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Design Overview

@ Fermilab’s NuMI beam @ Near detector
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Detector Technology

Two functionally identical detectors

Segmented plastic and scintillator

tracking calorimeter
63% active

Near detector is 300t, underground,
1 km from NuMI target

Far detector is 14 kt, on the surface
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Event Topologies
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NOvA Monte Carlo
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@ Optimized for

EM showers

@ ~6 samples
per Xo
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Astrophysics

Astrophysics
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@ Far Detector: large, fine-grained — supports a variety
of astrophysical analyses

e 100 kHz of cosmic rays
e Some benefit from surface location
e Some can be done in spite of it

@ Near Detector: 100 m underground — much smaller,
but much quieter

e 36 Hz of cosmics
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Astrophysics

Triggers for Astrophysics

@ All data continuously
digitized
e Buffered for ~20 minutes

@ External triggers

e Beam
e Calibration pulser
e Astrophysical alerts

@ Data-driven triggers

10,752 FEBs
(344,064 det. channels)

o
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|
: “— DDT event stack ARTDAQ-1 || ARTDAQ-2 ARTDAQ-N
Zero Suppressed L S Processor Processor | **** | Processor
at %-% MIP
(6 - 8 MeV/cell) uq J blocks = 1 1 1
(%]
£ 1 e .
23 L g B - Event builder
g ﬁ 2 E g e Trigger Reception
e P o T U
g g 2 2 ”( - = v
SR _°:’ g .: g 'E ‘ Data Slice Pointer Table |
S i v
v
6 = =
S " Data Output Data Data Time WE:IOW Search4 /
ﬂ -
J »
[72]
\f - g
5}
J S
(.. : :
200 Buffer Nodes J Huiiar Naelas e 2
(3,200 Compute Cores) — ‘f
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(Async from FNAL @ .5-.9 Hz)
SN

Calibration Pulser (10-40 Hz)

e Triggers request anywhere from 50 us (e.g. cosmic showers) to 45 seconds (supernova)

@ No dead time: triggers do not interfere with each other

e Multiple triggers can get copy of the same block of data
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Astrophysics

Cosmic Rays
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S VEle s Cosmic Rays (seasonal variations)

Cosmic ray multi-muon seasonal effect at the Near Detector

@ Well-known: underground muon rate higher in summer

e Less dense atmosphere — more 7 decay before
interacting

@ But we observe more multi-u in winter
o Phys.Rev.D 99 (2019) 12, 122004

e Effect larger with higher multiplicity

@ No correlation with zenith angle, spatial separation,
angular separation
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S VEle s Cosmic Rays (seasonal variations)

Seasonal multi-muon effect in the Far Detector

@ Might expect effect to flip

e ] e i.e. if they are the same as the single
: - S ' : ' muons seen underground

Q0 1000 2000 3000 4000 5000 6000

X (cm)

@ But observe winter maximum
@ Phys.Rev.D 104 (2021) 1, 012014

y (cm)

NOVA Preliminary
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@ Well-known: total surface cosmic rate e L A P A ]
lower in summer 1.05F- =

e Higher altitude muon production — low £

1 - A | A | A | A | A | A
energy muons have more time to decay 2016-01 2016-06 2016-11 2017-05 2017-09 2018-03 2018-07

@ Study sample of muon showers with
multiplicity > 15 @ Increases with multiplicity, zenith angle

@ Simulation work underway to explain effects
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Astrophysics

Monopoles
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Astrophysics Monopoles

Magnetic Monopole Search

@ Search for a monopole component of cosmic rays in the Far Detector
@ Mass? GUT-scale: ~ 10 GeV. Other theories say as low as ~ 107 GeV
@ Large surface area — catch rare events
o
)

On surface — sensitive to lighter monopoles that don’t reach far underground
Signals:
e Very straight track
o 32> 1073: highly ionizing, somewhat like a charge of 68.5¢
o [ < 0.5: obviously slow
Simulation

1000 2000 3000 4000 5000 6000

=3

V-E = 47 e

x (cm)
L @ -
o
(=] o
I I I I I (B I

V-B = 47 prm TR

Q
~
y (em)
I I I I I I [

8 t 0 1000 2000 3000 4000 5000 6000

z (cm)
NOVA - FNAL E929

10 3

Run: 171 = El
= 10 -

Event: 1/NuM| 3

1
UTC Thu Jan 1, 1970

o
=

hits

~3R2

pno oo T annnon ™ 1o0 100 1hao (o ﬂﬂﬂ |
oy 0 100 200 300 400 500 0 500 1000 1500 2000 2500 3000 3500 4000
00:00:0.005000000 t ([.LSeC) q (ADC)

Matthew Strait (UMN) NOvA Astrophysics, ComHEP 2 December 2021 12 / 27




Slow Magnetic Monopole Analysis

1 10°
@ For 8 < 0.01, rely on speed & 10
@ lonization model is uncertain: minimize 8
. . < N
reliance on it £10
: o 10°
@ Require: 510_3
o 3<0.01 c ]
S .
e > 10m long 2104 -
e No large gaps 2 s
o Sensible r? for time vs. position | Red: simulated § =10~ mO“OPOIGS‘ .
1075 0.1 02 0.3 04 0506 0.7 08 09 1
@ Very far from standard model Correlation coefficient, r* -
backgrounds rr=Q 0.4 0.8 1.0
@ Most signal-like “tracks” are: " \
e Fragments of large cosmic-ray showers i 5
e Two muons one after another in the
same place
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Astrophysics

Slow Magnetic Monopole Results

10—12
T s NOVA
%10 >5x10° GeV
|
% 10714
5
@ Results for 95-day exposure: =10-5
Phys.Rev.D 103 (2021) 1, 012007 £ .
510 ANTARES
= - 10 —
: MACRO > 10" GeV
S107F > 10" GeV
N —18; lceCube _,
10 ¢ > 108 GeV
—19[L Ll N R R
Set mass limits in flux/speed space 10 1074 103 102 10-1 1

Mass limit: function of overburden Monopole speed (§3)

~ 10° GeV: Mountaintop

~ 10% GeV: Sea level

~ 10" GeV: Underground, underwater /ice
~ 10'° GeV: Through the whole earth
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Astrophysics Monopoles

Slow monopole future

102
= 5 NOVA
. | g
@ ~2500 days of exposure (with B10°°F (12 year Sef;Slt_IV;ty,
: .. | = same analysis
dlffelren::j detector conditions) to be ‘7'210‘145— > 5%10° GaV
analyze -
ye s .k MACRO
o Expect to take another 5 years of & 1077F > 10" GeV
data = —‘IGD——/_‘—T—-"
. | 5107¢ ANTARES __
@ Background-free: limits scale linearly Jiqo-k MA1C6:RO > 10" GeV
with exposure O > 10" GeV
: . . Xq-18L lceCube
o Will match MACRO flux limits, with 10 "k > 108 GeV
improvement to mass range jotob el el
107 107° 1072 107 1

Monopole speed ()

@ Lower (8 limit set by ionization
@ Too little light to see track, at least for a Dirac charge (1g) monopole

e For larger charges, could set limits down to 3 ~ 107>
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Astrophysics Monopoles

Fast monopole future

@ “Fast” analysis in development
@ Very highly ionizing, straight tracks

@ Expect background-free analysis

@ Potential backgrounds are either:
e Not ionizing enough (muons)

@ Direct ionization never 2> 3xXMIP

e Too short (protons,

nuclei)
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Astrophysics

Multimessenger Astronomy

Matthew Strait (UMN) NOvA Astrophysics, ComHEP




Astrophysics Multimessenger Astronomy

Supernova neutrinos

@ Core collapse supernovae release 99% of @ NOvVA mostly sensitive to Ve:
their energy in neutrinos _
10-60 MeV At Galactic center:
° © Far  Near

@ Burst lasting 10s of seconds e +p— et +n 2163 46

@ Only one SN observed in neutrinos: 1987a vy + °C = v + 2C* 393
ve + PC — e + N 137

v. + C > et + °B 139
Ve + e = + e 199

~ W w o

@ Primary signal: 1-7 hits from positron

o Neutron capture on 3°Cl marginally
visible

@ Largest operating carbon-based detector

@ Complementary to water/lead/argon
detectors for constraining flavor content
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Astrophysics

Multimessenger Astronomy

Far Detector: 5 ms cosmic data + SN simulation
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Astrophysics Multimessenger Astronomy

Supernova Trigger

@ Remove muon tracks, activity near tracks o If there's an excess, read out
@ Filter by supernova candidate cluster energy continuous 45s of data
NOVA Preliminary NOVA Preliminary 1
w7 p——— pous prel @ Trigger covers half the galaxy

[ Background 10% 4

o o JCAP 10 (2020) 014
' @ Also receive SNEWS alerts
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Astrophysics Multimessenger Astronomy

Can we read out Betelgeuse? This is 5 ms of everyday data:

4000
=y

2000 4000 6000
z (cm)
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Astrophysics

Multimessenger Astronomy

Simulated peak flux from Betelgeuse, 5 ms, cosmic tracks removed:
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Astrophysics Multimessenger Astronomy

Multimessenger search with gravitational waves

@ NOVA receives triggers from LIGO /Virgo

@ Save 45s of continuous data around each
gravitational wave candidate

@ Same as for a supernova candidate
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Astrophysics Multimessenger Astronomy

Broad multimessenger search

@ Any unusual activity coincident e 0 e
with gravitational waves?

@ Looked between MeV,
100s of TeV

@ Checked for overall excesses,
tracks pointing back at 90% CL
GW region

50% area: 643 deg?
90% area: 2482 deg?

60°

& 5000 6000

o° Z (cm)

Run: 29511/63
-30° Event: 10620

UTC Apr 19, 2018

‘04 7 - ; 3 t:‘.
23:04:12.957264128 ¥ g (ADC)

@ Cosmic event with ~ 2000 muons

@ No signal found
e PRD 101, 11 112006
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@ Not coincident with a gravitational wave event



Astrophysics Multimessenger Astronomy

Search for supernova-like neutrinos coincident with gravitational waves

@ Best signal for NOVA: supernova-like neutrinos Result for GW candidate 5200213t:
@ GW identified as merger actually a supernova 100F 4 Data
@ Exotic merger scenario Fo Background-only fit
_ _ 80f —9.6M, ]
@ Major background: Michel electrons ---27M ]

(o2}
o
—
I

e ~45kHz of stopping muons!

N
o
——
l

@ Multivariate analysis for cosmogenic rejection

o scikit-learn: RandomForestClassifier
e Background — 5Hz

Neutrino candidates/live-second

N
o
——T

e 30 40
e Got triggers for 39 LIGO /Virgo events: no excesses Time since GW event (s)
o Phys.Rev.D 104 (2021) 6, 063024 Supernova models at 10 kpc
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Astrophysics Multimessenger Astronomy

Results as distances

90% CL limits for 9.6 Mo supernova ...27T Mg

@ Blue — median case for triggered ND: 16, 24 kpc
@ Red — median case for triggered FD: 29, 50 kpc
@ Purple — Best case for FD: 70 kpc for GW200115 — a neutron star-black hole merger
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Conclusions

Conclusions

@ Broad astrophysics program

@ Made possible by:

e Modern electronics

e Modern commodity computing in trigger
system

e Complementary Near and Far Detectors

@ Published results on:

e Supernova trigger system

e Multimessenger astronomy with
gravitational waves (2)

e Seasonal cosmic ray variations (2)

e Monopole search

@ Stay tuned for more!
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Other Cosmic Ray Studies: East/west effect

@ Measurement of low-energy east-west asymmetry

@ Caused by Earth’'s B field

@ Related to low-energy atmospheric neutrino flux — a proton decay background
o

No results yet: must disentangle detector’'s own east-west asymmetry

o B o Asymmetry:
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Other Cosmic Ray Studies: High-energy muon flux

@ Measure muon rates above 100 TeV
e Resolve Baksan/IceCube discrepancy?

@ Like Baksan, measure energy using rate of pair 100,
. F Models:
prOd LICtIOn - —— J/—usual p from 1, K
- = = 2—usual p + knee (E;= 0.3 PeV, Ay =0.5)
e e 3—usual p + prompt (R=5x 107 |
- -1 ='= 4—usual p + knee + prompt
% 10 H p P
o]
—I;_‘ A /
0, - Experiments: " 55 *
o 5 Artyomovsk, 1988
LE 107" m Baksan, 1992 s
3 r MSU, 1994 '3 ST NSRS T
Lq'i [ @ Frejus, 1994 -,
= L 1 MACRO, 1995 4
;‘:L LVD, 1998 T,
3 —— Baikal (limit for Tia = 2.7), 2005 Bl
- 107 @ Baksan (pair meter), 2009
r % IceCube (all sky, 6 < 60°), 2016
r 0 Durgapur, 1972
L © Durham (MARS), 1977
A Nottingham, 1984
v L3+C, 2004 A
104 L . TR Lo R R
10° 104 10 10 107
E,. GeV
0 1000 2000 3000 4000 ) (0o PhyS Part.Nucl. 49 (2018) 4, 639

NOVA - EFNAL E929 M [500000

Run: 1000001 /1
Event: 1/--

UTC Thu Jan 1, 1970
00:00:0.000000000

) 200 ) 400 500
t (Usec)

Simulation: 500 TeV muon
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Other Cosmic Ray Studies: short-term cosmic rate variations

@ \Weather effects

e Known, but understudied
e Rate affected during thunderstorms
e GV potentials: Accelerate u by GeV!

@ Can we see it underground?

ol T

SR “uuu\ {“ ""U”“uafdﬂ’l\rh
” :

"10:30  11:.00  11:30

Al (%)

2k

Figure 3: Maximum Al,=-2%, starting
10:42 UT, lasting 18 min seen during thunder-
storm of 1 December 2014. Vertical bars rep-
resent + 1© errors.

GRAPES-3, 2019

Counts

@ Solar flare correlation?

e Claimed by L3+C
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@ If real, we should be able to see it, too
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Discovery of ICARUS

u-Flux Asymmetry [ 2016a , N*2015a ]
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Dark Matter

Matthew Strait (UMN) NOvA Astrophysics, ComHEP



Dark Matter Searches

DM search with NuMI beam

NOvVA MINOS
n

7

/ NDyoya //
an?
7
= ND
-1

# ‘MINERVA

MINOS

@ Forward EM showers in Near Detector
@ Background: standard model ve — ve
@ Best for ~10-100 MeV dark matter

DM search with upward-going muons

@ v, pointing back to Sun
@ Background: atmospheric neutrinos
@ Targeting 1-10 GeV dark matter
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Upward-going muon dark matter search

r Single Cell

@ During the day, signal buried under 150 kHz of cosmics
@ At night, must find rare upward-going muons Y .
. . . . To APD Readout
@ Directionality is a challenge
e Many effects smear out timing
e Most notably, light has a short and long path around fiber loop
@ But for typical MIP hits, still achieve 10 ns timing resolution scnloon tight
- N|OV|A Il?’relllnlnn?ry ~—;, -
100_ —ip . “4"
" ]
— Upward-going muons e | B
Por o ."“ E
80 — Fit function .
£ r Particle Trajectory
S B
= a
o
o ]
A = - Waveshifting
R ] Fiber Loop
= 21 i e = e
% 500 1000 1500 39m N

photoelectrons
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Upward-going muon dark matter search: status

@ Two dedicated triggers running since 2014

@ Muons coming up from rock
@ Contained upward v,, events
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=500
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Run: 20995/ 43 =10 =107
Event: 857663 / DDupmu 10

1
UTC Sat Oct 31, 2015 60 300 300 700 300 10 0 10°

13:19:36.044483904 t (usec) q (ADC)

@ Daytime event: probably an atmospheric neutrino
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@ Super-K has a result with
11 years of data
@ We can't compete in kt-years

@ But hope to be able to probe
lower mass WIMPS, <4 GeV
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cf Valentine's Day event

MUMETAL
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Fig. 2. Cabrera’s original superconducting induction detector.
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Backup Monopole

@ Superconducting coils: technology of choice for
monopoles in the 1980’s
@ Opposite problem from NOvVA: selects only
monopoles, but hard to cross-check “discovery”
e Such as signal seen Feb 14, 1982

e If NOVA saw a signal, motivate massive (> 100x)
scaling up of this tech?

TIME OF DAY (PST)
6 9 12 15 18 21 24

T  p— T

A

|

T hi [ [ T T 1 H [

FLUX (gg)
na

-2F LN, TRANSFER
o FEBRUARY 14 1982

(b)
Fig. 4. Data record for Cabrera's original apparatus for 1982 Feb. 14, showing the step of nearly 8 flux units, as expected for a Dirac monopole. Also
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