s purification

Josh Spitz (University of Michigan)

Sterile Neutrino Search Underground Workshop, 7/1/2021 UMNP(]:EI%SIIEYA%




| would like to start this talk with a ‘Conclusions’ slide (taken from my talk

at Neutrino 2014; “Future short-baseline sterile neutrino searches with
accelerators”).




Taken from my talk at Neutrino 2014; “Future short-baseline

sterile neutrino searches with accelerators”.

Conclusions

- The discovery of a light sterile neutrino would be a monumental
result for particle physics and cosmology.

* The light sterile neutrino issue needs to be resolved.

e A truly definitive resolution is difficult to achieve and will likely require
multiple detectors/experiments.

 Regardless if there is a sterile neutrino or not, a lot of important

physics and R&D can be provided by accelerator-based short-
baseline experiments.



Taken from my talk at Neutrino 2014; “Future short-baseline
sterile neutrino searches with accelerators”.

Unfortunately, (7 years later) the experimental situation is mostly

unchanged. In fact, the situation is MORE complicated than ever.

Anomalies remain, null results remain. The worldwide pursuit of
understanding this physics is strong, but truly definitive experiments are
extremely difficult to achieve.

A definitive resolution is required!

e A truly definitive resolution is difficult to achieve and will likely require
multiple detectors/experiments.

 Regardless if there is a sterile neutrino or not, a lot of important

physics and R&D can be provided by accelerator-based short-
baseline experiments.



A number of anomalies seem to indicate that there
may be a new characteristic oscillation frequency
mode (indicative of a new neutrino state).

: Oscillation .
Experiment name Type channel Significance
LSND Low energy muon_to elgctron 3.86
accelerator (antineutrino)
MiniBooNE High(er) energy muon.to elgctron 5 86
accelerator (antineutrino)
MiniBooNE High(er) energy |muon to e_lectron 4.8
accelerator (neutrino)
electron
Reactors Beta decay disappearance (varies)
(antineutrino)
lectron
Source €
SIS el (electron capture) dlsappee.lrance 2.80
(neutrino)




A number of anomalies seem to indicate that there
may be a new characteristic oscillation frequency
mode (indicative of a new neutrino state).

Oscillation

Experiment name Type channel

Significance

Low energy muon to electron

LSND accelerator (antineutrino)

3.80

These anomalies may be the best indication of

new physics we currently have.

electron
Reactors Beta decay disappearance (varies)
(antineutrino)
lectron
Source _ €
EELEYEAELE (electron capture) dlsappee.lrance 2.80
(neutrino)




The short-baseline anomalies represent one of the most important
indications of new physics we have.

But, the situation is complicated and confusing.

Are there one or more experiments with a problem?
If a 3+1 model doesn’t work, what alternative models are there?
Are reactor experiments seeing a signal (overall deficit? L/E-wave?)?
Are LSND and MiniBooNE due to the same, possibly new, physics?

Is this new physics or not? A definitive probe is required.
And, unfortunately, answering these questions probably
requires multiple experiments, including with muon and
electron flavor and with appearance and disappearance!




The world Is pursuing these anomalies In earnest

$ OSolio rreseeck

IceCube

P
—_

NEOS
Neutrino-4
DANSS
CCM
IsoDAR

NEUTRINO



The world Is pursuing these anomalies In earnest

SolLi0  PRSPECH,

Among these, IsoDAR@Yemilab would be
world-leading, completely unique, and definitive

,,,,

Ve YA SRV N

(\ NEUTRINO
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Aside: What is required for a truly definitive result?

-Understand the neutrino flux

-Understand the neutrino cross section

-Understand/minimize the backgrounds

-Collect a lot of events

-Provide a chance to see multiple periods of oscillation wave




The IsoDAR concept

Produce lots of neutrinos with an extremely well understood energy spectrum

11



The IsoDAR concept

Produce lots of neutrinos with an extremely well understood energy spectrum

Protons

>
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The IsoDAR concept

Produce lots of neutrinos with an extremely well understood energy spectrum

Protons

>

p+9Be — BLi+ 2p

p+°Be > 'B+n
n+ "Li— °8Li+~

13
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The IsoDAR concept

Produce lots of neutrinos with an extremely well understood energy spectrum

The IsoDAR flux is dominated by a single high-Q isotope (8Li)

81i > ®Be+e” +7,

Flux

© III|III|III|III|III|III|III|III|III|III|III|III

p+ 7Be — 8Li + 2p

I | | 1 1 I L | | I 1 1 | | | 1 1 l | | 1 1 |
4 6 8 10 12 14 16

Antineutrino energy (MeV)

[\

p+°Be > 'B+n
n+ "Li— °8Li+~

81 - — i
t1/2=0.84 s i »®%Be+e +7,



15

Original IsoDAR idea

Searching for the disappearance wave

Big detector with free protons
(e.g. H20, CHy)

p+ "Be — 8Li + 2p

9 9
Be — °B
p + ?Be +n N

n + TLi — BLi + ~ Vep — € 1

87 - 8 — i
t1/2=0.84 s Li— "Be+e +7,
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Original IsoDAR idea

Searching for the disappearance wave

7) 1) P
Ve % V.CU .
(3+1) Model with Am? = 1.0 eV? and sin®20=0.1

Big detector with free protons 1.00 L -
(e.g9. H20, CHy) : / 1\

g | \
P -
= 0.95 / rf/
5
() i \ /
L N 3
3 | \
U - 4 L
. M i
Z  0.90 ] N |/
Q . N
m 5
D -
@) ' IsoDAR Collaboration, PRL 109 141802 (2012)

| Includes energy and position smearing

D85 v
0 1 2 3 4 5 6 7

7629%6 n L/E (m/MeV )

820,000 IBD events in 5 years at KamLAND

(897 tons, 16 m to center of detector)
[Flux uncertainty is negligible. IBD xsec uncertainty is <1%]
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Original IsoDAR idea

Searching for new physics with 7.e — v.¢

Big detector with free protons
(e.g. H20, CH2)

p+ "Be — 8Li + 2p

p+°Be > 'B+n
n+ "Li— °8Li+~

°Li — ®Be + e~ + ¥ VA
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Original IsoDAR idea

Searching for new physics with v.e — v.e

Iso-DAR@KamLAND elastic event rate

Jo0 | — v,e Elastic Events
@ 7 - Non-Beam Background
>
glso —— Beam (IBD) Background | do 2G%me[ - 2(1 T )2 meT]
N . 1 1
S 100 gr = 5(9v —94), 9. = 5(gv + ga)
? i
- 1
g gr, = 3 + sin? Oy, gr = sin? Oy
W 50
A precision measurement of the weak
0 mixing angle is sensitive to new

physics contributions

2,600 elastic signal events in 5 years at KamLAND
(897 tons, 16 m to center of detector)

J.M. Conrad, M.H. Shaevitz, I. Shimizu, J. Spitz,
M. Toups, L. Winslow, PRD 89 072010 (2014)



IsoDAR@Yemilab

How well could IsoDAR@Yemilab perform?

Accelerator

Beam Current

Beam Power (CW)

Duty cycle

Protons/(year of live time w/ 100% duty)
Run period

Live time

Target

Neutrino creation point spread (1o)
v source

v flux during 4.0 years of live time
v flux uncertainty

60 MeV /amu of Hj

10 mA of protons on target

600 kW

80%

1.97x10%

5 years

5 yearsx0.80=4.0 years

9Be with 99.99% pure "Li sleeve
41 cm

8Li B decay (6.4 MeV mean energy flux)
1.147x10% v,

5% (shape-only is also considered)

Location

Fiducial mass

Distance between source and target (min-max)
Fiducial radius

IBD Detection efficiency

Vertex resolution

Energy resolution

Angular resolution

Visible energy threshold (IBD and 7.-electron)
IBD event total (w/ 100% efficiency)
Ue-electron event total (after cuts, 34% efficiency)

Yemilab
2.57 ktons
9.5-25.9 m
7.5 m
100%

12 cm/+/E (MeV)
3.0%/+/E (MeV)

under study
3 MeV
2.02x10°
7060

“Detector at Yemilab” assumptions are basically consistent with “KamLAND —897 tons, but bigger

(and with the possibility of directional reconstruction)”

Any/all assumptions are easy to change. Feedback is very welcome!



IsoDAR@Yemilab

IsoDAR@Yemilab (2.02e6 events / 5yrs)
Detector: Radius = 7.5m Height = 17m Mass = 2569 tons

Buffer = 1m Veto = 1.5m Green_Shield = 4m
BeamPipe = 1.5m IsoDAR _shield = 2m
Distance IsoDAR_center to Detector_center = 17/m

(&)

N \\\
S~
e
N
emilal \\‘T\
Aot +Ar \
T \ \ \
° ‘ 2:targe’s
[
/]
AViN
/ /
%
v
"
— |+

IsoDAR@KamLAND (0.82e6 events/5yrs)
Detector: Radius = 6.5m Mass = 897 tons

Distance IsoDAR center to Detector = 16m
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erved/Predicted

Obs

IsoDAR@Yemilab IBD event rate

Searching for the disappearance wave

Yemilab: Am?2 = 1 eV2 and sin226 = 0.1

1.00

0.95

0.90

0.85

21

e -0

i S

—_—

Observed /Predicted
(] o
0 [t}
wn
[

W

llllllllllllll
'

llllllllllllllllllll
T '

L/E (m/MeV)

Includes energy and position smearing

1.0
L/E (m/MeV)




IsoDAR@Yemilab IBD event rate

Searching for the disappearance wave

IsoDAR@Yemilab
(3+2) Model with Kopp/Maltoni/Schwetz Parameters

1.00 | =
° i Ik
(] L
wd L
lg B
L)
2 L
o 0.95 I )
~ R |
©
()] L
> L
| L
Q
o 0.9 A HH . /
\_/
0.85 ||||||||||||||||||| I ||||||||||||||||
0 1 2 3 4 5 6 7 8

L/E (m/MeV)

Includes energy and position smearing




IsoDAR@Yemilab sensitivity

Searching for the disappearance wave

10 S5yrs 50 CL
—
o~
> 1 Plot
Q
S
E
<
0.1 A
—Yemilab Middle-Edge (7.5m radius, 9.5 shield)
—KamLAND 5yr 5 sigma
—Prospect 5yr 5 sigma
0.01 T T
0.001 0.01 0.1

sin220,,

Am3 L
Pee =1 — 4Uus|2(1 — |U.y|?) sin? <m41)

Sensitivity considered in a
3+1 oscillation model:

, Am?, L
Pe = 4|U,4 2| Uy |? sin? <41>

P = 1= 4101 [0 s (

Are

Am? (eV?)

100
Reactor
Anomaly
50 CL f
10 | ‘/
— et
-
Global
< Fit 2018
Global
Fit 2019 S
1
0.1 1

—Yemilab Middle-Edge 5yr 5sigma

—KamLAND 5yr 5 sigma

—Prospect 5yr 5 sigma

0.01 :
0.01 0.1 1
in2
sin<20,,

Global Fit 2019: A. Diaz, C.A. Arguelles, G.H. Collin, J.M.

Conrad and M.H. Shaevitz, Phys. Rep. 84 1 2020.
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IsoDAR@Yemilab elastic scattering

Searching for new physics with v.e — v.e

From TEXONO paper:

 What is the current landscape for v.e — vee?

denoted by “N/A”.

TABLE I: Summary of published ve— and e — e scattering cross-section and sin’fw measurements.

Unavailable entries are

|

-
—
-
(Q\
S
-
< Experiment E., (MeV) T (MeV)  Events [14] Published Cross-Section sin?Ow
~ Accelerator ve :
LAMPF [5] 7 < E, <50 7—50 236 [10.0+1.54+0.9] - E, 0.249 4+ 0.063
? x10~* cm?
D) LSND [6] 20 < E, <50 20—-50 191 [10.1 £1.1+1.0] - E, 0.248 4+ 0.051
d x10™* cm?
Q Reactor v :
5 Savannah River
1.5 <E, <80 1.5—-3.0 381 [0.87 £ 0.25] - ov_a
Q\ Oricinal 7 3.0 < E, <80 3.0—4.5 77 [1.70 £ 0.44] - ov—a b 0.2940.05
> riginal [7] { 1.5<E, <80 15-3.0 N/A [1.354+0.4] - osm N/A
g o-analvsi | 3.0<E, <80 3.0—4.5 N/A [2.0 £ 0.5] - osm b/
W rasnoyars [[%jq’ 32<E, <80 32-52 N/A [4.5 £ 2.4] 0.22197
— x 10~ cm? /fission
— Rovno [9] 0.6 <E, <80  0.6—2.0 41 [1.26 = 0.62] N/A
— x 10~ cm? /fission
% MUNU [10] 0.7 < E, <80 0.7—2.0 68 [1.07 £ 0.34] events/day N/A
< e TEXONO (This Work) 3.0 < E, <8.0 3.0-8.0 414+£80+61 [1.08 £ 0.21 £ 0.16] - osm 0.251 £ 0.031 £+ 0.024
2
o
<

IsoDAR@Yemilab would collect about 7,000 events in 5 years

(with extremely well-known flux and cross section predictions)
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IsoDAR@Yemilab elastic scattering

Searching for new physics with v.e — v.e

* To study IsoDAR@Yemilab elastic scattering, we scale the signal and background
estimates from IsoDAR@KamLAND. About 7,000 events in 5 years are expected

with IsoDAR@Yemilab.

 Then, we consider direction reconstruction as a way to mitigate the background.

* The signal electron is very forward, while the backgrounds are basically isotropic.

200

Y
ul
o

Events/0.2 MeV/5 yrs

ul
o

IsoDAR@KamLAND elastic event rate

— v.e Elastic Events

- Non-Beam Background

—— Beam (IBD) Background |

100 |

Evis (MeV)

Events
: Elastic scattering (ES)|2583.5
Slgnal and IBD Mis-ID Bkgnd | 705.3
background: Non-beam Bkgnd | 2870.0
Total 6158.8
Events
®°B Solar Neutrino | 890.1
2081 594.3
Non-beam External v Stainless| 227.4
External v Rock | 533.7
baCkg round Spallation °B 42.5
breakdown: Spallation 8Li 94.9
Spallation '!Be 490.0
Total 2872.9

J.M. Conrad, M.H. Shaevitz, I. Shimizu, J. Spitz,
M. Toups, L. Winslow, PRD 89 072010 (2014)
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IsoDAR@Yemilab elastic scattering

Searching for new physics with v.e — v.e

140.00

No Smearing

120.00

100.00 \

—bk_total

208TI_
—B8Solar_
—8Li_
——gamma_rock_

gamma_stain_

8B_
—11Be_
—IBD_

o)
o
o
o

o)
o
o
o

Events/0.1 MeV/5 yrs

40.00

20.00 A

0.00

Backgrounds are currently being studied
Current Yemilab-specific questions: Intrinsic radioactivity and cosmogenic rates

IsoDAR@KamLAND
backgrounds
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IsoDAR@Yemilab elastic scattering

Searching for new physics with v.e — v.e

* To study IsoDAR@Yemilab elastic scattering, we scale the signal and background
estimates from IsoDAR@KamLAND. About 7,000 events in 5 years are expected

with IsoDAR@Yemilab.

 Then, we consider direction reconstruction as a way to mitigate the background.

* The signal electron is very forward, while the backgrounds are basically isotropic.

V.-elastic scattering kinematics

16

14 (w/ 1SoDAR flux)

12

electron energy (MeV)

10

O
J
I
(o]

.250

12 14 16

v, energy (MeV)

200

150

100

50

0

Angular dependence of electrons in elastic scattering
90

80

70 -
60
40 \

~ .
< N . —
s \ I —
~ - \
-~ ~ -
- -
< ~

O(elec) (deg)

0 1 2 3 4 5 6 7 8 9 10 11 12
KE(elec) (MeV)
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IsoDAR@Yemilab elastic scattering

Searching for new physics with v.e — v.e

* To study IsoDAR@Yemilab elastic scattering, we scale the signal and background
estimates from IsoDAR@KamLAND. About 7,000 events in 5 years are expected
with IsoDAR@Yemilab.

 Then, we consider direction reconstruction as a way to mitigate the background.

* The signal electron is very forward, while the backgrounds are basically isotropic.

Electron angle in V_-elastic scattering (for true Ee>3 MeV)

Electron direction reconstruction;
true spectrum, and with two different resolutions

0.1 true

— 0.5 rad 6, resolution

0.08 — 0.8 rad 0, resolution

0.06

We consider different background scaling factors
to reflect the reduction possibilities available with
direction reconstruction.

0.04

0.02

Background scales considered: 1.0, 0.5, 0.25, 0.1




IsoDAR@Yemilab elastic scattering

Searching for new physics with v.e — v.e

Sensitivity to the weak mixing angle as a function of background reduction factor compared to KamLAND
(1.0=no directional reconstruction and identical, mass-scaled backgrounds)

0.246 A _ Sensitivity estimate based on procedure in:
J.M. Conrad, M.H. Shaevitz, |. Shimizu, J. Spitz,
_ M. Toups, L. Winslow, PRD 89 072010 (2014)
0244 7 Dune
__Ty on-axis
0.242 A 1
0.240 - E158 T
B IsoDAR
D Slgamlar% IsoDAR@ ¢ ? v-DIS
S 0.2384 ??® Yemilab : NuTeV
cC Qweak 1
[ w/ bkgd
0.2364 |
APV(Cs) ::8';5 ? PVDIS
0.2344 | 1 '
0.5
LEP
0.232 - 110 ¥ LHC
chatronI I
1 a [
0.230 1_ T SLC
102 101 109 101 102

Q[GeV]



IsoDAR@Yemilab elastic scattering

Searching for new physics with v.e — v.e

Sensitivity to the weak mixing angle as a function of background reduction factor compared to KamLAND
(1.0=no directional reconstruction and identical, mass-scaled backgrounds)

0.246 - _ Sensitivity estimate based on procedure in:
J.M. Conrad, M.H. Shaevitz, |. Shimizu, J. Spitz,
0.244 _ M. Toups, L. Winslow, PRD 89 072010 (2014)
. 7 Dune
__Ty on-axis

0.242 - i

0.240 - E158 T
E IsoDAR
S 533 Slgamlalg%..lsoDAR@ s ? v-DIS
NC . . Yemilab Qweak 1 NuTeV
[ w/ bkgd

0.2364 |

4. 0.1 ©
APV(Cs) T 025 PVDIS
0.2344 L 1 B
0.5
LEP
0.232 - 110 ¥ LHC
TevatronI I
1 a [
0.230 1_ ———— e
1072 1071 109 101 10°
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IsoDAR@Yemilab elastic scattering

Searching for new physics with v.e — v.e

World-leading reactor measurement, TEXONO: sin? 0w = 0.251 £+ 0.039

Global, all-reactor analysis (PLB 761 450 2016): sin? Oy = 0.252 + 0.030

0.27 -
0.26 -
s Global
Nt & rcactors
c 0.25 -
n ] Dune
7y on-axis
[soDAR@ [soDAR@
0.24 - : $ riss
Kamland (|} Yemilab ) E158 IV—DIS
IAPV(CS) Qweak pvpis  NuleV [ EPLHC
i Tevatron® ® g o
0.23 - SLC
0.22_ LI | ! LI LD | ! LI L | ! L L LD | ! L L |
1072 1071 10° 10! 102

Q[GeV]



IsoDAR@Yemilab capabilities would be world-leading.

But, do we really need order-of-magnitude improvements?!

32



Need for order-of-magnitude improvement

Searching for the disappearance wave

We need a truly definitive experiment to confirm or disconfirm short-baseline oscillations.
A factor of 2 improvement in sensitivity is not going do it. We need an order-of-magnitude.

Case in point: the LSND anomaly is now 20 years old!

s purification

Am? (eV?)

100

10

0.1 1

0.01

0.01

/5’

Reactor
Anomaly

Fit 2018

Ft2019

—Yemilab Middle-Edge 5yr 5sigma
—KamLAND 5yr 5 sigma

—Prospect 5yr 5 sigma

0.1 1

sin220,,
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Need for order-of-magnitude improvement

Searching for new physics with v.e — v.e

e Purely leptonic test of the SM is highly sensitive to new physics

(e.g. new electroweak gauge bosons, heavy partners that couple to

light neutrinos, flavor-changing neutral currents, ...).

34

Consistency between neutrino-based
electroweak probes and others (APYV,
ePV, colliders, etc.) is required in the SM.

But, the SM is known to be incomplete...
and, neutrino-based electroweak probes

Tevatron® ® g o

are almost non-existent below Q~5 GeV.

10!

102
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Conclusions

Combining the IsoDAR 7. source (<6.4 MeV>) with a kton-scale detector
at Yemilab would provide world-leading (by an order-of-magnitude)
sensitivity to short-baseline oscillations and non-standard interactions.

We are extremely excited to be thinking about IsoDAR at Yemilab and
hope to make the experiment a reality.




