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Abstract

Exact measurements of atmospheric muon fluxes are needed for atmospheric neutrino
physics, experiments detecting the anti-proton and so on. The different measurements
methods are utilized for the fundamental important science. Results of the atmospheric
muon measurement are reported by various groups in recent years. (Rastin, CAPRICE,
BESS, etc.) The spectrometers used by these groups are divided by two types, one is
constructed with superconducting magnets and another is with solid iron core magnets.
The detector with superconducting magnets is not possible to measure for long observation
time since it is made to observe in the upper sky. On the other hand, the results using a
solid iron core magnet detector are influenced by large coulomb scattering in the magnet.
The Okayama group has been measuring the atmospheric muons with a solid iron core

Kawasaki Ikaishi Arts & Sci (28) : 21—29(2002) Correspondence to Shuhei Tsuji
(e-mail : tsuji@med.kawasaki-m.ac.jp)



22

1

NIBESFE—HKE, 285 (2002)

magnet detector. I analyze using the maximum likelihood methods which reject the large
coulomb scattering effect in the magnet. I report the adoption of the maximum likelihood
methods in the atmospheric muon analyses and the results. Key words : atmospheric
muon, muon spectrometer, magnet, maximum likelihood method

=a
af

EREZRRI 2—F VHIZER, KALTRD 2ZODBERIZBWTEESR2F->TWb, 19

&,

Za—bM)J VL= a VBT AENTDODE, 9121, 1 RFEHED

R, FHBMOEMIC BT 2 TFOEEG 2 ERBMICME 2D TH I —a— ) ) - T L—
YavicBLTR, ECEEBHEEROI ATy - 7T Y ANBEETHY, L FEES
BEBOBBAEER L723D VI 2L — Y a VYCERLIBELE 2 2, 1 REHEBOME,
BICFHROEMCE L TIE, B2 5RELZHHEF Kon 258 O EEES B ERIE W
TVREHREVR) ZEFbRZY, BEMETHEEN I a—F Y - 7997 R, Ia—% ¥
BMEDE S PARENT VS, B, BEE T2y M efiolIa—F Y ARZ PuA—
¥ DOREEPAZINTVE™, BIREY TRy b« ARY b X —F —DBEAKOE#HIL,
ZERPICRBEE DT 5720, I2a—F U RETEEET S L XBEREEZEHTEE LV

Muon trajectory

............... |
AX !

v
3

1 sy @ LT Ax DRI




BT BELTORRI 2 —RFUE—RLEE o BT R— 23

KELREBEEMIEH B, LOLENS, —RICIIFRIKICEENS X9 1 kFHENEHICRAESh
TWwb 70 \¢&,ﬁﬁﬁﬁwmk&ofwéo—ﬁ,ﬁ@77mvb%ﬁotXN7bnx—
¥ —, ¥7 %y bOBMEICIIHENEMICTE, KRELTES, L LS, KESHEH
BTIRI 2—F V28t 2@BT 5L EOERHELL, »LY)KREV, FHBDANRY PV
3, TALVF-—OREFETHWHICRITZ0OT, KEFHED I 2 —F VK E L EREGELE X
¥, S bEEHEEZROLI MO FELTCLE) BRELT, I2a—F ARSI}
VTR &, KEHEDSORNAAVPERTELVIEIERE(E>TLE) L) HER
PHET %0

BELBRZOEBICHHAEIND BT, HL 2R HEHETHEINEIRNETH S,
ZOBAE, BLAOBRHBBDOIYATITF A v 7 - TI—2R/RE, TheZBR LB EEL
TEHERETH S,

BB TSm0, SR~ A2y FEBAMT 232 —F Y - ARSI PO A—-F—TH
Bo —HRICANRY b X —& —TOEHEIL, BHPTU—L Y NEZITH7-01CHH 5 il
BOATHET 5. 5, @AY AIHIY TEIBATO HTh (R13R) 3FRL GE
BEZROLZFEERBNL. COBIRREERAERT 5. TNICLY, YATFRTFA VY - L5 —
THHHETT 2y " CTOBRBEORBE P L VELTIENTE

2 BET—Z2ORLEEDES
—fRIZANRY bR A= —CEEE P WET 556, B35 B, WBADEAL, BETO
A fa% ¢ LT HEUTORTREENS, (1B
Po=300xBxL'/sin(¢) [eV/c] (1)
K)TOHE~ T 2y PTHET A 54E, BEBELORES &9,
Go= 13[;21\;[(3\[ J7.86" L'/14.14[1+0.038In(7.86-L'/14.14)] (2)
TEZ N5, T-BRHBOMETRE 00 25HHDT, HWAHADREDL ¥,
go=,0%+ 0% (3)

Ln. M1V, BETORSRATE WA D ¢ & OBE,

—ALi = tan (¢) (4)



24 ' NIRESF—HE, 285 (2002)

EhBo LrL, BREEASEOYRT T4y 7 5150 S5 50T, ROOBEE 1511
ST 2 b 0T, WAT) 8 @ EHT U L7l Az/L OABURECE poasi &5 5 & 2
D 2 BEHOHEEEI

1

1 —_———
2 (1 _P.'p,Ax/L) 2

-€XPp
271'0‘¢'6Ax/L,/ 1 _[)ﬁ,Ax/L

[ (p—po)®  (Ax/L —pavr)®
s +
63, OhxiL

flp,az/L) =

_ 2ppasin (¢ —py) (Ax/L — pax) ”
040ax/L

THEZONBe po, paseld, ZNENWMAY A ¢, BT HICHE L7E Az/L OBEETH 2,
@RL Y, BFNICHE L2 EOIEME paxrid, pare= tan (us) TH-2 5N 2, HEREEBEK
GCIF—FREIVEZ LD LI /UHT, ShEERE ¢ O ) (DRIHEE L CESR
EPERDTH, ZOXHILT, AFI2—F Ol ¢ LTI ATE D L ICEL
fEpeZ ROTWL, UTOET, YIalb—Yaizky, SH2RIL, 2h2@EL:
EWHERERT,

3 EXFAHNA-TIaL—2alL BB

B A FEEFEDORBEICB W CTAS I 2 —F YBEDE)REI PR Y I 2L —Ta VI
L VDD B—DEBEEZ DI 2—F Y21 OMALHICAS L, Q)R CHERWGIZ S
L, HANMA @ EBTN ATORBCETAR . T72, BB pAERWEEL Y b FOBEYR
BEINDEHHHANIz, BlE LTEBRS. 162GeV/c £25.12GeV/c DY I 2L —3 3 ViR %
R K2 IXHAY M ¢ EHETNICHET 2 Az/L OMBERTH 5, BEBE (25.12GeV/c)
DIHABEHEE T BEANCDH Do REh OBHMEMNICL 2180 AT T D RMEME O
BOREDRE DS EOMRDVML BB TH b, K4 DEEEIC L HEREEADIT, (5)

3162Gevic  + e 26.12GeVic  +

01 b 01}

0.05 [ 005 [X] 015 0,05 o 005 01 015
ylrad) ylrad)

X2 @A @ BT NICET 318 Ax/L OHEBEE




EETE D BEMTORR I 2 —RFMBE—RE % o TR R— 25

ROMFEEBRBICEA &Y, BRAEpZ RO, H31%, ERSYIaL—Yarvizkh,

0.05 T T T 025

NoML, and o cut, —— No ML, and no cut. ——
L. with cut, -~ ML with cut. -
0.045
. 25.12 [GeVic]
0.04 3,162 (GeVic] i 1 02
0.035 -
003 | 015
g 0.025 g
5
3
002 o1
0.015
0.01 0.05
0.005
[
0.1 -0.05 0.15 0.2 -0.04 -0.02 0 0.02 0.04 0.06

B3 RAEERAOHR

BHBORBECLEOREMS ) AVSHTELERLEDDOTH 5. BRIERBESORE
BELLZVWDO, BiL, M1 CTHMADAQH TE) THINI TIE) FEIZEEHDDH
ETF—5 L LTRAL, TOHBSA ¢ LTI AZOTF— 7 2 RICRAHELZ KO ERTH
5o ZORR, HICEHERE (25.12GeV/c)HIT, VW= BALh, YAFITFA4 VT -
L= XBGMDENY ERETELILERLTV S,

RIEFEANRY MVEREL, HFICELAOBEMEIEHREICIST—E1.25) & L7223
2—F VAR MVHATYI2b—b LA, COKEEN4IIRT, RHEBOMESHEEDS

14+ +,

Muon charge ratio (u*/u)
w

ol ’oogf§+ ]
SR
uf e 1o o
Al Maxmun iklihoo movad gm::%é ~9—< :
09
1 o 100

1
Momentum [GeV/c]

K4 : RAFEERICL EFRIEOSRE

ERICE TN, EWHIGEHRICI S THIC—EMEL.252 R8T TH b, SHEEEDREIC
1), BEHEFERTIIL.OIGED, BRI RICHDUEE2 LT RWRETH D, MILKT
YR E1320GeV/c R TL.OGES KRS H 5o BHEIBRAEEZKBLTEY, T LME
M E > TWBIEERLTV S,



26

4 FEATF -2 \OHRALEDER

NigES—MHE, 285 (2002)

BEOEWNFT—F IR ABEZEH LN L7z, EBES0GeV/c LT ORI RERT, K
5B AEOMEE LEVEEOEGHEBARY PVERLTWVS, MOERS V—TF7100E
BB 5 210GeV/c OB LEV D TWE, ThiE, FAPEREELORED - DHHEE
BED O EEHEFHERAHNAATVRLZEZRLTWS, M6 ZRLEONREE LIZHED
BEIEANRZ PVERL TV, M5 &HET 5 L4500 ES R FIBRNOBRMELOLED
PrYBEDOONLIERRL TS, MMOEBRI NV —T L BT 5 LEHEANRY PVIE, &

EHRERTIILLEDICH.

" BCRastin x
BESS o
CAPRICE94  x
T.Hebbekeretal. =
present flux (No ML) o
— e’
B 107" .°
= o
3 Cird S g :
8 g
= R
5 107
E
KA
% A
z o
8 e &
£ 10
k3
X
X
*
10—4 1 1 1
0.1 1 10 100 1000

X5

10°

Muon Momentum [GeV/c]

IRAFEERALEVEADEHEINRYT MU (BETER ¢

BA)

T BCRastin  x
BESS o
CAPRICE94  x
T.Hebbekeretal. =
presentflux e
<10t e 00 ®®
) o X
> x o e By L
8 i
3
h 107 b
£
S
2
c
952 107 g;éﬁ
X
X
¥
10—4 1 1 1
0.1 1 10 100 1000

Muon Momentum [GeV/c]

6 : mRAEEEALBEOEHE XY ML (BEITER | B4)




BT BEMLTORR I 2 —NFHE—RLEEZ Mo LT R— 27

EEIRICL 5 I 2 —F VENLICORAEL EH LT L. BASRLELEH L#T
HRTHDH, ERIL, BEOBRLLERZTI LI 2—F VENLBRROLEL#ITS
72910GeV/c Y E) OFHEOTH Y, BRI ZOFHEDI L OFEEREZRL TV,
CAPRICEY4DEE’ Ti3, MHFBEE~ 2y FefHLTEY, REBEFICEI 2 —

17

16
15

14

i

e ;mﬂu
“Hhite «°

11 F

Muon charge ratio (u+/u-)

present charlge ratio —@—
CAPRICE94
1t Rastin

0.9

|
1 10 100
Momentum [GeV/c]

7 i BRAEEERALABEDI 1A CEFEL@RER 1 /)

FUICBLIEITERBELOREBIIRVWERDNS, HOORERL S, 30GeV/c H 540GeV/c
=2 BAHAONEH, SEOBTEREISIE5GeV/cEBH, LERICIESD ITIT—HK%
B 2R LT,

5 &

AKX T ToZ L ZRL7,

CEVTFANE - Y Iab—Ya VICKVBTINOREEOERAPEHRT 5 L2RL,
cEWF - I NBRAEEEAL, 32— VOBBEANRY PVERDLVATRTA VS -
IT7—D—DThHhLHEMBEDHEZ L VMY R I LATE,

CEWF— I NBEELZEAL, I2—F YOBMEERDZ, 5GeV/c H550GeV/c FT
BEOBEN L BEFLOPREMEZICESDOVTWE I L ZRL,

6 EE

R L PR T BRI B A520014E12 B 1I2f7hb R, BAEBEhTH L, EHWEMIE,
C VAAEROIEKRIZE Y, DRiL ) DEMNERSLVOT—FENETE S,
- FESREESKIBICR R 3N,



28

NgESFE—HE, 285 (2002)

22
New type —e—
Old type +--e--+
2t L8848y . .
o ® @0 Tg o °
o
e
1.8 @ E ]
o t
]

_ 16} { % { { -
E g t
= L ]
[
& 14} g
z o
% .

12 4

H
1r 4
L]
0.8 |- 4
0.6 2 1 .
1 10 100 1000

Momentum Pq [GeV/c]

8 ! HIERE & IHLRFED A E P RERED LLE

EVI) ER2HAPBTONL, I THESMEOR E 3R AKRHESE MDM ( : Max-
imum Detectable Momentum) &< o722 L 2 BHRLTW5b, M8Ix, FHEIE#EELIH
HERFOMETHRREOLE LR, HMII AGHEEZ M) M8 ¢ THMH L72d o CHftalid
EHEZRL TS, HIBREDLOEHEL - PRFBRAFLTH, bIFRTE RN
ZHMH, M8DAMHET Ty bERLIEL®DE, HIb 75y NI VIEDDEZAHEOR
2RO MDM & %%, K825, IHEIZEEEIX, 30GeV/c ASMDM & w2 2, —H RS %
$ix, H100GeV/c FTHLELTWS, SHOBHERE, +9%2F— v BSHLIHFT—5 %
o TH LW ZEERT 2 L) BIRT, HREEEDOTF— ¥ 2L, $72, HFLVE
WOWREL ) BIRTIRE, BRAELHE MV EEICERTHS 2 L2tz Sk, B
MEERFOT— 52BN TH5I L2, SEOMITHEREILICEESREET CEETA
LIERDVEIFRFTE 5,

1)

2)

3)

4)

5)

2 £ X ®

K.S.Hirta at.al. : Experimental study of the atmospheric neutrino flux, Phys.Lett. B 205 :
416-420, 1988 :

Y.Fukuda et al. : Evidence for Oscillation of atmospheric neutrino, Phys.Rev.lett. 81 :
1562-1567, 1998

D.Casper et al. : Measurement of atmospheric neutrino composition with the IMB-3 detec-
tor, Phys.Rev.lett. 66 : 2561-2564, 1991

M.Honda et al. : Calculation of the flux of atmospheric neutrino, Phys.Rev.D 52 : 4985-5005,
1995

P.Lipari : The east-west effect for atmospheric neutrinos, Astropart.Phys. ‘14 : 171-188,
2000




6)

7)

8)

9)

10)

11)

12)

13)

14)

15)

16)
17)

LT D R TORK I 2 —NFUE—RAEEE o TR — 29

T.K.Gaisser : Cosmic Rays and Particle Physics, CAMBRIDGE UNIVERSITY PRESS, New
York : 1992
B.C.Rastin : An accurate measurement of the sea-level muon spectrum within the range 4 to

~ 3000GeV/c, J. Phys. G 10 : 1609-1628, 1984

B.C.Rastin : A study of the muon charge ratio at sea level within the momentum range 4 to
2000GeV/c, J. Phys. G 10 : 1629-1638, 1984

J.Kremer et al. : Measurements of Ground-Level Muons at Two Geomagnetic Locations,
Phys.Rev.Lett. 83 :4241-4244, 1999

T.Hebbeker and C. Timmermans : A Compilation of High Energy Atmospheric Muon Data at
Sea Level, Preprint hep-ph/0102042 : 2001

M.Motoki et al. : Precise Measurement of Atmospheric Muon Fluxes at Sea Level, in Pro-
ceedings of 27th International Cosmic Ray Conference, Hamburg, Germany : 927-930, 2001
S.Tsuji et al. : Measurements of muons at sea level, J.Phys G : Nucl. Phys. 24 : 1805-1822,
1998 )

S.Tsuji et al. : Atmospheric muon measurements I : Vertical measurements, in Proceedings
of 27th International Cosmic Ray Conference, Hamburg, Germany : 931-934, 2001
Y.Yamashita et al. : An altazimuthal counter telescope with a magnet spectrometer tracing
Cygnus X-3, Nucl. Instrum. Methods A 374 : 245-253, 1996

S.Tsuji et al. : An altazimuthal counter telescope with a magnet spectrometer II :
Measurements of muons at sea level, Nucl. Instrum. Methods A 413 : 43-49, 1998

J.Bartels et al. : The European Physical Journal C, Review of Particle Physics 15 : 166, 2000
BlZIE, WEAREHRRFWHETZHER - AN, ERREHES  WERTBLU2 R
FCIEHSA), 1999





