Neutron Physics in Neutrino Astronomy

10:30 - 11:00, Coffee

11:00 - 11:40, Neutrons in Super- and Hyper-Kamiokande, Matthew Malek (Sheffield)

11:40 - 12:20, Neutrons in DUNE, Simon Peeters (Sussex)

12:20 - 13:00, /SIS neutron beam facility, Goran Skoro (RAL)

13:00 - 14:00, Lunch

14:00 - 14:25, Cosmogenic Neutrons - SNO and SNO+, Jeanne Wilson (King's)

14:25 - 14:50, Neutrino interactions with nuclei and star matter, Carlo Barbieri (Surrey)

14:50 - 15:05, Pulse Shape Discriminating Plastic Scintillators for Neutron Detection, Matt Taggart (Surrey)
15:05 - 15:20, SK-Gd calibration, Ka Ming Tsui (Liverpool)

15:20 - 15:35, Low-Energy Astrophysics in Super- and Hyper-Kamiokande, Jost Migenda (Sheffield)
15:35 - 15:50, Neutrons in IceCube, Teppei Katori (King's)

15:50 - 16:00, break, move to room S7.07

16:00 - 17:00, Coffee & Discussion (room S7.06)

17:00 - 18:00, Drink & Social network (room S7.06)
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Neutron Physics in Neutrino Astronomy
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Neutron Physics in Neutrino Astronomy

10:30 - 11:00, Coffee

11:00 - 11:20, Neutrons in T2K, Teppei Katori (King's)

11:20 - 11:40, Neutrons in IceCube, Teppei Katori (King's)

11:40 - 12:20, Neutrons in DUNE, Simon Peeters (Sussex)

12:20 - 13:00, /SIS neutron beam facility, Goran Skoro (RAL)
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15:20 - 15:40, SK-Gd calibration, Ka Ming Tsui (Liverpool)

15:40 - 16:00, Low-Energy Astrophysics in Super- and Hyper-Kamiokande, Jost Migenda (Sheffield)
16:00 - 17:00, Coffee & Discussion (room S7.06)
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Neutrons in T2K

Find us on Facebook,
“Institute of Physics Astroparticle Physics”
https.//www.facebook.com/IOPAPP

Teppei Katori
King’s College London

~ Nov. 8, 2019
https://www.iopconferences.org/iop/frontend/reg/thome.csp?pagelD=923241&eventID=1445
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Neutron-tagging in T2K oscillation analysis

Neutron information can be use to tag anti-neutrino

- Background rejection of neutrino mode beam o :
nal selection f _ _ de b Many possibilities I[F we reliably
- Slgn.a .se ection gr antl-n.eutrlno mo . e beam oredict number of neutrinos from
- Statistical separation of pion production, DIS, etc . : .
given interaction channels

An example using anti-nu CCQE
n+p=-d+ y22MeV)
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Hyper-K, arXiv:1805.04163

Neutron-tagging in T2K oscillation analysis

Neutron information can be use to tag anti-neutrino
- Background rejection of neutrino mode beam
- Signal selection for anti-neutrino mode beam
- Statistical separation of pion production, DIS, etc

Many possibilities IF we reliably
predict number of neutrinos from
given interaction channels

Anti-neutrino mode run (gadolinium-doped near detector)
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Akutsu (T2K), TAUP2019

Neutron-tagging in T2K oscillation analysis

Neutron tagging in T2K

- 2.2 MeV y ~ 10 PMT hits

- Tagging efficiency ~ 20%

- On average ~1m travel distance

Neutron Productions Neutron multiplicity of water

T T T T T T T T T 3
V-mode 1Rv, sample

Super-Kamikande
( T2K far detector )
- 50 ktons of water (22.5ktons FV)
- 11,129 20-inch PMTs in the inner
detector for Cherenkov light detection

- v-nucleon interactions inside nuclei (primary)

[CINEUT 532
~— GENIE2.12.6

= Hadron final state interactions (FSI) inside nuclei

— NuWro 18021 7
= SI simulation : E
GCALOR + NEUT 7

- Hadron secondary interactions (SI) in detector medium

Arbitray unit (area norm.)
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Akutsu (T2K), TAUP2019

Neutron-tagging in T2K oscillation analysis

Neutron multiplicity
- Generators predict very different neutron multiplicity.
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Akutsu (T2K), TAUP2019

Neutrino-induced neutron final state prediction is tough

Neutron multiplicity
- Generators predict very different neutron multiplicity.

You need a good “XS + FSI + SI” for data-MC agreement

Neutrino cross section model (XS)

- number of neutrons produced by neutrino interaction need to be predicted correctly. Hadron
exclusive channel predictions are not easy.

Final state interaction (FSI)

- neutron re-scattering (elastic, inelastic, absorption, charge exchange) need to be modelled
correctly. This is not easy.

Secondary interaction (SI)
- neutron propagation in water need to be modelled correctly. This can be studied by neutron
beam tests.
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Gadolinium-doped Super-Kamiokande (SK-Gd)

See talks by Jost Migenda and Ka Ming Tsui
20% neutron tagging efficiency (hydrogen) - ~90% efficiency

More physics with neutrons are possible in very near future
- Oscillation physics

- Astrophysics

- New physics search
(Inverse beta decay)

Precise neutron simulation (multiplicity, kinematics) P .

is even more important in near future \
n

An example using anti-nu CCQE
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Neutron Physics in IceCube

Find us on Facebook,
“Institute of Physics Astroparticle Physics”
https.//www.facebook.com/IOPAPP

Teppei Katori
King'ﬁcpbllege London
Nov. 8, 2019

https://www.iopconferences.org/iop/frontend/reg/thome.csp?pagelD=923241&eventID=1445



lceCube Neutrino Observatory

IceCube Lab
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lceCube Neutrino Observatory

IceCube Lab
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50 m gl il el 324 optical sensors
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lceCube Neutrino Observatory

IceCube Lab \
s

50 m

optical sensor
deployment

7

digital optical module (DOM)

Cable Penetrator Assembly

PMT High Voitage Base Board

High Voltage Generator &
Digital Control Assembly

LED

Mu-Metal Magnetic
Shield Cage

Glass Pressure

Amanda |l Array

(precursor to IceCube)

DeepCore
8 strings-spacing optimized for lower energ
480 optical sensors

Eiffel Tower
324 m



Particle Identification (PID) in lceCube

The main event topologies are “track” and “cascade” (double bang is rare)
- Track = muon (~v,CC)
- Cascade (shower) = electron, tau, hadrons (~, v.CC, v.CC, NC)

time ,

CC Muon Neutrino LETILEL Curren.t/ CC Tau Neutrino
Electron Neutrino

o :i‘ﬁn’;ﬂ-‘:
: "'{*!;9 b“%,}";’

AT - 7 T . > AT >
v+ N = p+ X Ve - N 3 e +X AN sl X
Uy + N = e +X
track (data) cascade (data) “double-bang™ and other
signatures (simulation)
factor of = 2 energy resolution =~ £15% deposited energy resolution
< 1° angular resolution =~ 10° angular resolution

(at energies = 100 TeV)



IceCube,Science.342(2013)1242856,PRL113(2014)101101:115(2015)081102

Deposited
. . . ID Event type
Astrophysical High-Energy Neutrinos energy (TeV)
1 47.6%%3 Shower
2 117432 Shower
3 78.7:3%8 Track
First observation (2013) 4 16522 Shower
- 60-2000 TeV neutrinos 5 71.4%%3 Track
- Unlikely from GZK neutrinos 6 28.4*%1 Shower
- Unlikely from atmospheric neutrinos 7 34.3%33 Shower
- Sources are mostly unknown (diffuse) 8 32.6:101 Track
+7.1
- From both southern and northern sky 9 63-2:1%% Shower
- Spectrum, no good fit 10 97-23;2:;; Shower
- Shower topology is dominant - 88.4-107 Shower
12 104733 Shower
253*3% Track
_time 1041135 Shower
: Neutral Current / — 57.5+83 Shower
CC Muon Neutrino : CC Tau Neutrino 30,636 h
Electron Neutrino -6-35 ower
200257 Shower
31.5%3% Track
v cah »_.!g‘;igu. | 71.5*%9 Shower
il 1 , ‘”a,i 1141333 Shower
' ' -b“” 30.2*33 Shower
‘ ? £-33
3l ‘ 220432 Shower
82.2*%4% Track
) ) $ ) ! ) 30.5*3 Shower
Vu+ N — p+ X Ve + N e +X vr+N > 74+ X 33,5442 Showor
Ve + N = 5 +X 21072 Shower
track (data) cascade (data) “double-bang™ and other 602i552 Shower
signatures (simulation) 461:32 Track
factor of = 2 energy resolution =~ +15% deposited energy resolution
< 1° angular resolution ~ 10° angular resolution 13/07/20 20

19

(at energies = 100 TeV)



Mandalia, PhD thesis (Queen Mary University of London, 2019) o

@ New Physics Territory
@ (1:2:0) subset

& Standard Model

Astrophysical neutrino flavor physics

0.8

A lot of new physics opportunities from astrophysical
neutrino flavor, but PID of IceCube is poor.

Problem: Separation of cascade signal is very

difficult, and the likelihood between v,CC and v.CC is > o

very shallow. % 05 04 06 06 7y
(0:1:0) w/ O, texture I (1:0:0) w/ O, texture

The latest IceCube HESE analysis paperanerane mas-ane ans Silinane rape g mas auerpan:

(high-energy starting event) uses New Physics Scale [ logio(As / My |

an improved tauPID, and indeed " :StEﬁvtv:itoﬁZtgr?ggot?%flzolgv ID ° .

we found 2 astrophysical tau
neutrino candidates (out of ~100
events).

— Sensitivity, E %Y spectrum o
# 1:1:1 flavor composition

WORK IN PROGRESS

The standard theory predict

Ve @Vpive~1:101
and deviation from this could be
new physics. /S .
o fteiaoe-
‘O
0.0
ING’S S v Ay & S S

College
LONDON Fraction of v,




Li, Bustamante, Beacom, PRL122(2019)151101

Neutron Echo for tau-neutrino PID

veCC, v.CC, and NC all make cascade events.
However, their showers develop in different way.
- voCC: electromagnetic shower
Ve + X — e + hadrons
- NC: hadronic shower with lots of u-decays and n-capture
vy + X = v, + hadrons,
Tou+v, u—e+v+v(2.2us), n+p-d+y (222us)

- v.CC: slightly less hadrons than NC 0.5 , , , ,
v + X = 7+ hadrons — v,CC
T - hadrons, T-opu+v+V(17%) o4l ; - P CC
E- R I — w.CC |
0 |
© |
S 03}
o
©
)
No0.2
©
£
S
2 0.1
0.0
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Li, Bustamante, Beacom, PRL122(2019)151101

Neutron Echo for tau-neutrino PID S T
-~ 9,CC
Li et al (FLUKA + back-of-the-envelope) :;‘ 04r ) ! — v,CC []
g
From a 100 TeV hadronic shower e 03
- u-decay signal is ~0.3% of total photons §
- u-decay time scale ~2.2us = 02
- n-capture signal is ~0.06% of total photons §
- n-capture time scale ~200us = 01
0.0

0 2 4 6 8 10 12
Number of muon decays [103 decays]

PHYSICAL REVIEW LETTERS 122, 151101 (2019)

108 T T T T T 105 E
" El mm p
prompt v [
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= o
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Li, Bustamante, Beacom, PRL122(2019)151101
Steuer, PhD thesis (Mainz, 2019)

Neutron Echo for tau-neutrino PID

Steuer et al (Geant4)

- ~60% of neutrons produced in the ice will be captured

- ~98% of neutrons are captured by hydrogens

- ~222us neutron capture time in ice, with ~1m travel

- 2.2 MeV vy produces ~230 Cherenkov photons

- n-capture photons is ~0.1% of total photons (Ev>10TeV)

w 24168 . : . lemr
2 1.6==—*, : . . :
2 Il total Cherenkov photons L l4 |‘|- 1 NC
g' 2.2 B nC induced Cherenkov photons | | g 1.2 1 v CC
2 S 1.0/ |
E ed _ E_) 0.8l
o © 0.6}
“c:a 1.5 1 § 0.4l lf -J_Ll
@ 0.2
£
0.
= |
time [us] n‘}‘,lll‘l;l‘\'(‘(l 187
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Li, Bustamante, Beacom, PRL122(2019)151101
Steuer, PhD thesis (Mainz, 2019)

Neutron Physics in IceCube

How many neutrons are produced by v,CC, v.CC, and NC?
- Good DIS model (CSMS)
- PYTHIAS

How many neutrons are captured in ice?
- Geant4

How much photons can be deposited to DOMs?
- Geant4

Can we trust Geant4 for these simulation?
Is there any important measurement? (neutron propagation in ice?)
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