U

OKAYAMA

UNIVERSITY

Measurement of the Charge Ratio
of Cosmic-Ray Muons
in Super-Kamiokande

Hussain Kitagawa
Okayama University

Email: kitagawa0913@s.okayama-u.ac.jp

IMPRS Recruiting Workshop @ Munich, Germany
July 18th 2022



Contents

B Cosmic-ray muons

B Muon charge ratio

B Super-Kamiokande (SK)

B u — e decay

B Muon charge ratio in SK-IV

ESummary

IMPRS Recruiting Workshop Hussain Kitagawa kitagawa0913@s.okayama-u.ac.jp



Cosmic-ray muons

Primary cosmic-rays interact with atmospheric nuclei and produce

secondaries

nt = pt +v, ()

Primaries (p)

p+air - X +

+ + _ Secondaries
K= - u=+v,(v,)
w, K
/Ji carry the secondary production {ﬂ» v,y
information

4

Probing particle interactions in the high-energy - y
region through observation of cosmic-ray muons i
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Muon charge ratio

B Physics motivation

The precise estimation of hadron productions and the atmospheric

neutrino flux is required

— uncertainties of u, , K fluxes and their charge ratio

B Muon charge ratio R(u* /u™)

» /K production dependency

« K contribution to TeV energy region
p + air » A° + K* + anything

4

Further measurement in the TeV region

for the precise R(u™ /u~) prediction

1 _7 T T 11171
-~ CMS CMS 2006-2008

Charge ratio R(u* /u™)

1.1

— can be measured in Super-Kamiokande

SK
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FR(ut/u) =~ 1.27 (~300 GeV)
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Super-Kamiokande (SK) °

B Super-Kamiokande detector

« Water Cherenkov detector
— located 1,000 m underground in Kamioka mine (Japan)

« 50 kton water tank
— |Inner Detector (ID),
Outer Detector (OD)

« PMTs installed in ID and OD
— event reconstruction

i _ \ -“;'4‘ Data period
‘ g | 218 | SK-IV: 2008 ~ 2018

High-energy muons
penetrate underground (~1.3 TeV)

— measure the charge ratio using u — e decay
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1 — e decay event °

B Muon-decay electron signal

pt - et +v, (V) +v,(v,) (Lifetime: 1,~2.2 psec)
*  Number of hit PMTs — u (¢) emit a lot (few) of Cherenkov photons
— energy reconstruction for

« Timing information of hit PMTs — direction & vertex reconstruction
* Observe 2,000 events/day

@

Charge(pe)
& >26.7

< 1.3- 2,2
........
||||||

Times (ns)
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U — e decay search

B Selection criteria for u — e candidates

1. u — e decay time difference : 1.3 usec < t

— remove mis-identify hit PMTs from the muon longer tail
hitsint < 1.3 psec

Expected eT energy spectrum

Events
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U — e decay search

B Selection criteria for u — e candidates

1. u — e decay time difference : 1.3 usec < t
2. Reduction of low energy backgrounds : 8 MeV < E

3. Distance between u — e position : 300 cm < Distance

et energy spectrum p — e distance
i | SK Data S SKMC
5000 | b T

-l

4000]- | 1

B JIH ] \
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[ (JJJ TL 10*
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Excited y”T J 1

Events
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Muon lifetime in medium

B 1 capture in nuclei
u~ lifetime becomes shorter in the medium due to the nuclear capture

u~ in medium

l

Binding in nuclear orbit
(Coulomb interaction)
|

} }

Decay in orbit (free decay) Nuclear capture (capture)

u- e+, ty W+ WAz -ov,+(A4Z-1)
Total decay rate I'totar [1/5]: Lifetime in water (1°0 )2 3]
1
Total Free decay Capture Ty- T, 1.795 psec 2,196 psec

[2] P. A. Zyla,et al.: (Particle Data Group), Prog.Theor.Exp.Phys.2020, 083C01 (2020)
[3] T. Suzuki, D.F. Measday, and ].P. Roalsvig, Phys. Rev. C 35, 2212 (1987)
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Observed u* events 10

B Decay curve of stopping muon

N+ (t~(t + AL)) =|N {1—exp(—At>}exp( t>+N {1 exp( At)}exp( t)
put -+ T‘u_+ —a B — _TH__ _TH__

+ —
U U
Fixed parameters 7+, 7,~ inwater g10'g——— T T T s
e U u . o F SK4 muon decay-e 3
— optimize N;, N_ respectively  =10° T a0t (2609 daye) 3
(<] = e Fit result =
3 F u plus 360869.4 + 6155.1 3
s 10 E i minus 213995.8 + 7372.6 =
: -
. = 10°
B Muon charge ratio > E SK-IV (2017) E
210° ¢ R(u*/u™) =1.38+0.05 =
N+ 3 23 '*\w -==: Fitting function 3
R(ut/u>) = 10°e E
(l’l /nu ) N_/(]. _AC) - ~ﬁ¥ 3
10 7,+:2.196 psec l'w | E
A.: u~ capture rate (18.4%) 1 T :1.795 psec ( NY w lmm ”Hlé
- :I | | | | | | | | | | | | | | | | | | | > :
107 5 10 15 20 25 30

Time difference [usec]
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Muon charge ratio in SK-IV "

Yearly variation of the charge ratio in SK-IV (2008 — 2018)
Averaged charge ratio in SK-IV = R(u"/u~) = 1.42 + 0.02

H /K production 0 1.65——

_ , T 1,60 =

K production contribute to the S ssE B 3
charge ratio in TeV region £ ot | ‘ E
. + —_— ~ E —o— E
—increase from R(u™/u™) ~ 127 qas | R 2
(10 ~300 GeV) 1.40 :zzéz%zz %_7(‘%_{ _i
1.35F ] | NS

p + air » A°+K™* + anything 1.30F | «{— =
- —+— SK-IV yearly data -

1.25 ‘ ey 5

E /%% SK-IV combined E

‘ 1.20 E_ Kamiokande-II _E

1.15—— I20|10I | I20|12I | I20|14I | I20|16I | I20|18I -

/K production dominates in the energy region up to TeV
— can improve /K ratio prediction in the TeV scale
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12
Summary

B Investigate hadronic interaction in atmosphere and prediction for
atmospheric neutrino flux:
— R(u*/u~) measurement is required

B Measured R(u*/u~) using SK detector:
— search for u — e decay candidates
— counting total N, considering lifetime z,: difference in water

B Result of SK-IV (10 years) averaged data:
— R(u*/u~) =142+ 0.02 (~ 1.3 TeV region)
— K production enhance, R(u*/u~) =~ 1.27 (10 ~300 GeV)

B Improvement of muon charge ratio prediction:
— can estimate /K production ratio in TeV scale
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Back up
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Research activities '

O CERN, Switzerland (Apr. 2022 — Present)
Measurement of the Hadron Production for T2K Experiment at NA61/SHINE CERN

O Okayama University, Japan (Apr. 2019 — Mar. 2022)
Master Thesis: Measurement of the Charge Ratio of Cosmic-Ray Muons in
Super-Kamiokande

O CERN, Switzerland (Online) (Jun. 2020 - Aug. 2021)

1) Searching for ALPs in Light-by-light Scattering in pp Collisions Using AFP Proton
Tagging with the ATLAS Detector (DPG Spring Meeting)

2) Study of Jets for an Axion-Like Particle Search with the ATLAS Detector (Report)

3) Optimization of Diphoton Acoplanarity Selection for an Axion-Like Particle Search
with the ATLAS Detector (Report)
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https://www.paphy.phys.okayama-u.ac.jp/~wp/wp-content/uploads/Master_Thesis_Kitagawa.ver8_.pdf
https://www.dpg-verhandlungen.de/year/2022/conference/heidelberg/part/t/session/10/contribution/9
https://cds.cern.ch/record/2790266
https://cds.cern.ch/record/2742416?ln=ja

Muon-decay "

(1) Single muon enter and stop inside the tank @
(2) Decay electrons are generated at around 2.2 psec II
Vi
G T ;" T
Search for u — e decay events i 'I !
3 i (|
Data contains background events i Decay !
: (~2.2pusec) i

Identify from the typical characteristics of u — e decay events
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Muon zenith angle d(—)pendency}6

B Zenith angle distribution of stopping muons

Cosmic-ray muons (8 < 90)

x1
@ 4.5F
2 C

4r

Cosmic-ray muons

Events

&5}_ vvvvvvvv JESSUSSSRRINS S wmwémmm ............. é ............. é .............. ? vvvvvvvvvvv é ...........

(I\pl,) 3_ R | | | | |
________________________________ PO AN W N RS W N SO NN N S

P T e

Ls}.wuuuu ............ ““mj“m.nwwjuuﬁumuﬂumi“m.

S S T TS

o5
ok Lovidon, Lo looal il

L1 1 L1 L L1 | L1 | Ll 1 | L1 1 I 11 L 11 1|
-1 -0.8 -06 -04 -02 0 0.2 04 06 08 1
coso

upward-going muon induced from neutrino interaction (6 > 90")

» Upward-going direction region (cos 8 < 0) are rejected
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Analysis flow chart '

---| Contain irrelevant
contaminantsto u — e
decay events

| Apply selection criteria to
remove backgrounds
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Time window of trigger e

B Time difference between py-e decay events

@Dt < 1.3 psec
u

Signals are overlapped
— cannot distinguish , e signals

@ 1.3 usec <t ‘
e

Apply longer time difference
/\ — avoid including mis-
reconstruction events

(* )Lifetime 7, = 2.2 psec
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Fitting results of decay curve in SK-IV1°
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20

Stopping muon rate in SK-IV
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Muon simulation with MUSIC 2

« Optimize the selection criteria for the data collection of muon decay events
— consider muon flux at SK in MC
« MUSIC(Muon Simulation Code)!’]
Three-dimensional simulation of the muon propagation
— calculate average muon energy, flux, and rate

Digital Map 50 m Grid  Calculate energy loss of u passing through a slant depth X of a matter

36.5 e W 1600 SK
3 A R4 9
b a3 - 1 50
1400 z 3
= /‘—— © ‘|I_—|
| =1200 ~—— | 1 . b
36.45 = § X :(m)— Altitude (m) b
< -~ oo 3 vy (N <
§ d é : 1 g
| :
P : | xen : 5
36.4 | =
\-_/\k 5
, . ! , )
- . ! X S
v 4 NN ! . -
i 4 S 75 ' SKsite height (330 m) = m,.-‘u.,
~ 1 B RARRA % ik
= 0 S e s 0
137.25 137.3 137.35 K N ; W0 00 10 200 200 300¢[d2§?

Longitude (deg) -
Geographical Survey Institute of Japan(1997)

[*]Phys. Rev. D 74, 053007 (2006)
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Classification of muon events

M 4 types of cosmic-ray muon events

Single through-going

Multiple

Stopping

22

Signal events

« Stopping muon
events stopping
inside the ID
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Cosmic-rays energy flux

Scaled flux E*°J(E) (m?s'sr'eV'®)

10"

10'®

10"

10"

23

Equivalent c.m. energy Vs, (GeV)

102 10° 10* 10° 10°
:Illlf I1 1 l+|lll| f 1 Ill*lll ? | I IIIIIII 1 I IIIIIII
L HERA (y-p) Tevatron (p-p) 7 TeV 14 TeV v  HiRes-MIA
= RHIC (p-p) LHC (p-p) 4 HiRes|
— A HiRes Il
e Auger ICRC 2013

* TASD 2013

— % ATIC = KASCADE (SIBYLL 2.1)
§ & PROTON * KASCADE-Grande 2012
~ % RUNJOB *  Tibet ASg (SIBYLL 2.1)
- = |ceTop ICRC 2013
§ (https://cds.cern.ch/record/2231593/files/CERN-THESIS-2015-371.pdf) T
B 1 llIlllll | lllllIII l lIlIIllI | IlllllII 1 llllllll | llllllII 1 lllIIlIl | Illlllll |
10" 10™ 105 10" 107 10" 10" 10%° 10°!
Energy  (eV/particle)
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N_, N_ dependency on fitting range

« Change the upper fitting range 3 usec~ 30 psec (3usec step) and check the
validity: N, y?/dof
« Fitting method w/ and w/o loglikelihood

3
12070 S PBO0 - -
c C | [7) C o 2
q>>110 ] I ‘6450; .
[} T ? } 4 13 = d.o.f
5 LRI 400
C ] & = e  %%/d.0.fx100
g 100 . a 350
E gof B 300F
2 QG: +N* ] E
C +N- E 25(}E
80¢ 200 /’/
70 . 150 b
- ] - '\\.\._44./‘\\%
60: 1 . 1 'i' '11 1" } 1 100: /
IR ; s0F-
507\\\\\\\\\\\\\\\\\\\\\\\\\A G:HH“““““H‘H“H““A
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Fitting range [usec] Fitting range [usec]
3
ﬂ12ci<"10'"""""""""""'rA QSOO:VVVV["VV[VVVVVVVVVVVVVVVVVr
S - ] 2 e
g 110 [ fig I .
e S N bttt 1 S 400} Loglikelihood
o C ] ] = ®  y%d.o.fx100
5100~ ] 0. 3501
R} - 7 =
£ ook |-Loglikelihoo E 300
=z - +N* E o
» +N- 3] 250; . -
Tof ] 150F L/\
60F T Poot ] 507 —
o 7 B "/ E
gt L b e b 1 GHH“H‘HHHHHHHHH
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Fitting range [usec] Fitting range [usec]
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Muon simulation

Generate E < 20 GeV stopping muons according to the MUSIC flux at SK

Muon energy flux @ SK Zenith angle distribution in MC
0.0001 R T T T T T T T T T | | | e . | | |
\ . 0.02% e _TTUE direction
| — , 3 - C L
le-06 — §$j§’§ e ' 0.018[- 77— AmHs..—...Reconstructed. direction ..z
1e-08 E_ — KamLAND (268 GeV) 3 0.01 67
~ T o
» 1o 7 0.014f
3 e Use s C
:w le-12 3 0.012f -
E 4 s - ‘ﬂ’bs
2 leldf = 0.01- E{t&%
2 C :
> letsf ! 0.008} . g
< L % ;
1 i 3 0.006 L T
e-18 - N - SK
ok Y e .
“ k Ref. PHYSICAL REVIEW D 74, 053007 (2006) s 0-002 E.. 777777777777777777777
lc-z 1 IIIIII 1 IIIIIIII |||IIIII 1 |II||III 1 IIIIIIII 1 IIIIIlll 1 L gl - H
%l l 10 l(X) lO(X) loom lc+05 lc+06 07\ 111 ; 1111 ; 1111 ; 111 ; L1l ; L1l ; L1l ; 111 ; 1111
E, (GeV) -1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 O
20 GeV —cos 6
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Time window of trigger =

Prompt event Sub event
E En!riesh' 7245 IEI Entriesm 185
e Mean 1146 = Mean 825.7
1600 RMS 192.8 r RMS 263.8
E . 25 .
= muon hits g decay-e hits
1200 20— 0 c
1000 Emuon tail hits
e 155
800[— C
600F- 10;
400; 50 nsec s
200} decay-e I
% TEe s s me B0 ot o
Time [nsec] Time [nsec]
Prompt event : u Sub event
wn A
|_
S @ ORI
o
x “Decay electron
.f candidate”
(@)
) : 4*-_
T TIT S

St Time

start 1.3 usec 30 usec

— Time interval between u — e should be 1.3 usec <t
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Muon lifetime in medium

1 1 1
= +

Tcapture

Ttotal Tdecay
Tiotqr - Lifetime of no in mediu.m (observed)
Tgecay - Free decay time of u~(in vacuum)

Teapture - Captured time of 4~ in medium (depends on the charge of the nucleus)

4 1 1 1 1 1
Atotar [s77] = = — =

Tcapture - Ttotal Tdecay Ty~ T+
Particle Tdecay Ttotal Tcapture Ac
U 2.197 usec |1.795 usec 19.809 usec 0.184

(Phys.Rev.C.35, 2212(1987) )

IMPRS Recruiting Workshop

Hussain Kitagawa

kitagawa0913@s.okayama-u.ac.jp




Cherenkov radiation 28

Cherenkov light is emitted by the charged particles moving faster than the
speed of light in a medium

Cc
V> —
n

c: speed of light in vacuum
n: refractive index of the medium
c/n: speed of light in medium

Charged
particle

Y
a)
. 7’

Cherenkov light is emitted in a conical

shape at an angle 0, Cherenkov .7
1 wavefront
Oc =—
cos 0. y:
- // Pct R
n = 1.33 (in pure water) and particle . N

velocity close to ¢ (~1)
— Cherenkov angle 6, = 42°
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Muon charge ratio: 7/K model

1. Consider only /K meson production § = -
£ C .

. _ § o — :

2. Postulates energy independent ratio: e e :
+ + 2 03 s+ muon flux contribution -

—_— T o fTL' _— K — fK : IPPPRRS ni- muon flux contribution 1

T'T[ _ __ (_ - )’ TK o __ _ _— -09-' p— K+ muon flux contribution —_

T 1 fn’ K 1 fK = 0-2_ 0| 0| O n

.'g C o= K-muon flux contribution . n

R -

3. Contributions from charm particle are ~ ° oo
ignored (below 10 TeV) (G U ST o 10

E,cos(6) [TeV]

1.6

fr + nxfx 155
1 + 1.1E, cos6/115 GeV 1 + 1.1E, cos0/850 GeV

r, = 15
{ 1=, nx(1—fk) } 1.45

1 + 1.1E, cosf/115 GeV + 1 4+ 1.1E,cos60/850 GeV

III\I III|IIII|\III|IIII|III\|I\H|IIII

1.4
(n: Gaisser constant 0.054) 1.35
1.3
. . . 1.25 —f
Compare the 7;, r; in data with that in J ¢ | | :
. . . . 1.2 e e e e e
atmospheric neutrino fluxes simulation 10° 102 10 10 102

1
E,cos(6) [TeV]
P.A. Schreiner, . Reichenbacher, M.C. Goodman, Astropart. Phys. 32 (1) (2009) 61
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Atmospheric neutrino flux 30

B Physics motivation

The precise estimation of the absolute atmospheric flux is highly required
— uncertainty of its flux above 10 GeV is limited due to small statistics
and the uncertainties of u, m, K fluxes and their charge ratio

— Directly reflects the neutrino/anti-neutrino ratio
M. Honda et al. Phys. Rev. D 75, 043006

3
~10"
N% - .8 5 T IIIII"I T lll""l T I:'Ill"ll LELAAL
- b A
o 5 [ — This Work .
s i - - HKKMO04 -
. - _ _ @ o /
n +p andv, +v, flux from pions and kaons }."’ £
1 T LR | T LR | T L g 2 a
[ n-.10 2
T-->U gL
0.8 - g>
T-->V
5 06 27
©
o
w 04 r
K-->v 101 —— This Work
02 L - - HKKM04
K-.>,,Ll | l == Fluka
100 101 102 103 104 ’11 llllllll ol Illlllll 1l LLLLL 2 3 1 1I IuEi 0l L 1I Lurii 2I L 111l 3
E, (GeV) 107 10 10 10 10 10 10 10 10 10
E, (GeV) Ey (GeV)
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Systematic uncertainties >

B Muon charge ratio in SK-1V data (2971.1 days)

N, N_ R(p* /1)

1,411,442.5 £+ 12475.2 789,185.5 £ 17934.3 1.459 £+ 0.036(stat.)

— Statistical and fitting errors on number of events, N,: 0.9%, N_: 2.2%

¥

Systematic uncertainty is not considered

B Systematic uncertaintieson (N, N_)

Candidates of systematic uncertainties
(1) Timing resolution

(2)  Contamination of de-excitation y-rays from exited *°N*
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Estimation of systematic uncertainties 32

— x10° .
1. Uncertainties on timing resolution i1 K data
. . S 7
— Time difference between Atrtpye, Atrec 3 . \ 4 edecaycurve
g \
@ \
5¢
R A T
At = Atrrye — Atgee
3
/ .
1 w
> Time : T~ |
GOM‘1”‘l2lm3mJ4m‘5m_l6HH_7HHSHH9ﬁh1k(>)<
| ——— AtTrue —_— Time difference[nsec]
- Fﬁf‘%l SK data
o _ 16 :
2. De-excitation y-rays from u~ capture by ~°0 o} f ]
— |, 16 16 m
u+ °0-v, + ON° v (6.3 MeV) }
‘ 200051 H/ﬁ H
15N + y (max 10.8 MeV) 1000y :

00 10 20 30 40 50 60 70 80
Reconstructed electron energy[MeV]
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T . . 33
Uncertainties on timing resolution

Compare the time difference between Attty e and Atgec in simulation
— consider the uncertainties around Atg.. and count the variation of N

[2)
5 800 '20.045
@ Ex-Gauss 2 H —— Rec
. o
700 functiol Mean = 8.9 + 0.2 2 004 E Rec + ex-Gauss
=7.5 + 0.1 £0.035F
600 o > =0 50-035¢ L;[
0.03f
500 i Ratio of number of
. Change Atgec nt
. V .
4001 \ according to ex-Gauss eve 1\?
C _ R
300f | - 11 e =0.03%
E \\ 0_015: T NRec+ex—Gauss
200 -
00 \M 0.01F N
1001 0.005F %
7\\\\\\\\\\\\\\\\\\\j\\\\“\\\\\\\\\\\\\ OEH(‘ L L ‘\\%WWMLJ J)(103
%00 —400 —300 —200 100 0 100 200 300 400 500 0 2 4 6 8 10 12 14

Aty o - At . [nsec]

Time difference [nsec]

Uncertainties on number of events 0.03%
— total uncertainties on muon charge ratio 0.04%

AtRec

Entries/yl)oo[nsec]
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Measurement of the polarization
B Method

Measure the angular correlation between the direction of the stopped
muons and the decay electrons

dN 2 4 1 2X 3 4
X =~
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d(cos 0) 3 3
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Muon spin polarization

B Tow-body decay

nt (spin 0) satisfy the spin conservation law before and after tow-body decay
v, spin is fixed to the opposite direction of the traveling direction

Two-body decay

Momentum direction s @ E

1 Spin direction 1
S=5 S, =0 S=3

(center-of-mass system)

u* spin direction is opposite to the momentum direction due to the law of angular
momentum (center-of-mass system)
— Fully polarized B, = 1
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Muon spin polarization

Spin direction upward Spin direction downward
Produced by low/high energy © Produced by high energy «
Center-of-mass (E“+'up ~ E“Jr’down)

———\

Laboratory

@ | ===

Spin direction
| Momentum direction
|
] Ey+up

- e -

-— =y,

(

—m () -@—

!

ut,down

|
I
I
\

» Cosmic-ray energy spectrum (power law)
— ut with upward spin are more likely to be observed
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Angular distribution of decay electrons 37

Angular distribution of decay electrons correspond to the spin direction
of muons §,,

B

— Electrons are more likely to be distributed around the muon spin
S, direction
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