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ABSTRACT 

The flux of atmospheric muons as a func-

tion of momentum. and zenith angle is measure<! .. 

for p >o.3 TeV and 60° <6< 87•. Specialatten7 

tion is given the angular distribution above. t T~Y·. 

\;. 
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2 -cm:.tlifck pHistic•Scintillators':witli-lucite··uglit pipe's and· 5 inch pho­

totubesi .while the B plane was twelve f8::cni.-'wide·, 92-cm-long; 2- · · 

cm-hmc"k 'plastic :scrrifillator s With 2 'incli pliototube s. ··T-he·se counters· 

were sKown,t in te1stsiatthe·Bevatr.on fn'Berkel'ey:;' .. to:f::)ifmor~Hhan·99r: 

o/o effident: ,. Thet:B1 plil.ne 1W:~s arrangedYso thaf three;adjacimt"B·:..·~ 

couite.rs'•alviays lay precisely' on a-iltr·aight·lirie•D.etw~en':an A and;a •· 

c ~oWite£.'1' 'rJ:ie::effeCtive1 iow-:;'~nergy·cuioff of the tr'igger was about 

5 Gev.":':'-'fhe'trfgger·rate"was·0.5/s,1'about'2oo/ot l:ieihg extensive air r· 

show'¥i-'"s iiVhiCh~often~triggered many counter's in each 'plane.'· Events 

of"this:fype {\;ere ·a~cept~d in' orde'r to avoid any possible bias against 

multitrack events. (The pictures with muons above rf TeV contain one 

and o11ly one track more than 95 o/o of the time. Thus other large-
t~ .• JO.r:f; .:"!'{ .JUtl."':.,;/"'.i "'.,;:......,) .. !,.~9,~., I• ~. f~ ~' 

zenith- angle magnetic- spectrometer experiments with~apertur"es· 
• OS '~·~•! _ .- •-1•• · .• r4t ·2 · • ... 11 ,.,·;, I .-: .. 

comparable to or smaller than 4m should not'have a significant bias 
t. 11\...-lft. it.1,. • :...J ~.... '. 

from the rejection· of multitrack events.) 
tj. :-- ~ .... JL?iittT"C: rn ~~ , ... -~· ' ~-~ ..... :- 1 .t .~··· • • • • "'-"':'4.;., ~l.,_.,.,r_ . -~·t>i~ ., ,i. 
During the run, a PDP-8 computer recorded which counters 

. .:.>-· 1 • -~.-.. '.,..., .. , I l ,~ 1- ;r. ~. . . . ~ r.. ... - 1~. . ~a 

·fired and the live time since.the last event. This information, which 
\. · 1 ":: ... , ;l:l ·. r --~ l )... 1 •• • ..0 ~ ~ k 1 

,.., H """: iL ~.t ' ~! "1 1 r-r· · · ·~ · 1 F 

is stor.ed on magnetic tape, allows an accurate calculation of the run-
•J.(",_ '!:J.'I ._..., '1 1 •• oJ ~ ,, -:.. r, • ~ '-h(... ~ .. ~ 

ning time for any part of the experiment, as well as a careful study of 
c: 1 - -' -J ~~{ ·- t : .1..i:'-J.~1 ~ 

any drifts in counter efficiency. 
-·- _,( :J~ .: • . . . .: . 
The entir'e run resulted in L6 millibn pictur'es:· of which 1.0 
-1·~- r1 . ·. : . , . 

million have been used here. A program is under way to analyze the 

data for all :moO:enta ~bov~ 20 Gev< Ho~~ver, ·for tbe pr.~sent re-

sults, the film was scanned in order to select onlihlgh 'energy 
_ n _,J I :.>~ · • . , . ~ v..· r. . 

events. The scanning process consisted of comparing the ·scan-table 
~r, -<!'~ • 

image of a tr-ack with~ a. str.iight ruler, and rejecting event"s which de-

.;,;_af'ed too far~ iro~ a str~igh\ line. I~ this way the scanners ~~-re able 
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·to pick all events that have a bend angle less than 6 mrad (p ~ O.f6 
.... ~ ~ .. . . - .. , . ·, ~ ... - i ! l. 'l! I . , ' r ) 1 - I 

TeV) with-95o/o efficiency .. The selected high energy events were 
~ •• ' • ; ' I - ~ • r t ~- t , ·~ i . ~ ' , -, J 1 • " , ) t ~ ' ._. •·• I 

measured on conventional film plane digitizers. All reconstructed 
• .. ,£'. 1:.' !)--: :~k ·. f;J. ·' · ... ·. ~ ..-; ..,~_,, I• •• l..,:..li~ .._ 1 't•~ .• 

events were required to satisfy a fiducial volume test, and _only. 
.,_J • •• -- • • :-·tit;~~--~ :-~-.r..l>-· . ·: ,.t·~ tt~r-.-:-·· -~ ;t. ".,rrr,rt!i, -,~.r:.~ ·~. · ""!1 

events which fired chamber 3, chamber 4, at least one of .chambers 
. ' ' 7 1 •• ·,~-~~.t:~;.s ;. : {'.t:: .•• \I 0. ¥ • 'lDi. r· f ~ ~ ~.::.r·- 't: ·~· . ·r .• , . ·_~..:, .. 

f and 2, and at least o~e of chambers 5 and 6 were a.ccepted. Each 
. -~···yJi.;·_~-~~ --r~·f_t .... r· ... ~ ... -:-~i·',.:: 1 •.· ~ -~HTf"l:hll 1; f-..:.f · :1'. ''; ~--·; Jrtit --:·-.J-•.a .. "L;tr·j 

track was fitted to a lin~ bent at the point of symmett;y_ With ,r~spect ;; 
-tt.t·.- -;..!! • ; .. -.·. ·.-:-''-.. --~~~." •I' .. _ .. ~ ~.;~--:-' .... ·· :·. -~· · -~ ' .. : ·.,.,~ ... «!'; .• ~: };_,· _i--."'lf _. 

to the magnet center. The constraints thus imposed allow an internal 
;}t. ·.: ~ ~· ~" 1_ ,,,f'J t ·.·.~n.,ct 11 t.f; , .... -rf'· . ..._ • • ,: l ..... • -f~. ·r. !I)J.+. j·.·r_-,·.~ 

estimate of the accuracy of position for eaCh chcun.ber; it varie~ from, 
-~~(\.'"' ~-. . ,.'';_ .·• I h,,. t. \' ~ .. '-•:"'t~···ll /~ol )•·",':, 

650 11 at (J = 87" to 1000 .1-\ at 60" .. The resulting momen~. ac!='!lracy. 
. "'. -:~, ; • ·.:. · . :" •. . -·: .~;.·,.:!--:r.- .-:,.t1:3 . .U·:· OC•V __ f-- -•al "'• .. t! .. ) ·':t· 'Jj:•Jl ~.lf'..S '·· l' 1 ~rt'-

is- such that a fOOo/o (rm~) error 'is a~hieved at 2 TeV for 87" and f · 
... _ .. < ... ---:\ ... · .··'""~·· l t·. !-!'".· ···1-..· ~ ... n &\~ .. ~·:f; .··. f"t£ .. C·"tli~ ..., 

TeV for. 60". 
. .... _ .r ;_,...c .~u-~ :!--·: ..~ . . );, .~.:s ,_.,JttJ j .. .J .r/ • ~ • _ • · ;;J ,~ ·1, · 1 • • r ' .... ~-' ~::,. f' 

Assurance that the random error in momentum measurement is . 
t&_. ;> -'1_ ... :-s; r~·.1":' ~a .,,\._lf;t;.:· '\,P.t ,1 '· ')'' ' .•• P". h.-~ ·_., ;;.·;~,·~~:1-f, ~"-

well understood and that systematic errors are small is crucial to the 
~..~~ f ... ~ .. --~ r, . , ~~ . t ... V'~ 1 . .: "'· . .:. . . .( : • ~ . t +, ~.. . j ' p ,i:t:J a i • , .~ . 

correct determination of the momentum spectrum and anguiar distri-
.. . . ·• -~~- )._ ~-i.l. : .• ' 

bution-of the high energy muons in our experiment ... The systematic 
. '-.•; . '-" • _;;--! J. J..<- ~- l ' • --{ ·. ~ 1 .; ·• ·.)., , t 0: ~.; ', . ' , !:.. .. • H ·' .,... ~\ 

shifts due to optical distorti.on have ?_een c~rrected by compar~ng the 
- "'l,~ • , ....... ~,;··"~ '·, ~ ·.: .dr ... l 1 ·' .,.., ~D.· r !ID~'l r.c· t r 1

' "" ·~ .. 

positions of the fiducials as measured on fh~ fihp plane digitizers 
•.·:~ .. :. :.,:;~ 1~1· t"·· 1 \~'":'. 't J( • ~ -~l·, •• -..t, "1'\t· 

with the positions as surveyed in situ to an acc;ur_acy __ of 250 .1'.· Two 
_;· .,..t.JI 'L.i._:...-.'.1- •• ·~t'lol' f f .u-.r·-- ---~ r.) . r'• ,,f"' : ·,_ ~. _._. ... :1.. ,- ... 

independent checks were made: first, a laser beam traveling along-
~ . ..-.'_,q "'.l, ,• .IC":. . :-!\·-· .. . . ·:· 

side the spark chambers in the general direction of the real tracks 
· , ~ _' . ·· ._ ·.. ··~· :1 (,, ---~ r. .,.._.r · .... a - . ·· ~ J - • · ~· ..... , 

was photographed and the straightne_!ls of the line on·the film was ver-
.· _.f, ":'1 .. :,~.,: •• '0 • ·~ ·' 1.~ ~. . .... . ---~ . ~,,, •.;.. ' •t ... 

ified; second, the charge rat;,~ of events with p > 0.3 TeV for the two 
, ~I • • jo • t ....._,., 

polarities of the magnet were compared. The second test proved that 
.1'-' ;;.It:, •• •:..:-:)~ .·• . ... !.J.!V. 'l .• •· A..:·. J ';!, 

the syste~atics remaining after corrections are.l~ss than 0.3 mra~. 
!'J(' '.:. 1, n,.~:t·. ·. · .,.Jft t,., -· T!<. '" ..,..,,o::v~ tb , ,. ~ydo !'!!:o•;"~-" 

These tests were made as a function of zenith angle. 
r 1.0 -u 

<1, 

' ' 
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Finally a completely independent test of both systematic and 
G 

random errors was made by photographing two sets of tracks with the 

magnet off. First, a beam from the Stanford Linear Accelerator of 

12 GeV muons was sent through at 8 = 90". The results. of measuring 

these pictures are shown in fig. 2a. Second, a large-aperture Ceren-

kov counter was used to sele.ct atmospheric muons at 9 = 60" ·with mo-

mentum greater than 4 GeV. The results are shown in fig, 2b. The 

curves in fig. 2 are the re·sult of calculations based on our completely 

independent knowledge of the measurement errors, and they agree 

well with the histograms. Multiple scattering, which would have 

widened the curves only slightly, has not been included in the calcula-

tion. 

In order to present the data in the most useful way, the moinen-

ta of all particles have been corrected to the "top of the atmosphere"; 

the 100 g/ cm
2 

level was chosen. In this correction, account was also 

taken of a hill which particles of 9 > 81" had to penetrate. The hill 

2 . 2 
varied from 60 hg/cm at 81" to 280 hg/cm at 87" (hg=hectogram). 

Results. After analysis, 2492 particles with momenta great~r 

than 0.3 TeV and 60" < 9 < 87" are available. Rather than deal with 

momentum, whose error is very skew when it approaches 100o/o, it is 

desirable to use the variable k = 1/p, whose error, even when large, 

is symmetric. Any spectrum in p will transform into a spectrum in 

k as dN/dk = p2 dN/dp. (For example, a p- 3 differential momentum 

spectrum transform to dN/dk a: k.) The sign of~ is equal to the 

sign of charge of the particle. 

Figure 3 shows the k spectra for three regions of zenith angle 

-6-

covering the range of our experiment. The horizontal bars indicate 

. the average error in k for that region of 9. Because of these mea-

surement errors, the observed spectra near k =0 are increased sub-

stantially over the true spectra. Any theory must take these errors 

into account. 

ln a preliminary theoretical analysis of our data, .we have fitted 

our distribution in: p and 9 to the following phenomenological form: 

dN 
dtdpciD = 

Q = 
B 

1T 

t.+B 1f 

J B1f + __ R_:-:F-- + x ljQ, 
~ p cose* + B1f p cos9 +B k f 

+ 
RBk 

1 +B ' k 

where B1f = 0.09 TeV, BK = 0.45 TeV, and R = 0.3. For positively 

charged particles, S = C; for negative p;i.rticles, 5 = 1. Thus C is 

the muon charge ratio. e* is the zenith angle at the top of the atmos­

phere. The unknown parameters are D, C, 'V, and x. If x = 0, this 

form repres_ents a rather crude approximation to the conventional 

model [9] where y is the power of the differential spectrum of pro­

duced pions and kaons (approximately equal to the spectrum of pri­

mary cosmic ray protons), and R is !:he charged K/1r ratio. A very 

similar functional form was used by Keuffel et al. [2] in the analysis 

of their data. The parameter x represents an isotropic component 

of muons produced in a fixed ratio to pions and kaons. In our anal-

ysis the simplifying assumption has been made that x does .. not de­

pend on p. A maximum-likelihood technique has been used for the 

fitting, which also incorporates the effect of measurement errors 

** event by event. 
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Since the absolute normalization of our e_xperim~nt is_kno\Vn to 

within 20,%, it is possible to include information from other exp~r~ __ 

iments. at (J -~ o· J _which ~ah be done in many' way_s. Jt was decid~d_to 

use the kno~n integra~ above 1 TeY of muons at 0~ as a. constraint._ 
. - - .. , ' .. 

The value is S.iX 10~ 8/cm2-sr - s [iO]. The cl~iffied accuracy o_f-

this integral is ._lOo/o.; it has ·been u~ed in our fits. wit~ _ari er;or of .30o/o, -· 

to accoUnt for our own ~bsolute no~mali~ation uncer~a'iryty. --·. 

The results o~_the -fits are sho-wn in table 1,' where we include_. _, 
. . 

fits with and without'the. ab_solute normalization con~traint, and with 

and Without allowanc~ 'for non-zero x. 

Figure 4 shows-the ·anguiar distribution of muons above i- _TeV 

from our experiment; where_ corr~ctions have been made ff?_r mo.IY1en­

twn resolution .. The' solid curve represents our'best fit to tJ:l~ co·n­

vent~onal model.wi.th the_ normalization constraint. · Fr,om table 1 and. 

fig. 4, no evidence is seen for any anomalous pr9cess ~n _the produc- -... 

tion of muons integrated above 1 TeV. The char_ge ratio ofi-24±0!05. 

for events abo-ve -0-.3 Te-'V,- shows no change -from l~~er. ene~gy deter~ 
~ . . ·- ·- . . 

·minations. Our fits imply a logarithmic derivative of the _muon mo- _. 

me~turn spectrum at 1 TeVin the vertical of -3.40 ±o.os, whiCh is in. 

reasona:ble agreement wfth oih~r results [ 11]. 

The angular distribution that we obtain ca'n be cor;npa~ed with 

the angular distribution obtained by Keuffel et al. for their smallest 

depths. Since a depth underground is not directly translatable to ,a. 

mome~~. ~n absolute intensity. compa~ison is very c:lifficult .. How­

ever, the Utah group has established a world-survey vertical depth-. 

i.D.tensity curve, and they have--plotted their enhancements above the 
. - . . . . . . . 

vertical flux as a_ function of sec (J at each of their depths. In order 

~ .·. -··· .. 

, .. 
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_to compar~·angular distributions we have chos~n 6.8X ~o-8/~2--sr-s . 

a.s our reference vertical flux (this is the value obtained in the best. 
. . . . 

. fit to the conventional model'with absolute normalization). In i'ig: 4 . . . - . .·· . . .. . . . . ,' ... - . ' 

we have p~ott~d the Utah 2~00 hg/cm2 enhancements ov~r.this refer:-: .. . . . . . . . . . .... ·- - . . 
. . . 

ence value.· .. Th~sthe Utah points in: fig. 4, alth~~gh not plott~d. ~~ 

_the cor:rectabsolu~e ~or~alization, ~a~ be directly col!lpared with . .. ' . . .. -. . . ' - . . 

., ... the_theore~cal curves. ... It is known that_fue sn}a:I~.e~t dePtb-.values 
. . . . • .2 . . 2 . . .. . . . . . .-. . . ·-.. . ·_.-_ .. 

(2400;hg/cm. and 3200 hg/ em ) o·r- Keuffelet (1.1·.~ -~C?ughly_ c~r~e- · 

spond to a 1 rev threshold--for.-muons to penetrate·the rock. We 

have determined that their angular distributions at ~400_hg/ ~2 .-.and 
• ' • • • • • • •• • -< • 

3200hg/cm2 _are rather well-represented by x = 0.02 .a_nd x ::: 0.05 

. . *** . respectively._ . 

Our cQnclusions are: 

.I): We see ·a· _~;ubstantial enhancement at large zenith angles fcir 

. ~uons a~ove 1 TeV, in strong disagreement wit.ll the or~ginal paper 

. of th~ Utah .. group [1j. . . 

•: .. . 2). Without the _inclusion of any absolute norma~ization. constraint 

·,our data 'are not sensitive eno:ugJ:t to_ test the size .of the effect. in the_ 

late13t Utah results [2] ~ 

. . 3) .. If we include a ~onstraint based on·the. ~~rti~al. fl\JX of muons 

aJ>9ve 1 TeV, with an.error of .30.o/o, we then disagr~e wit;h the latest 

·utah results by between _2 and .3 standard de~ations, assuming the 

. specific model considered.-here. We wish to strongly point out_, 

_-however, that at the level of S% x process the ~pproximations of the 

., :<:rude phenomenological model we .are using in this preliminary anal­

. -.ysis are very sus·pect, especially at large sec JJ*, and it would be 

. very desirable to utilize a more sophis-ticated calculation.of the 

·. t. 

''\ _.., 
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theory (6]. It is important to note that the Utah data at 2400 hg/cm2 

I (- 1 TeV threshold, corresponding to our energies) cover a com­

pletely different angular range than does our experiment. The Utah 

data at larger depths, for which we have no comparable data, reach 

to larger sec e* than their 2400 hg/ cm2 data. 

These conclusions _are not sensitive to a systemati~ eTr()r in 

. . -1 
our measurement of k of as much as 0.5 TeY , .nor are they sen-

sitive to misestimation of our resolution by as much as 20o/o. Assum~ 

tion of a threshold a 1 TeV for short-lived parents in the x process 

also does not a~ter our conclusions. 

We emphasize that any comparison betWeen previous results 

and our own is model dependent. We regard our experiment as pro­

viding a significant reduction in the number of possible theories for 

high energy muon pr.oduction. 
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.1970. 

*** . ·This calculation was done with a list ofprobabilities for a muon 
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·Table 1 
. . . . . 

·Results of fits. The parameter.s apply to the formula given in the text. · . - \ 
-8 2 . - . . 

__ . The units of D are 10 '/em -:sr- s-TeV. The conv:entional model (fits 

I and ill) requires x = 0. The absolute normalization consisted of in- lr'· 

cluding the known inte·gtal of particles abOve· 1 TeY in the vertical with 

·a 30% error, :The-· quality. of the 'fits is, good. The ·errors. given_ on- D , .-

'.are_ statistical only.~ a 20o/o ~certainty ~hould be_~d4ed for possible_ 

systemati-c nor~aliiation err.or. 

Fit y .c 

I . 2.60 ::1:0;05 L24 :~:o:o5 

n 2.63::1:0.05 1:24:1:0.05 
.:· 

m 2.62::1:0.05 Li4 :1:0.05 
~. :, . 

IV 2.57::1:0.06 1.24::1:0.05 
--

' 

D X 

8.09:1:0.04 0 

7.36:t:O.H 0.053::1:0.070 

7.97:1:0.04. 0 .. 

.8. 77::1:0.06 --0.030 :1:_0.023 

Normalization 
constraint 

No' 

No 

·Yes 

Yes 
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Figure Captions 

Schematic of apparatus. A, B, and C are scintillation counter 

hodoscopes, M is a 30 kG-m airgap magnet, an,d f-6 are optical 

spark chambers. Mirrors to give a ';0° stereo view of each 

chamber are not shown, nor is the 70 rnm camera which views 

from adistance.of 20 meters. 

Measurements of the bend angle of tracks when the magnet was 

off. a) f2 GeV v. +from the Stanford Linear Accelerator at a 

zenith angle of 90•. b) Atmospheric muons with p >4 GeV, 

selected by a Cerenkov counter, with a zenith angle of 6o•. 

The curves represent ~alculations of the resolution based on 

completely independent knowledge of the measurement errors .. 

Multiple scattering, which has not been included in the calcula;. 

tions, affects the width of the curves only slightly. 

3. Spectra of the quantity k = f/p for different regions of zenith 

angle covering the range of our experiment. k is used in­

stead of p because its' error is symmetric even when large. 

The· horizontal bars indicate the average error ink for that an,­

gular range. The solid curves are from an overall .fit to the 

conventional model with an absolute normalization constraint. 

The relative amount in each angular region is a prediction of 

the model. The experimental resolution has been folded into 

the theory. 

4. Angular distribution of atmospheric muons above 1 TeV. 

a) The solid curve is the best fit to the conventional model of 

pion and kaon decay, using all our data above 0.3 TeV with an 

-14-

absolute normalization constraint from other experiments 

represented by the cross. Our data, the vertical point, and 

the curves are absolutely normalized. The Utah data are from 

·their s~allest depth (2400 hg/cm
2

) and represent a slightly 

lower energy than our experiment. The Utah points have been 

slightly shifted in absolute nor.malization so that they can be 

directly compared with the theoreticai curves (see text for ex-

planation of how Utah data were plotted.) The parameter x 

measures the ratio of anomalous muons to pions at production. 

b) The corrections which were applied to our raw data to get 

the points in (a). The irregularities in the geometrical accep:­

tance are due to the particular choice of triple coincidences. 

The resolution corrections were calculated on the basis of the 

momentum spectra of the conventional model fit. 
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r-----------------LEGALNOTICE------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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