mass scale which
would resolve last SM question
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