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Gravitational Waves
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Neutrino Signal Time Delay
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HALO - Helium And Lead Observatory
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https://www.snol /halo/gallery.html https://www.snol /experiment/halo/
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https://www.snolab.ca/halo/gallery.html
https://www.snolab.ca/experiment/halo/

HALO Neutrino Detection

v, + Pb — e~ + Bi* vz + Pb = v, + Pb*
Bi* — Bi + v + neutrons Pb* — Pb+ v + neutrons

"He + n — p + *H + 764 keV

. Neutral current

. Electron neutrino charged current
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https://www.snolab.ca/experiment/halo/

Neutrino Signal Time Delay

Time window for neutrino signal: [tg, tg + At 4]

d = 201 + 63 Mpc

Get to know \\
N ~ 650 million light years away p 2 _ 2 2\ 2
GW230529 (&= 5= (po)® + (mgc)
Full name GW230529_181500 Detectors Offline OR not operational
sname . ® Online BUT not used for analysis* p = mv = moyv
\scovered on 29 M < H 0 v I,( @ Online AND used for analys|
D) 3y 2023 at 18h15 "
most likely a merger between a | Primary object inw .
Neutron Star & Black Hole (NSBH) : further supports that this region is not empty Pa ra m ete rS .
I
ot |  E=10MeV
~1.4 M, ~3.6 Mg
I
Most symmetric NSBH event so far e % / 2
more likely than prior GW NSBHs to have the neutron star * Al i i itivi m 0 ~ O . 4 5 eV C
ripped apart by the black hole as insufficient to impact the ana
dpax = 201 + 63 Mpc = Atmax = 24
*KATRIN upper limit, April 2025
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https://arxiv.org/pdf/2406.13516

Look for Neutron Burst Events in HALO

Time window for neutrino signal:

to = 2023-05-29 14:15:16 EDT
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Coincidence
Spallation or SF
Spallation or SF
Spallation or SF
Spallation or SF

Other
Spallation or SF

Spallation or SF

8644
8641
8641
8640
8639
8638
8638
8638

Standard
Standard
Standard
Standard
Standard
Standard
Standard
Standard

[tO» tO + Atmax]

Aty = 24 'S
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2023-06-03 20:33:17 EDT
2023-05-31 20:58:24 EDT
2023-05-31 15:15:32 EDT
2023-05-30 19:40:07 EDT
2023-05-29 21:59:17 EDT
2023-05-29 10:49:50 EDT
2023-05-28 21:52:35 EDT
2023-05-28 18:10:46 EDT

Too late: At,,,x > 7 hrs

Too early: At,,,,x ~ — 3 hrs



Neutron Bursts from Gravitational Wave Events

Time Difference = At eq — Atectimate

At,q,1: time delay between earliest
detected burst in HALO

Atestimate = d * (1 — %) : time delay

%
estimate for neutrino from previous

slide (E~10 MeV, my~0.45 eV/c2)

No events from gravitational
waves?
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Do the Reverse: Estimate Neutrino Mass from

Data

At,.,: time delay
between earliest detected
burstin HALO

1 1
At=d*(———>
v o C

E° = (pc)? + (myc?)?

P = mv = myYyv

No gravitational wave events?
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MNeutrino Mass (eV/c™2)
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Credits: Colin Bruulsema

HALO Detection Efficiency
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HALO
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NEXO Simulations (Software Installation...

~Charge collection tiles
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https://www.scientificamerican.com/article/bizarre-supernova-defies-understanding/

https://nexo.llnl.gov/nexo-overview
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L7l fpijEi/lNadu/dliid/NEAvaf opabR/ UL/ apdL R/ LALTTUA=LENLUS /MmoRY LalE_aVAvle/YebTla Q. W/ AlLELA=LUU=LELL . 4
Installing rust-1.81.8-peg3mez55v72ccq52oawf76ijeywmtsj [162/2569])
No binary for rust-1.81.8-peg3mez55v72ccq52oawf76ijcywmtsj found: installing from source
Fetching https://mirror.spack.io/_source-cache/archive/87/872448febdff32e50c3c90a7e1679bb2db131d13
No patches needed for rust

Instaliing li;n E? 8.6 ?kxdhkn;a};hugqueﬁpvbonaLgxievl_[15&’&59]

Ran patch() for 1lwm

rust: Executing phase: 'configure' - : . 1 '
rust: Executing phase: 'build' llvm: EXECUt}ng phase: Icm?kel
Error: ProcessError: Command exited with status 1: llvm: Executing phase: 'build

' /project/halo/initu/nexo3/spack/opt/spack/1linux—centos7-skylake_avx512/gcc—13.3.@/python-3.11.9-bl Error: ProcessError: Command exited with status 1:

No binary for 1lvm-17.0.6-7kxdmkncajShwgajpe4pvbonatgxievl found: imstallvelcome to SNiPER v2.1.0
Fetching https://mirror.spack.io/_source-cache/archive/81/81494d32e6f12ea

Running @ nearline-login on Fri Jun 13 11:53:42 2025

Namespace(evtmax=1, seed=1, padsize=6.8, efield=380.8, type='bbén’, tilemap='/project/halo/init
u/nexo_scratch2//nexo-offline/data/tilesMap_émm.txt', localmap='/project/halo/initu/nexo_scratch2//nexo-offline/data/localCha
nnelsMap_émm.txt', wpFile='/project/halo/initu/nexo_scratch2//nexo-offline/data/singleStripWPémm.root’, noiselib='/project/ha
lo/initu/nexo_scratch2//nexo-offline/data/noise_lib_1_2_us_16@e.root', eleclife=10000.0, sampling=e.5, induc=True, swf=True,
oversampleratio=60, coType='Pads', run='examples/TPCVesselU.mac', vis='', skipEThreshold=70@.0, runChargeSim='True')

SNiPER:Sniper.loadDll FATAL: /cvmfs/soft.computecanada.ca/easybuild/software/2020/avx512/Conpiler/gce9/geants/10.06/

digioutput='TPCVesselU.root',

1ib64/1ibG4processes.so: cannot allocate memory in static TLS block

Traceback (most recent call last):

File "/project/halo/initu/nexo_scratch2/nexo-offline/Cards/RunDetSim_new.py", line 55, in <module>
File "/project/halo/initu/nexo_scratch2/nexo_build/python/RandomSvc/__init__.py",
Sniper.1loadD11("1ibRandomSvc.so")

RuntimeError: Can't load DLL libRandomSvc.so

WARN: invalid state tranform ((Invalid)) => ((EnduUp))

line 6, in <module>

Terminating @ nearline-login on Fri Jun 13 11:53:42 2025
SNiPER::Context Running Mode = { BASIC }
SNiPER: :Context Can't load DLL libRandomSvc.so

'/evmfs/soft.computecanada.ca/gentoo/2023/x86-64-v3/usr/bin/ninja' '-j16'
3 errors found in build log: import RandomSve
74 Compiling serde_derive v1.8.195 5 mmeoe emnd] A il log:
;: g:::ﬁi:: :i::s::'sé?,;,.i;, 249082 —-— Performing Test CXX_SUPPORTS_FUNWIND_TABLES_FLAG task. terminate
77 Compiling opener v@.5.2 24903 —— Performing Test CXX_SUPPORTS_FUNWIND_TABLES_FLAG - Succe
78 Compiling ignore v@8.4.21 24904 —-— Performing Test CXX_SUPPORTS_FNO_EXCEPTIONS_FLAG
79 Compiling clap v&.4.13 24985 —— Performing Test CXX_SUPPORTS_FNO_EXCEPTIONS_FLAG - Failed
L .. . 24906 —— Performing Test CXX_SUPPORTS_FNO_RTTI_FLAG
81 ——> /tmp/initu/spack-stage/spack-stage-rust-1.81.8-peg3mez55v72ccq520awf76ijcywmts]/spacl 24907 — Performing Test CXX_SUPPORTS_FNO_RTTI_FLAG — Failed
a2 | - = - =
83 104 | pub use clap_derive::{self, *};
84 | AAAAAAAAAAA can't find crate
85 24909 Compiler doesn't support generation of unwind tables if exception support

86 For more information about this error. trv “rustc ——explain E@463° 24010 ie Aieahlad
+1 /project/halo/initu/nexo3/spack/opt/spack/linux-centos7- skylake avx512/gcc-13.3.8/1libxmu-1.2.1-dbwywr7oalts36jg7qjhcliriZeq4u7d

Installing git-2.47.8-fhl2lcluwl5blahvcmipbatwwZerqio2k [122/267]
No binary for git-2.47.6-fhl2lcluwlSblahvcm4p4tww7ergio2k found: installing from source
Fetching https://mirror.spack.io/_source-cache/archive/a8/aB4a7917e8ab688312834413f01fcBledc7844T9f9002bat9T3b4f4bcbBd937a.tar.gz
Fetching https://mirror.spack.io/_source-cache/archive/la/la6fle775dfe324a9b521793cbd2b3bbab46442cc2ac2106d4df33dea?885038.tar.gz
Moving resource stage

source: /tmp/initu/spack-stage/resource-git-manpages-thl2lcluwl5Sblahvcm4p4tww7ergiozk/spack-src/

destination: /tmp/initu/spack-
Ran patch() for git
git: Executing phase:
git: Executing phase:
git: Executing phase: 'build’
Error: ProcessError: Command exiti
'/project/halo/initu/nexo3/spack/opt/spacl

'autoreconf
‘configure’

errors found in build log:

949 GEN t/unit-tests/clar.suite
958 CC t/unit-tests/ctype.o
951 CC t/unit-tests/strvec.o
952 CC t/unit-tests/clar/clar.o
953 CC t/unit-tests/unit-test.o
954 t/unit-tests/clar/clar.c: In function 'clar_time_now': . . .
flicting declaration of template ‘'template<class _CharT,
956 274 | struct timezone tz; ring_view<_CharT, _Traits>'
957 | A 32 | using = ::std:
968 t/unit-tests/clar/clar.c: In function 'clar_parse_args':
959 t/unit-tests/clar/clar.c:543:68: warning: implicit declaration of function 'strIn file included from
[-Wimplicit-function-declaration] 8,

960 543 | _clar.summary_filename = *(argument + 2) ? strd from
961 [ LT T from

from
e from
987 t/unit-tests/clar/clar/fs.h:446:23: warning: implicit declaration of function '

? [-Wimplicit-function-declaration]
cl must

98 | class basic_string_view

In file included from

pass_(lstat(source, &source_st),

e e s e

: note: in definition of macro 'cl_must_pass_'

"Failed to stat copy s

pxpr, desc) clar__assert((expr) »= @, __FILE__, _ from
he boot disk on the nearline cluster filled up with log files hxx:15
. )
oday. | have cleared some space, and will be doing A from
‘urther maintenance on Monday. from
d jobs.... from
from

I oA ERTAT =T T E kT o b

e f o

i/software/2023/x86-64~v3/Core/cmake/3.31.8/bin/cmake
17 1lib/liblldbIntelFeatures.so && :

Anyone across Canada can now install
and run nEXO simulation software!

RiiTdinn Tihunwind RGN with »untime dependency on C++ ABI

-E cmake_symlink_library lib/liblld

runtimes/runtimes-bins &&% /cvmfs/so
_USE_LINK_PATH:BOOL=0ON -DCMAKE_C_FL
inux-gnu/13 -DCMAKE_CXX_FLAGS:STRIN
L3 —no-warn-unused-cli -DCMAKE_C_C

gcc?/root/6.20.04/include/TString.h:28,
gee9/root/6.20.04/include/TNamed. h:26,

ILUIN JGVIT S/ 3U1 L. CUNPULEGANauad . Ga/ SasyRULLU/ 3V LTAL S/ L4/ avARLL/ wompriess §CCP /oot /6.20,.04finclude/TGeoMatrix. h: 2

from [project/halo/initu/nexo_scratch/vgm/packages/RootGM/source/common/axis.cxx:22:
[fevmfs[soft.computecanada.ca/easybuild/software/2020/avx512/Compiler/gcc9/root/6.20.04/include/ROOT/RStringView.hxx:32:10:
class _Traits> using basic_string_view

c
ROOT: :basic_:

std: :experimental::__

:experimental::basic_string_view<_CharT,_Traits>;
/cvmfs/soft.computecanada.ca/easybuild/software/2020/Core/gcccore/9.3.8/include/c++/9.3.8/bits/basic_string.h

fevmfs/[soft.computecanada.ca/easybuild/software/2020/Core/gcccore/9.3.8/include/c++/9.3.8/string:55,
/project/halo/initu/nexo_scratch/vgm/packages/V6M/include/VGM/common/Axis.h:30,
/project/halo/initu/nexo_scratch/vgm/packages/RootGM/include/RootGM/common/axis.h:23,
/project/halo/finitu/nexo_scratch/vgm/packages/RootGM/source/common/axis.cxx:19:
/evmfs/soft.computecanada.ca/easybuild/software/2020/Core/gcccore/9.3.0/include/c++/9.3.0/string_view:90:11:
on ‘template<class _CharT, class _Traits> class std::basic_string_view’

note: previous declara

/cvmfs/soft.computecanada.ca/easybuild/software/2028/Core/gcccore/9.3.8/include/c++/9.3.0/memory: 74,
fevmfs/soft.computecanada.ca/easybuild/software/20208/avx512/Compiler/gcc9/root/6.26.04/include/ROOT /TypeTrait

/evmfs/soft.computecanada.ca/easybuild/software/2020/avx512/Compiler/gcc9/root/6.20.04/include/TString.h:29,
/cvmfs/soft.computecanada.ca/easybuild/software/20208/avx512/Compiler/gcc?/root/6.20.04/include/TNamed.h:26,
/evmfs/soft.computecanada.ca/easybuild/software/2020/avx512/Compiler/gcc9/root/6.20.04/include/TGeoMatrix.h:2
[/project/halofinitu/nexo_scratch/vgm/packages/RootGM/source/common/axis.cxx:22:

. _fevmfs/[soft.computecanada.cafeasybuild/software/2820/Core/gcccore/9.3.8f/include/c++/9.3.8/ext/concurrence.h:53:16:

~ Lock po.
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Appendix: Neutrino Velocity Estimate

Irina Nitu

E? = (pc)? + (myc?)?
p = mv = myyv
E? = (mgyvc)? + (myc?)?

E? — (mgc?)?

2 j—
) (mgc)?
2 1
2 _ _
(UV) _1—172/C2_i_i
ve 2
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Appendix: Neutron Energy Deposition Spectrum
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Appendix: Neutrino Spectrum

rina Nitu

Fluence [x10%v/cm?/0.2MeV]

10 1

Ve
— V(v + YV, + v+ V)

10

20

30 40 50
E [Mev]

CASST 2025

60

17



Appendix: HALO Simulations:
Efficiency vs. Distance from

Detector Center
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