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Cosmic Rays

30000 m

Secondary

* Production of muons in the atmosphere:
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* Flux of muon at sea level ~ 1 muon /cm?/min
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D.-M. Mei and A. Hime
Physics Division, MS H803,
Los Alamos National Laboratory,
Los Alamos, NM 87545, USA

(Dated: December 5, 2005)

e Flat-overburdan sites
= Kamioka

Gran Sasso
v Frejus
Homestake

Equivalent Vertical Depth (km.w.e.)

Muon-Induced Background Study for Underground Laboratories

TABLE I: Summary of the total muon flux measured at the
underground sites and the equivalent vertical depth relative
to a flat overburden.

Site Total flux Depth
em ™ Zsec™! . km.w.e.
WIPP (4.77£0.09) x 10" [6] 1.58540.011
Soudan  (2.040.2) x 1077 [15] 1.9540.15
Kamioka  (1.5840.21) x 10~" [§] 2.05£0.15°
Boulby (4.0940.15) x 1078 [9] 2.80540.015
Gran Sasso (2.5840.3) x 10~%[this work] ~3.1+0.2f
(2.7840.2) x 107° [16] 3.05+0.2
(3.2240.2) x 107° [17 2.96:£0.2"
Fréjus (5.4740.1) x 1072 [14] 4.1540.2f
(4.83 £0.5) x 107 [this work] 4.240.2F
Homestake (4.440.1 x 107%)[this work]  4.3£0.2
Sudbury  (3.7740.41) x 10710 [12] 6.011+0.1
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https://arxiv.org/abs/astro-ph/0512125

Measurement of the Cosmic Ray and Neutrino-Induced Muon Flux at the Sudbury
Neutrino Observatory

(Dated: October 23, 2018)

Results are reported on the measurement of the atmospheric neutrino-induced muon flux at
a depth of 2 kilometers below the Earth’s surface from 1229 days of operation of the Sudbury
Neutrino Observatory (SNO). By measuring the flux of through-going muons as a function of
zenith angle, the SNO experiment can distinguish between the oscillated and un-oscillated portion
of the neutrino flux. A total of 514 muon-like events are measured between —1 <cos 0,enith < 0.4 in
a total exposure of 2.30 x 10'* ¢m? s. The measured flux normalization is 1.22 £ 0.09 times the
Bartol three-dimensional flux prediction. This is the first measurement of the neutrino-induced
flux where neutrino oscillations are minimized. The zenith distribution is consistent with previ-
ously measured atmospheric neutrino oscillation parameters. The cosmic ray muon flux at SNO
with zenith angle cos Oenitn> 0.4 is measured to be (3.31£0.01 (stat.)£0.09 (sys.))x 10 u/s/cm?.

Cosmic ray muons v-induced muons
(x 101%) p/cm?/s

Muon flux at SNOLAB 3.31 0.02
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https://arxiv.org/abs/0902.2776

Muon flux measurements

What do we need?

No.of Muons

Muon Flux = — ,
Acceptance- Livetime- Effective Area

Why do we need it?

Provide an independent measurement of the muon flux at SNOLAB

Understand the response of DEAP-3600 to events with very high energy deposited in
liquid argon

Study the production of cosmogenic neutrons that mimic DM signals — Bad!
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DEAP-3600 experiment
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Detector

 Direct dark matter search
experiment

—  Dark matter Experiment using Argon Pulse-
shape discrimination (DEAP)

* (3269+24) kg liquid argon (L Ar)
* Located at SNOLAB, Sudbury

e ~2km rock overburden
- 6000 m.w.e

255 inner PMTs

3.3 tonnes

Acrylic
liquid argon

vessel

48 muon veto PMTs
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Pulse shape model:

Nuclear recoil band and electron recoil band can be

Pulse-shape discrimination (PSD)

Prompt light

PSD=

~ Prompt light + Late light

easily distinguished using this method

Need to study the backgrounds thoroughly
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Muon event in LAr

Muons in LAr produce a lot of

scintillation light

Clips V1720 digitizers

Pulse height (ADC)

Saturates the inner detector PMTs

Fprompt
o

Very high energy events have higher
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Water tank

* 48 veto PMTs

e Dimensions of the tank:
— Diameter: 780 cm

— Height: 779 cm

* Water shielding acts as a
neutron moderator

* Detects muons through
Cherenkov radiation in water

Water tanks in Cube Hall
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Water tank muon flux
calculation

Cherenkov radiation in water
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Muon candidates in water tank

Event selection criteria

102

— Improve dataset purity by rejecting noise
and non-physical events

—  Developed through studies of detector
response

-
o

—  Validated using comparisons between
data and simulations

Rate = (11.59 + 0.20) p/day

Water Tank Muon Candidates [Counts/day]

Live time:
-  Run time ~ 20-22 hr

- 323 runs in the water tank dataset

- ~282 live days

Rate of water tank muon candidates with 4-weeks bins

DEAP

X?/NDF:
p-value:

Rate:

36/32
0.3
11.59+£0.20

07-02 01-01
Calendar Time [yyyy-mm-dd]

Carleton ¢

University &~



Effective area of the water tank — Toy MC

Generating muons from a la[‘ge plane Entry point of muons in DEAP watertank
above the detector

Traversing muons from the plane and B0 <
i 1 N s004
counting the hits R
Using SNO and Mei-Hime models for = soj- 3
angular intensity distribution of muons 23~ &8 ¢
: : " 'SNO Model E :
: 3 Mei-Hime Model E Jf[baoogg
: E ] hy 100
_E Carleton @
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Veto PMT Quantum Efficiency DEAP

Acceptance

& 03—— Scaling Factor = 0.32
S Scaling Factor = 0.48
jg — Scaling Factor = 0.60
* Scaling the optical parameters ¢
=  Quantum efficiency of veto PMTs g
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Acceptance

Final set of selected
simulation models to match
with data

Calculating acceptance for
each model and evaluating
systematic uncertainty

Counts

(data-MC)/data

1000
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. T T I I I T
—+— Data

............................ QE SF:0.6 | Chi2:138 | NDF:26

---------------------------- QE SF:0.75 | Chi2:112 | NDF:26

............................ QE SF:1.05 | Chi2:79 | NDF:26
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---------------------------- QE SF:0.75 | TLR SF:1.2 | ABSL SF:0.8 | Chi2:2749 | NDF:26 |
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Coincidence muon flux
calculation

Cherenkov and scintillation photons in LAr
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Tagging muon candidates in coincidence

Rate of coincidence muon candidates with 16-weeks bins DEAP

* Tagging MV events with LAr events = 1021
g = *?/NDF: 11/10
. . ,\@ - p-value: 0.3
o Time difference = tiar — v — Coffset (4 |JS) § B Rate: 0.72 +0.05
O,
o 10 =
* Select tagged veto events within 1 ps s
window -
R 0.72 + 0.05) w/d s —— o
[ ] = = I N 3
ate = (0.72 £ 0.05) p/day S f ——
* Live time: s [
'S 107! =
— 376 runs in the coincidence dataset =
- N330 liVe days 1072 201‘6 : ‘ 201‘6 ‘ 201‘7 ‘ ‘ 201‘7 ‘ 201‘8 ‘ : 201‘9 ‘ 201‘9 ‘ 202‘0
07-02 12-31 07-02 12-31 07-02 01-01 07-02 01-01

Calendar Time [yyyy-mm-dd]
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Effective area of the acrylic vessel (AV)

AV radius = (845.6 +£ 0.9) mm

Takes into account the thermal contraction of
AV due to cooling

{

Muon flux decreases with increasing zenith i ,, \
angle ¥ i LA -
...... .-u'u' I

! JF
Near vertical muons dominate the flux at ”'1"' )

detector depth

Effective area is taken as a disk of AV radius

%
S =F =2

== e e

y ; !

‘i e

I |
' 1
} \
I |
i |
i I

Carleton ¢

University &~

ha

EesTe T




Acceptance

. % s0 qPE=AE:dep+BEedep+C -4 Data
qPE = Number of photoelectrons in 2 L dis -
LAr LIS

E ndf = 13
Parameterize qPE as per the quadratic *E
energy response model with best fit: "
- qPE:A.Eidep+B'Eedep+C 107:% ++
- A=-5.1 PE/MeV? s T
- B =5276 PE/MeV S oiE
- C=OPE I

, , , , . . . . . X
200 400 600 800 1000 1200 1400 1600 1800 2000

Eedep lS the MC truth Varlable fOF the Number of photoelectrons detected (PE)
energy deposited by muon in LAr
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Acceptance

The low energy region follows
approximately as linear response

The detector limit has a maximum of
1.5 million PE

At high energies, the quadratic model
breaks down

Systematic uncertainties are found
from the spread between these
models

—
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Conclusion

* The muon flux obtained is consistent with the previous SNO
measurements

* The analysis is undergoing collaboration review
* Paper will be written next month

* Stay tuned for new results!
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Thank you! Questions?
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Backup
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Finalized Muon Event Selection — Water tank Muons

*  Low level cuts: * High level cuts:

- Number of PE seen by veto PMTs > 50 -
- Integrated charge in the waveform above baseline < 2000 -

- A boolean flag to select events passing a set threshold in the
waveform -

- Data only: _

. Select events after two trigger windows after an earlier
event to prevent late light in the dataset

. A low level cut to select events which passes the cuts in
data processing

. Select events which contain muon veto triggers

- Simulation only:
. Path of muons in water > 0

. A boolean to trigger on muon events

Fraction of light seen to the most light seen in a PMT < 0.4

Fraction of light seen to the most light seen in a PMT >
0.05

Waveform threshold < -1.0

Number of hit veto PMTs <= Number of Active veto PMTs
Number of hit veto PMTs/Number of Active veto > 0.7
Number of hit PMTs greater than 30

Integrated charge in the waveform above baseline <
1000

Number of PE seen by veto PMTs > 250

Peak of the PMT waveform between {1600, 2000} ns
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Finalized Muon Event Selection — Coincidence muons

° LAr data e MV data

—  Select events after two trigger windows after an
earlier event to prevent late light in the dataset

—  Number of PE detected in LAr

scintillation > 100000

) ) — Alow level cut to select events which passes the
—  Select events which contain muon cuts in data processing

triggers _ _ _
-  Select events which contain muon veto triggers

— 0 < Time difference between event in

LAr and watertank < 1ps —  Aboolean flag to select events passing a set

threshold in the waveform
—  Number of PE detected in the watertank > 10

= Fraction of light seen by a PMTs to the most
light in the PMT < 0.5

—  Number of PMTs hit in an event > 3

Carleton ¢
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Live time

Trigger counting
Run time ~ 20-22 hr

Need to subtract dead time between two
events Dead time

Live time = run time — dead time

>
t=0 t=16 t=32 t>32
f ? Time (ps)
trigger trigger
Carleton ¢
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