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The existence of the Ja-meson, as a heavy electron, is in
itself an "anomaly'" but perhaps not the only one since some unex-
pected results of recent experiments 1,2) on cosmic ray muons of ve-
ry high energy indicate anomalies in our understanding of this parti-
cle,

This circumstance has led to speculations about possible a-
nomalous couplings of the wv-meson and or the existence of a new ty-
pe of particle as for instance the SUg triplets or some others like the
intermediate vector bosons, A less drastic interpretation of these re-
sults but one no less important than the hypothesis of exotic particles
and interactions takes the view that the results of some of these expe-
riments may be witness to a significant departure of very high energy
QED from the predictions of familiar approximation schemes such as
the vector meson dominance model, In the following pages we study the
results of the experiments mentioned herein above and the consistency
of some of their interpretations. We find that although these interpre-
tations cannot be dismissed outright as untenable, their physical bases
will have to await more refined data, desirably from many experimen-
tal groups, before they can be finally established.

1. - MUOPRODUCTION

In the analysis of muoproduction data the vector meson domi-
nance model has been extensively used. According to this model the pho-
ton exchanged between the muon and the proton is a vector meson ( see
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Fig. 1) ( or better a number of such mesons) in disguise; fromw) this

follows that the total photoabsorption cross-section L-“Kp( V') is given
by y
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where KP 0 give the couplings of the photon to the neutral vec-

tor mesons °, ou , § and 6 (v= 0°, w,f) can be calculated from the
diffractive production of thes& mesons.

FIG. 1 - Muoproduction in the
vector dominance model,
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The application of the vector meson dominance hypothesis
to high energy e-p and m-p scattering is however not very successful.
The general expression for the d1fferent1al 1nelast1c cross section
in terms of the form factors W (q s v W2(q , v is
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where Wy and W2 are related to the cross-sections 6} , Gl for the
absorption of transversally and longitudinally polarized photons res-
pectively
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Substituting from (3) and (4) into (2) gives
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If the contribution of ¢ is included as was shown by Sakurai,(. ) one has
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The cross-section C' ( v) has been measured by various groups
and some theoretical caﬁculatlons of it are also available. As seen



from Table I 6'% ( v) is approximately constant for vy above 1 GeV.
We shall take for ItJhe constant value Gi,p( v) =125 JAb.

TABLE I
Technique Photon .
Reference 6 6, (V)
used energy ¥ p w
GeV
ABHHM Collaboration |Bubble chamber pho-
toproduction 3.54v¢5.4 (118 +117
1. BALLAM et al. Bubble chamber pho- ‘
toproduction 17 <yLis 126 +17
D, O, CALDWELL et al.|Counters 7.4 <ve9.4 |118, 8+ 2.6
" " 12 < ve15,2  [114 + 2.8
" " 14.44YZ18.3 [113 + 2.5
M.DAVIER et al, Vector dominance :
model Y=g 130 +30
G. KNIES Quasi elastic optical
theorem 3 £ Vvesb 99 +12
~ PBuccella and Colocci  |Regge Pole theory Y >5 130

The comparison of eqs. (5) and (5') with experiment is di-
splayed in Table II where the experimental entries are from Kirk et
al. (), What seems noteworthy about the vector meson dominance mo-
del is that recent data by Wilson 8) et al. and by Perl(9) et al, are bet-
ter fitted with eq. (5') than by eq. (5). It must be reme mbered though

TABLE II
Cross section per nucleon in b meson production
Muon energy events
experimental eq (5) eq (5")
2.5 GeV/c 3.6+ .1 5.22 5.6
5 GeV/c 5.1+ |5 7.83 8.37
10,5 GeV/c 11.4+1. 4 10.8 11.5

that eq. (5') was motivated by the failure of eq. (5) to fit high—energy(m)
e-p data and that one consistency test of eq. (5'), namely the ratio bet-
ween the longitudinal and trasverse cross-sections 6 ., 6% predicted
to be proportional to qz/ m?2 by Sakurai has been contradicted in e-p
scattering,

Information on p-pPscattering in cosmic rays comes mainly
from measurements underground. Such measurements are plagued by
large uncertainties due to experimental difficulties especially that of
distinguishing between nuclear and electromagnetic showers.



In fig. (2) we have plotted the shower cross-section defined by

6.9 T E“mp, ©
(6) Oy (x) = | F(E,x)dE ,g%(E,»V) [ |F(E,x)dE
E(mm) \fmin E(min)

where F(E, x) is the muon-spectrum at a depth x underground against

x using eq(5) and (5') to get de& /dv . For v_ . we have used 2 and
5 GeV. min
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FIG. 2 - Cross section for shower production under-rock.
The solid and dashed lines are obtained using eq. (5) and
eq. (5') respectively with Vin = 2 and 5 GeV, The value
of ¥inin in each experiment, which differs from 1 GeV is
given near to experimental point,
Egs, (5) and (5') are in agreement with these data(lz), In Ta-
ble (3) the predictions of vector dominance after normalization at

TABLE III
qz(Ge'V.)2 b eq(5) » eq (5") Experimental
: ' (Higashi)
2 10 10 10 +2
5 .97 3.95 5 +1.4
10 . 0098 1.13 ~2,3+1.1
e ee————————————— e e ————————————e——




. : ; . : 2
q2 = 2(GeV/c)2 have been compared with the measurements of Higashi(ld)
et al. of the integral muon-spectrum with respect to qz for Y2 5 GeV,
There is a marked preference for eq. (5') instead of eq. (5).

The above discussed agreemcnt of the vector meson domi-
nance model with cosmic ray data is to be contrasted with the fact that
recent measurements underground snow an anomalous behaviour
with respect to it. The same is true of a muoproduction event of energy
transfer ¥ = 300 GeV observed by Higashi(15)et al., during a year and
a half of observation. The frequency of this anomalous event taking ac-
count of the experimental geometry is about ten times what one would -
expect from either eqs. (4), eq. (5) or(5'), The comparison of the sea
level muon energy spectrum with the depth-intensity curve through dE/dx
can give little information on -p scattering because df the errors in
the relevant experimental parameters (exponent-of the spectrum, brem-
sstrahlung, pair production) and also because the large part of energy
loss is due to interactions with small q and y . In conclusion it is clear
from the above that eq. (5') fits better the high energy cosmic ray muon
data than eq(5) suggesting that for high energy transfer, v , there is a
possible anomalous increase in the muon-nucleon cross-section with
respect to the conventional picture.

2. - HORIZONTAL AIR SHOWERS

The frequent extensive horizontal air showers observed by
the Tokio(l)group and later confirmed by Wolfendale et al. (17) are of
considerable interest to muon physics. The caracteristic properties
of these horizontal air showers (HAS) are:

i) The primaries of HAS for zenith angle 0 > 70° are clearly different
from those for 0 « 559,

ii) The zenith angle distributions for 60°g 0 < 75° follows the sec 0
law exactly as for muons, :

iii) There is a significant departure from the sec'0 law for 6 > 75° ;
the corresponding attenuation length is between 2000-1000 gm/emz.

iv) The exponent of the spectrum of the HAS in function of the energy
transfer (size) is -2,8 + 0,3 for 0 > 70°, :

v) A large percentage of HAS nuclear cascade showers is obSefved in
HAS.

These properties, especially (v), point to two possible facts:
(a) The aw-p cross-section increases at high energy (E > 103 GeV)
(b) The primaries of the HAS are not muons but another type of particle
with a strong coupling.

These two possibilities and their consequences are discussed



2. 1. - Inapplicability of the Vector Meson Dominance Model

In Sect. (1) we have seen that although cosmic ray data on
A -p scattering are in accord with the vector meson dominance model
for relatively low energy they suggest that at high energy there could
be an anomalous increase in the Ax-p cross-section.

If the HAS are due to muons then from their properties listed
above they are the first experimental information on muoproduction with
v > 10% GeV and a large cross section which disagrees with the vector
meson dominance model equations (5) and (5'). In fact the use of eqs(5)
and (5') to compute the integral fluX of HAS ,

QO [0 0]
_ d &
(7) J(vmin) = / d E M(E) jdr v N AXx
Y.

Ymin min

gives very poor result as seen by the dashed curve in fig, (3).

In eq. (7) M(E) is the conventional differential muon spectrum, N
Avogadro's number and AX=400 gm cm-2 is the mean distance between
the point of origin of the event and that of observation,

The minimum and maximum values of q2 used are:

2 2 i
qm' Y m / [E(E V)J qmax— 2'MNV
A faut de mieux we have adopted the parametrisation
C 0,3
8 W , =
(8) S(vra) = =3 -

of v W, found to fit the SLAC-MIT data for ¥ /q > 5 GeV -1 and for
both \ and g2 separately large (minimum value of q2~ 0,5 GeV2) in
eq. (7) and the resultant form of J( ", i) is the full curve in fig. (3)
which as seen is quite close to the experimental points. This agree-
ment of eq, (8) with the HAS data is rather surprising since q2 for the-
se events is small and we know both theoretically and experimentally
for v up to 20 GeV that vWy o qz G} tends to zero for q2 —> 0.

If the HAS are due to muons then the agreement of eq. (8) with experi-
ment irmplies ipso facto a break-down of the Weizsacker-William's ap-
proximation following which @"f ('.Y, qz_) for q2 & m2 can be expanded

in a convergent series about ¢2=0 ’
(9) 07 (v, a®) = 6 (V) (1+aq?+bat ..., )
Eq. (8), on the other hand, gives
, . 4 : ;
(10) qM@h—%i c
; "

even for small qz provided Y'is large ¥-> oo,

' A conclusion that can be drawn from the above comparison of
egs. (9) and (10) with experiment for large Yy and small g2 is that high
energy QED may differ from what, out of habit, is expected of it on the
basis of familiar approximation methods.
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2, 2.~ SU3 triplet particles

If the HAS are not from muon parents one is forced to conclu-
de that they are produced by strongly interacting parents(21). Since such
strongly interacting parents cannot be nucleons (the inelasticity Ky of
nucleons is 0.5 and are therefore absorbed at large zenith angle) it must
be supposed that they are particles heavier than the nucleon and therefo-
re with a small inelasticity K. This hypothesis would fit in well with
the properties (iii) and (v) of the HAS. The likely candidates could be
the massive particles whose possible existence is a consequence of the
SU(3) symmetry., We have examined the data of Dardo(22)et al. on tri-
plets whose mass my should be between 10 and 15 GeV and whose mean
free parth '{T is between 2 and 3 times that of the nucleon KN' The
value of X given by Dardo et al, is just about what one would expect
theoretjicali[)".

The inelasticity K, can be calculated from the relation

KTMT — KNMN'

Using the formula:

(11) J(VY = I,(Emin) Dx/ /\T

to calculate the integral flux I5(Epyin) of the assumed heavy primaries
with energy E 3 Emin (Emin = Vmin/KT) from the integral flux
J( Y min) of the HAS with energy \ > Vpip We find the result displayed
in fig. (4) (the horizonthal flux has been converted to the vertical using
the experimental ratio from Dardo et al, ), Starting, from the experi-
mental flux ( ~ 10-7 cm-2 g-1 sr‘l) of Dardo et al. referring to a tri-
plet energy near threshold, 3 /_‘f: ,. one can obtain the flux in the energy
interval concerned: H’"

N

2

2
. \
(®/3 ) ¢
N

‘ .
(12) . IO(E) =10

with X = 1, 6 the exponent of the primarie spectrum. Eq. (12) is a stra-
ight line which passes very close the I values obtained from the HAS
data with corresponding errors,

3. - ZENITH ANGLE DISTRIBUTION OF HIGH ENERGY MUONS

In a series of underground experiments the Utah group(z) has
provided evidence that the intensity of ultra-high energy muons (E > 1012ev)
does not show the sec @ enhancement that is expected of it if the main
source of muons is the decay of pion and Kaon parents, The almost iso-
tropic zenithal angle distribution reported points to the existence of muons
that are produced directly, either in the nucleon-nucleon collision in the
atmosphere or through an intermediary of very short life-iime itself pro-
duced in the N-N collision; the overall muon spectrum is best fitted by
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the formula:

M(E) = c_E ! L k(E, VB(E cos® +B) L +

2 -1 -1 -1

(13) X -1, -
+RC, E (cm s sr (GeV)

)

in which the first term represents the conventional muon spectrum of
T -K derived muons and the second term is the contribution from the
direct process; the parameter R 0,02 which fixes the direct spectrum
is simply the ratio of muons derived from the direct process to the
total number of pions of the same energy. Cph =0,225, (= 1,7

B = 90 GeV and the factor X(E,0 ‘) which varies between 1, 16 and 1,38
corrects for the ratio of kaons to pions of all charges.

Suggestions as to the origin of the direct process are many
and varied: Callan(23) and Glashow have argued that not all the parti-
cles observed underground are muons but that there is a new type of
stable particle, the W. -particle, which arrives at the detector from
the top of the atmosphere without interacting. The UL -particle hypo-
thesis is in conflict with the experimentally(24) confirmed fact that the
penetrating component of cosmic rays consists only of muons,

On the basis of the disagreement between the measurement of
Farley et al. of the muon g-factor
(expt) _ 1

| ) -7
(14a) a)b 5 (g—z)r = (11664.5 + 33)-10

and the then theoretical value
(th) _ 1 _ -8
w = 5 (g-2), = (116564 + (10-20))- 10

Neito(25) pointed out that the deviation of (14a) from (14b)
which could be explained by postulating the existence of a neutral vector
boson whose coupling constant f to the muon is related to its mass M by:

(14b)

-2
—_) X
(15) B ( e ) (33 GeV)
is consistent with the direct production mechanism since if such a
boson is exchanged between an incoming and an outgoing muon it can
also deca%I into a muon pair. However with the recent measurements
2

of Farley 6) et al,

. (expt) _ 1 e -8

(16a) a)w = (g~2)/w = (116616 + 31)-10

and of the detailed calculations of af(ih) by Aldins et al, (27)
(16b) 2t —%—(g-Z)/% = (116587 + 3, 4)- 1078
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the discrepancy between theory and experiment is essentially elimina -
ted and the small difference between (16a) and (16b) could most proba-
bile be due to experimental and theoretical uncertainties, In this case
the near agreement between (16a) and (16b) places a stringent limit on
the electromagnetic coupling to the higher mass hadrons which can
contribute to the muon g-factor through vacuum polarization, The ge-
neral formula(28) for the hadronic contribution to a o is

©
(17) a}b (hadrons) = 4 & 2 JF(X)X%{(X) dx

o

where the spectral function f (q2) is related to the total cross-section

G’h(e"'e') for ete~ annihilation into hadrons by

3 .2
16T &
18 G (ete™) = —F— 2)
(18) (eter) = = fa
and K(qz) is a slowly varying function defined by the integral
, 1
; z2(1-z) ~ 'mz .
(19) K(q) = ) dz 5 T Taar
: 0 z2 + (l—z)‘-?'h—z‘— |
s

with m ,, the muon mass, Substituting from (18) and (19) into (17) and
simplifying gives:

L
2
~ _m dx G 'plete-)
(20) a/M’ (hadrons) = 1—2—%\_“33-— , "
0

It follows from (20) that if the small difference Sa between (16a)
and (16b) is regarded as the upper limit of the theoretical error of ha-
ving neglected the contribution of higher lying hadrons with mass grea-
ter than {xg» m¢ then eq (20) implies

oD
3
21 dx. 12T
( ) ;x- G‘k(e+e_) é——r;'l/'z:—" S a/,~ = 8.2/4\4b

Ko
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Thus a reduction of the experimental errors apart from confirming
the QED calculation would seriously limit the cross-section for ete-
annihilation into hadrons. An upper bound similar to (21) is placed
on whatever hypothetical coupling is held responsible for the small
difference & au . Inthe case of the "rector boson considered above
one would have(29);

£

-2
. P4 V
4T ) Mz = (45 Ge )

(22) 0< (

Other particles such as the SU3 triplets or a new class of hadrons
capable of decayinginto hadrons states containing muons have come
under examination for their possible responsability for the direct me-
chanism of muon production, Whatever hypothesis advanced in support
of the direct production mechanism comes under two serious tests:

i) To find a physical explanation for the large cross-section & (pp-x),
which would be between 10-26 and 10-28 ¢m2, where x is the interme-
diary in the chain p + atmospheric Nucleus—= x—-r/a‘..-i- ?

ii) With the new muon spectrum in eq. (13) determined to within the pa-
rameter R one must obtain the depth-intensity curve of-muon under-
rock which is known to be in agreement with the conventional pion and
Kaon derived muon spectrum at sea level,

As to the first difficulty one can, at least for the moment,
overlook it since anomalously large cross-sections are nothing new
to cosmic ray events, It is sufficient to remember that the large cross-
section for nucleon pair production in estensive air showers with energy
greater than 100 GeV is very much greater than the geometrical cross-
section &g =T /\lp ( /\P‘:)R/M.NC is the Compton wavelenght of the proton)
while that for the production of p at 30 GeV ( G5 ™~ 10-30cm?2) is appro-
ximately equal to the geometrical cross-section, the corresponding
cross-sections for the productions of [ , K and p in p-p collisions
follow the geometrical law as originally suggested by Adair and Price(30),
The second difficulty is more demanding since one must find an additional
mechanism of energy loss by muons in order to consistently take account
of those directly produced, One way of circunventing this difficulty was
suggested by Bergeson(3"1) et al, and consists in assuming that the photo-
nuclear cross-section & (v) increases with the energy transfer ¥ in
such a way that eq. (13)matches the depth-intensity curve. Using the formula

dE
(5 = by | F
dx Nucl Nucl
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one finds under this assumptions that byy,e) increases up to a factor.
six above the normal value. This large increase is however not ob-
served in underground experiments because the events characteri-
- zed by high muon energy and very large energy transfer ( v>1 03GeV)
which should give rise to it are rare deep underground. | L
However if the HAS are muon-produced then from the work
of the last section we have an example of individual interactions With '
large energy transfer Y characterized by an anomalous increase in.
the cross-section which can account for the needed energy loss neces-
sary to match eq.(13) with the depth-intensity curve. N
New leptonic interactions such as those illustrated in Figs. (5a),
(5b)and{5chave come under consideration through the possible existence
of the intermediate vector bosons wt as likely mechanisms of the muon
energy loss, The diagrams in Figs. (5a) and (5b) can be evaluated and
shown to give cross-sections of the order of 10~ cm? at most, Dia-
grams of the type in Fig. (5¢), although possible are mainly speculations.

FIG, 5 a), b) - Muoproduction of W, Fig, 5 ¢) - Muoproduc-
tion of strong Wg

A possible experiment to detect a possible anomalous inte-
raction giving rise to two muon second aries in the final state following
the chain

(23) 4+ —2 M X
/A. + p / + L«-'y/w +“?‘

is an underground measurement at different depths of the ratio S of the
number of decaying muons to the total number of incident ones. If inte-
ractions such as (23) do not exist then S should fall-off precipitously
with the depth as the mean muon energy increases, But if (23) exists
with significant probability then S would have a slower fall- off with.
increased depth by reason of the added second aries.
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CONCLUSION. - :

High energy physics, because of its very nature and the spe-
culations which go into making it does not permit an easy interpretation
of or conclusions on it$ results even those obtained experimentally. For
instance the work of Aldin et al. has rlmost completely destroyed any
basis for hope in explaining many experimental facts such as dlrect mu-
on production by arguments based on the possible existence of W—
Nontheless the HAS, the experiments of the Utah group and that of the
Torino group on triplets combine to feed the suspicion that there is
something new happening in the ultra-high energy region. To have defi-
nitive answers to the problems which have been touched upon above more
and new data, especially those from visual techniques, are greatly
needed.,
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