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ABSTR-AC"I"

The ﬂux of atrnosphenc muons as a func-

t1on of momentuxn and zemth angle is measured

£or P >0. 3 TeV and. 60" <6< 87°. Spec1al atten-

tmn is ngen the angular d1str1but10n above 1 TeV., )

[
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2- -cm = thick plast1c’scmt111atorsn mth'luc1te light pipes and 5inch pho-
totubes, wh11e the B plane was twelve 182 cm-wide, 92-cm- long; 2- -
em-thick fpl'as'tic':sci’xifillé.tors vvith Z‘ihch phototubes. ~Thése countérs
were sHown;® in testsiat the -B’év“atrhn inBerkéléy:to be more than 99 ™
% efficient. The B! plane‘was arranged s0 that three adJacent"B"v-_-
counters always lay prec1se1y ‘on a- stralght 11ne°between an A andia
C_.counter.1 The-effectlve’low- energy-cutoff of the tr1gger was about -

5 Gé\ff*’fﬁe%‘r‘i‘gge’fiat_é’f%‘v“as’o.s/'s,* ‘about 20%! b*t'ei:‘n'gi extensive air- ('
show%fi-'s “xivhich."l‘o'ft'e’n‘t’rij‘g'g’er ed many counters in each plane.~ Evénts
of'this’type‘{b%re"aéﬁept?ad in order-to avoid any po’ss'ible bias against
mu‘ltitrack events. (The pictures with muors above ™ TeV contain one

and-onliy'one track more than 95% of the time. Thus other large-

TR LY QU QTS ¢ R P ) oLttt A
zemth angle magnetrc-spectrometer experrments wzth‘apertures :
0S r~ .1} -

comparable to or smaller than 4m should not ‘have a. 31gmf1cant b1as :

too7act iy R R
from the rejection’ of multltrack events ) .
Yo m sdnaiibon 1 T ' N YA
‘During the run, a PDP-8 computer recorded wh1ch counter’s

B SR ‘ A . B
fired and the live trme since.the last event This information, which
“ L ST I P L I n"li -1 ENTasl

. is stored on magnetlc tape, allows an accurate calculatmn of the run-
-ig - b

mng tune for any part of the expenment as well as a careful study of
. Iy LS T A R 2]
any dnfts in counter eff1c1ency
- A OE T e
The entire run resulted in 1.6 millién pxctures. ‘of which 1.0

R it S
million have been used here ‘A program is under way to analyze the
+ + . . % .
data for all 'rnomenta a_bove 20 GeV. However, for the present re-

sults, the film was scanned in order to select onlyhlgh energy

R 2 SNV *H P LS VN R
events. The scanning process consisted of comparing the ‘scan-table
. -
image of a track vnth a stza1ght ruler, and reJect1ng events wh1ch de-
LR S :
viafed too far from a stra1ght line. In this way the scanners were able

£00 a0U ~4-t.

]

‘to pick all events that have a bend angle less than 6 rnrad (p 0.16

-~ e B T R VI &
.TeV) mth 95% eff1c1ency The selected h1gh energy events were
Ce iy “ Ce e 2 I 1 L T
measured on conventronal £1lm plane digitizers. All reconstructed
SR S T [ PR Y B S T TR el (YT . PO SR
events were requrred to sahsfy a fiducial volume test, and only =
TR & 73 SRR S1 IO SN SRR L oA NI P £ .1 X ST G IL FTIEE
events wh1ch fired chamber 3, chamber 4, at least one of chambers.
vt oebile o0 e oo md Bea Saneapy o

1 and 2, and at least one of chambers 5 and 6 were accepted Each

SRRy a<l} .“,r,,..a oy Ameman kBt el Do uu*":]m walei

track was ﬁtted to a hne ‘bent at the pomt of symrnetry w1th respect

BE: SRR 2 I Y A A L T r"l' s

to the magnet center 'The constraints thus 1mposed allow an 1nternal
Beo oL v g Lodtnptads L S o AL R A 3

‘estimate of the accuracy of posxtxon for each chamber- 1t varied from _

YL LI 5 . ‘v.-"‘l e et 3. 47

650 u at 6 = 87° to 1000 nat 60° The resulting momentum accuracy
EESRT S O E PN B el a0 et adat ofs LD v
is such that a 100% (rms) error 13 achxeved at 2 TeV for 87° and 1 -
N Pore KRR | wW, o e PRI T SR
TeV for 60° . o
o PUSEY S TSI DU Y TR R-F 117 SRR I R T S T R foauger
As surance that the random error in momentum ‘measurement is
I B Y B T Lt AR S E- R BRI ST i
well understood and that systemattc errors are small is' crucial to the
T B RS ¥ R T I 705 SO O OF SPR Y . T3, Coaaitos s, -
correct determination of the momentum spectrum and angular drstn- :

I S5 pei €

bution - of the h1gh energy mnuons in our expenment The systemahc
Lok l.’ag;é;,k!i( . AT ST s e e Xy
shifts due to optical distortion have been corrected by comparlng the
= ane gt e Yo adi e wdT vusst rar .. ot -

poBlthnS of the fiducials as measured on the fllm plane dxgltmers

-S4 & EEL RN EE S B

with the posrtlons as surveyed in situ to an accuracy of 250 p. Two

I o d tadile oty T TR W SR A A

mdependent checks were made first, a laser bearn travelmg along-
: P ! . 'S

slde the spark chambers in the general d1rectron of the real tracks

7 SERT S S THACR > B gt

was photographed and the stralghtness of the 11ne on’ the ﬁlrn was ver-

4.
ified; second, the charge ratio of events w1th p>0. 3 TeV for the two

[ [

At Trae e

polarities of the magnet were compared The second test proved that

tu',! MO g X1 .....lb M ] 4 ia
the systemat1cs remalmng after corrections are. less than 0.3 mrad.
Acn Ty et . . adtla oo o vaeass b o e nyda aloiseea

These tests were made as a function of zenith angle.

) — g touy
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Finally a completely in&ependent test of both systematic and
R & ’
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 v

’these'pictures are shown in fig. Za. . Second, a large-aperture Ceren-

kov counter was used to select atmospherlc muons at 9 60" w1th mo-
menturn greater than 4 GeV The results are shown 1n f1g 2b, The
curves in vﬁg‘. 2 are the re'sult of calculations based on our completely
independent hnbwledge 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 momen-

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

the 100 vg/cmz level was chosen. In this correction, account ,wa.s also

taken of a hill which particles of 6> 81° had to penetrate. The hill

~ varied from 60 hg/cmzvat 81° to 280 hg/cm2 at 87° (hg = hectogram).

Results. After analysis, 2492 particles with momenta greater

. than 0.3 TeV and 60° < 6 < 87° are available. Rather than deal with

momentum, whose error is very skew when it approaches 100%, 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 diN/dp. (For example, a p-3 differential momenturh

spectrum transform to dN/dk « k.) The sign of k is equal to the

sxgn of charge of the partlcle

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

~ the muon charge ratio.
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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.

' In a preliminary theoretical analysis of our data, we have fitted

-our distribution in p and 6.to the following phenqmenbisgical form:

Frap@ - Dse’Y T+ 21‘ tx 1/Q
pcosf +B_ pcosf +B, -
0. B, RB
T 1+B 1+B, °’
T k

where B_=0.09 TeV, By =0.45 TeV, and R = 0.3. For-positively
charged part1cles, S = C for negatwe particles, S = 1. Thus Cis
6 is the zenith angle at the top of the atmos—
phere The unknown parameters are D C, Y, and x. If x-O this
form represents a rather crude approximation to the conventional.
model [9]‘where Yy is the power of the differential spectrum of pro-

1]

duced pmns and kaons (approx1mate1y equal to the spectrum of pri-

Tnary cosmic ray protons), and R is the charged K/r ratio. A very

similar functional form was used by Keuffel et al. [2] in the analysrs
of their data. The parameter x represents an isotropic component
of muons _produced ina fixed_raﬁo to pions and kaons. Inour anal-
ysis the simplifying assumption has been made that x doesbz-;not de- ]
pend onp. A maximum-l_ikelihood. technique has been used for the
fitting, which also incorporates the effect of measurement errors

ok
event by event.
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Since the .absolute normalization of our experiment is known to

within 20%, it is p0581b1e to 1nc1ude 1nformat10n from other exper-.

unents at 9 0° ; wh1ch can be done in many ways. It was dec1ded to .

use the known 1ntegral above 1 TeV of muons at 0° as a constramt

The value is 5. ix 107" /crn -8r - s [10] The clauned accuracy of

tlus 1ntegra1 is 20%, 1t has- been used in our f1ts w1th an error of 30%, i

to account for our own absolute normahza'aon uncerta1nty

The results of the f1ts are shown in table 1, where we mclude

fits with and thhout the absolute normahzatmn constramt, and w1th
and w1thout allowance for non- zero X.

F1gu.re 4 shows’ the angular dzstnbutlon of muons above ‘1 TeV

from our expenment, where correctlons have been made for momen-_

tum resolutxon - The" solld curve represents our best fit to. the con-

ventional model’ w1th the normahzatxon constraxnt._ From table 1 and

fig. 4, no ev1dence is seen for any anomalous process in the produc- - |

tion of muons 1ntegrated above 1 TeV The charge ratxo of 1.240, .05,
for events above 0. 3 TeV shows no change from lower energy deter-
manatmns Our f1ts 1mply a logarithmic der1vat1ve of the muon mo—
mentu.m spectrum at 1 TeV in the vert1ca1 of -3.40%0. 05 which is in-
reasonable agreement w1th other results [11].

The angular dxstnbutlon that we obtain can be compared wzth ,
the angular dlstrlbutlon ‘obtained by Keuffel et al. for their smallest
depths. Smce a depth underground is not d1rect1y translatable toa -
rnomentum, an abso_lute 1ntens1t_y compar1son is very difficult. How-
' ever,_ the Utah group has eétablished a world;'Su"rv‘ey vertical depth-
intensity curve.‘ and they hav‘e:'plotted their enhancements above the_
vertical tlux as a‘function ot’ s'ec' 6=i= at each of their depths. In order

L

-fit to the conventlonal model w1th absolute normahzatmn). In, ;f 1g‘. 4

- we have plotted the Utah 2400 hg/cm enhancements over. thzs refer-

... muons above 1 TeV in. strong d1sagreement w1th the ongmal paper_

. spec1f1c model consldered here.

-8-

- to compare angular d1str1but10ns we have chosen 6. 8X 10 8/<:m ~8r-s.

as our reference vertical flux (th1s is the value obta1ned in the best

gy

. ence. value. Thus the Utah pomts in ﬁg 4, although not plotted w1th n

the correct absolute normahzatmn, can be d1rectly compared wrth o
the theoretlcal curves.l ‘It 1s known that the Smallest depth values
(2400 hg/cm -and 3200 hg/cm ) or- Keuffel et al. .[z‘ﬁ] roughly corre- o

spond to a1 TeV threshold for.muons to penetrate the rock We

. have determxned that the1r angular drstnbutlons at 2400. hg/ cm .:and

3200 hg/'cm ‘are rather well represented by x = 0 02. and x = 0 05
respectxvely o
- Our conclusions are: . . - o »

i) We‘»see Aa‘ substantial enhancemeént at large zenith angles for

of the Utah group [4].-

.2).. Wlthout the inclusion of any absolute normahzatxon constramt
.our data are not sensxtive enough to test the size of the effect in the ' -
latest Utah results [Z] .

. 3) _If we include a constraint based onthe. vert1ca1 ﬂu.x of muons .

above 1 TeV, w1th.an error of 30.%. we then dlsagree with the latest

'Utah results by between 2 and 3 standard dewahons assum 1ng the

We w13h to strongly po1nt out,

however, that at the level of 5% x process the approxxmatlons of the

.“crude phenomenologlca.l rnodel we .are using in this prehrn1nary anal- ¥
. : % .
. -y8is are very suspect, especially at large sec § , and it would be

- very desirable to utilize .a more s'ophis'ticated calculation of the



our measurement of k of as much as 0.5 TeV

-9.
theory [6]. It is important to note that the Utah data at 2400 hg/ cm?

{~1 TeV threshold, correspondlng to our energ1es) cover a com-

pletely different angular range than does our experunent. The Utah

data at larger depths, for which we have no cornparab_le data, reach -

to larger sec9 than their 2400 hg/cm data.

_ These conclusions are not sensitive to a systematlc error in =

1, nor are they sen-

sitive to rmseshmaﬁon of our resolution by as much as.20%. Assump-

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

also does not alter our conciusions.
We emphasize that any comparison between previous results
and our own is model dependent. We regard our experiment as pro-

viding a sig’nificant reduction in the number of possible theories for

~ high energy muon production.
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* ~This calculation was done with a list of probabilities for a muon
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“of Utah Cosmic Ray Note No. 108, Jan. 1971.)
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Table 1

» ‘Results of fits. The parameters apply to the forrnula given in the text
... The units of D are 10° /cmz-sr-s -TeV. 'I‘he conventional model (fits

I and IM) reqmres x=0. The absolute normahzatmn consisted of in-

cluding the known integral of particles above’ 1 TeV in the vertical with
-a’ 30%error. Thequality of the: fits is, good ‘The. errors given on D
. "_are statxstlcal only, a 20% uncertamty shou.ld be added for posmble '

K] ystematlc normahzauon error R O

Normalization

’ ﬂ‘_:_ Y | Xe B ‘D‘-. L x constlfaint_; :
1 ‘z.'6‘o'=tb.-os' 1.2;;0':'0'5 809#0 04 0 . .. N
o 2.63%0. 05 1.24%0.05 7.36%0.41 0.053%0.070 - . No

: m 2.6220. os 1.2420.05 7. 97¢o o4 IR . Yes

o2 suo 06 1.24£0.05 8.77£0.06 0. 03040.023 © . . Yes

-~

4%
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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, and 1-6 are optical

spark chambers M1rrors to give a ';O" stereo view of each
chamber are not shown, nor is the 70 mm camera whlch v1ews v

from a d1stance of 20 meters

Measurements of the bend angle of tracks when the magnet was

off. a) 12 G@:V p.+ from the Stanford Linear Accelerator ata’
zenith angle of 90°. b) Atmospheric muons with p >4 GeV,

sele.cted by a Cerenkov counter, with a zenith angle of 60°.

"The curves represeht calculations 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.
Spectra of the quantity"k = 4/p for different regions of zenith
angle covering the range of our exheri.rne'nt. k is used in-

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

The horizontal bars indicate the average error in k for that ;u;- ,

gular range. The ‘Zs'olidv curves are from an overall fit to the

. conventional model with an absolute normalization constraint.

The relative amount in each angular regioh is a prediction of
fhe model. The e:ﬁperimental resoluﬁ:on hés been folded mto ’
the theory. » -

Angular diétributit_:in 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 experimenfs
represented by the cross. Our data, the vertical point, and

the curves are absolutely normalized. The Utah data are from

" their smallest depth (2400 hg/cmz) and represent a slightly

- lower energy than our‘experirn’ent. The Utah points have been

shghtly sh1fted in absolute normahzatmn so that they can be

directly compared with the theoret1ca1 curves (see text for ex- -

planation of how Utah data were plotted. ). The parameter x
measures the ratio of anornalous muons to pions at production.
b) The cérfections which wefe applied to our raw data to get
the points in (a).. The irregularities_ m the geometrical accep-
tance are due to the particular choice of triple coincidehcés.

The resolution corrections were calculated on the basis of the

momentum specfra of the conventional model fit.
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. . LAWRENCE RADIATION LABORATORY

TECHNICAL INFORMATION DIVISION

UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720



