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More than ten years ago and. 

· K. Greisen [2] have pointed out that the muon flux pro-

duced by atmospheric.neutrin~s might be observed~ From the 

quantitative estimates of· the llUon rate tJ,41 516) it 

was clear that this -induced muon flUx can be con-

. sidered as a. possible tool to obtain information . for the 

high energy properties of the ~ ~ interactions, the 

existeno e of the intermediate vector boson (IVB) and perhaps 

on some extraterrestrial sources [ 2) 

The huge background of the primary cosmiC ray muons 

which is present at the sea level can be reduced by two 

methods: 

a) Measuring the muons produced by neutral particles inside 

the detector by use of anticoincidence technique 

b) Locating the detector at such a great depth where the 

primary }L -flux i8 absorbed giving·only a negligible 

background. So muons deep underground travelling in . 

upward or horizontal direction can be identified by 

the .VIA -ind,uoed muon. 

Untill the neutron flux at the sea~level is known with the 

present accuracy the firs!:method can not be applied since 

it is impossible to decide whether the. muons were. produced 

by neutrons or neutrino •. Measurements using this arrangement 
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were done by Cowan ~t al. [7] and Ashton et al. [a] 

The approach b) was adopted by three groups: in the 

experiments performed in the Kolar Gold Fields "[9} ( KGF) 

ani in the East ·'Rand Prop~iatery Mine (ERPM) Tlo) the 

detectors were' located at 7ooo and 87lo meter .water-equiva-
+ lent· (m~w.e.) .depth ,.respectively, where the primary 

cosmio ray muon intensity is acceptably low; the group at. 

the Utah Un~versity [11) , however, used moderate depth 

(2ocio m.w.e.) in conjunction with the experiment that the 

Yr- -induced muon be travelling upward •. 

+If we know .the effective range-energy relations of muons 

for a rock, then the depth can be labeled by the energy 

which corresponds to effective range equal to the depth. 

If effective range-energy relations are known for various 

rocks (among. others for standard rock 7! = ·H 
1 

n-·= 2 2 
1 

· Zf!l"' 

"'s-.s· ) ~-=- l.C>S ~CII'Ii3 ) then every depth value can be trans

lated into the one for standard rook. In standard rock 

the depth in KGF is 76oo m.w.e •• The ERPM rock is very 

similar to the standard rock, in standard rock the dttpth 

where the detectors were located in ERPM·is 874o m.w.e •• 
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The values of the muon flux obtained in these experiments 

.are given in Table I+. 

It is natural to ask·whether or not these experiments 

having produced the numbers for the muon rate are able to 

·'give information _about the ~ N interactions at high 

eMrgies, as it has been expected? We shall see that we 

can definitely give positive answer for this question. 

Table I 

Experiments Data of measurement~ Events 

El'BM 1964-67 J6 J,7 o,6 

KGF 1965-69 16 2,6 0,7 

UTAH 1969 2 5 J 

Total number of events: 54,in average:J,2t 0,1 

Experimental fluxes of muons produced by neutrinos 

+To facilitate the comparisons, the flux· is given by assuming 

isotropic neutrino induced muon distribution •. The horisontal 

( 
""l_) •o·'l ., ..• ,-1 

flux in ERI'II and in KGF are If., 2.t. C. • )( ' 0!o1 "« sr and 

(J.5;t0.9)1CID13CM1'1.s.eitsi-1 
, respectively. 
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The muon flux induced by atmospheric neutrinos can be 

calculated by use "of the integral formula" as follows 

""' . <ol> ... cl q-1\ d c -) ~ 
H!H)-:::· Nrr JNN+v1 e,o)cie-~ 5t:,... ~~ .. (- ·'x-~oo. de.,.;) 
-'.·It£_ "'(. J ~ • (1) 

whe.re N\~+-~ 1 E.,e) is the intensity of the atmosphe~ 

ric 1,... and' -v,.. at horizontal angle e 
(measured to the vertical), chJae !"" is the differen

tial cross section per nucleus for the reaction YJ4 t' ~ · 

---:--, )J- + anything+, .(-~ ) is the average 

energy loss of muons in the rook, E is the 

threshold energy !or _the detection, ~~ is the 

Avogadro's nt•mber, It is the number of nucleons in 

the nucleus, If we assume that dEI'/dx- const, then 

we get instead of (1) a simpler formula 

+Assuming that the nuclear effects (Fermi motion, Pauli 

principle, rescattering and absorption of recoiling 

nucleons) can be neglected &~ll .. rdO""pf.(A-Z:)&cr" 
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where Clr(Eo~' 
t)-· . ' 

the reaction 

the effective 

rock and '. J 

to the muon f1 

12. -= I. e"'/e. 

In order to ee 

neutrino we l: 

1) the :1 

N<v 
ii) thea 

iii) the c1 

react 

At muon energ:1 

(2), that is :1 

the effective. 

and the parame 



tos can be . 

: follows 

he atlnosphe...; 

:le" 0 

he differen

ion .Yp. t l: · 

the average 

is the 

s the 

ucleons in 

, then 

tion, Pauli 

ecoiling 
~-:Z::) & <r,; . 

"""' 
Iu(e,i) ¢ ~ J t.J(vt-~ 1 e.,,o) o;TCt..,)R.(fte~-<t.)dl:".., c2) 

r 'i/r. 

where ()':. (E~ )is the_ total cross section per. nucleus for 

the reaction -1,..+ 1: ~-, r t- anything, R is 

the effective range energy function of muons in the given 

rock and is the average energy ratio. transferred 

to the muon from the neutrino defined as 

(J) 

In order to estimate the muon flux produced by atmospheric 

neutrino we have to know 

i) the intensity of the atmospheric neutrinos 

N ( -1+-::;, e-, E-.J) 

ii) the average energy loss of the muons - ~tf 
11i) the differential cross section d£ J&,. 

reaction -J+-r---r;; ~·.anything. 

for the 

At muon energies less then 5o GeV we can use the formula 

(2), that is instead of ii) and iii) we have to kp.ow only 

the effective range of the muons, the total cross section 

and the parameter defined by (J). 
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It is cl.ear that the strength. of•the restrictions which· 

'may be derived: on the crDllS section cl<r" : at very high 

ener~e~ (not accessib~e for accel.erator~);'dep~nds '·on···the 

uncertainties which we have in the ~,.. -inte.nsity, .. in. the 

average energy lOSS' of the muons and in the informat:l.ons· .. 

obtained 'by accelerators' at :lower energies. on the other .. 

hand.; ewe could: deri've more ccliiclusive constraints u we 

would have' not only the rate·but the energy spectrum' of the' 

"t-- -induced muons, as wel.l.~ ·J-

The fl.ux, the intensity, the average energy of the 

...J,. . -induced muons have~ ~een .;estimated by var~ous authors 
..,.., ... "' 

[12, lJ, 14) • For e~ergLes l.ess.than l.o GeV the 

linearl.y rising total cross section obtained in the CERN 

heavy liquid bubbl.e chamber experiment. [15) . was used. 

At higher energies it was assumed that it increased 

linearly up to a critical energy value wher~ .the, total 

cross section became to be constant. From the .. measured 

muon-rate the authors were able to derive restrictions 

on the val.ue of the energy where the saturation began. 

The energy transfer ratio .. to the muon from the neutrino 

ft was assumed to be .. constant. 

The theoretical devel.opments concerning the deep-in

elastic lepton-nucleon scattering stimulated by the SLAC-

MIT experiments [16,17 jl8119] 

the revision of these analyses. 
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· The first estimation which included the 11scale-in-

variance" of the deep-inelastic scattering was done more 

than two years ago [ 2o] • For the structure functions 

of the ~ N deep-inelastic scattering the scale inva

riance was assumed in the form as it was suggested by 

a revised analysis of the CERN experimental data (21) 

It was noticed that the scale invariance restricts the 

value of the energy transfer ratio to the lir:1its 

O.S ~ -~- ~ O.t-5" • Similar bounds were found by 

Bjorken [2oJ using the locality of the lepton current 

[22) • Especially, if the constituents of the nucleon 

have spin hlz. and the sign of the third structure 

functi-on is negative we O!UL:. get that 

(in agreement with the data of the CERN experiments ., 
(see Ref. ~9) ) ). 'it was shown that if the linear rise 

of the total cross section could be-attributedm the 

soaline behaviour of the structure functions, then at 

confidence level more than 99%·the slope of :the linear 

rise had to be less than o,a ( o=-c!::.\\O'!.ill\'1.\t. £1tt,f~ ). 

The saturation of the cross section was simulated by 

assuming that. intermediate vector boson (IVB) existed. 

It was pointed out that it might be possible to derive 

both HPper and ~ limits on the mass of the IVB ( Mw)• 

At one standard deviation it was obtained that 
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H 1 ~ .-,ri.~ :·q~ ... :.-~-.-7 .<·,..,~ ...... · ' ' · 

... . ~~- GQ-~ . '7 'T"1 v.:, ? · -'3 .s- ··~'iv ,~, 
, ,.~~· -~, .. ,.i •. ~.,..~'"·~-;~ •.. ·.:·t-- ..• ·' ... n~; ~. ~:::. 

~- t ·~ ·._:L 
(4) 

··r.;.i;.'•= 

"; f '.t.i'·. i ;: ...:· •. 1·: "! • :_1: · ; r .~ •.., {'") , _: :~.~~ ·•• ·~-" I""" .... 

( £r.~=-.Jif·~,.c: • ~:was::assumed)o At:confidence level. more'than 

99% percent, :cmly a lower limit can be given 

. ' ~ .. - ,.• !: ·,t..:"· .-:'·' 

..... . } •, (· .1 ,. Mu.r) .. ·~ ·O ,~e.V .. , 
(5) 

.. ', ~ .i ~ ~ .· ·: .. :. - . ; .... ;)_,·" 

' . -~ 

In the calculations, the formula (2) was used, which was 
.!}·. ··.-.:: _, .. ::: ~. ·.: ·...... . .L: .. . ·· _: ·~ .. ·. · .. ~~·· j . ·. 

?ecessary if the saturation energy is large (' ~ 5oo Gev). 

Similar analysis was performed by the ERPM group [2J) • 

They assumed scale invariance, introduced_ the IVB propa-. 

gator as well·-and obtained results in fair agreement with 

the one's of the above mentioned work. They carefully ~nves

tigated the possible·role of the high-mass resonances and 

the modifications introduced by the inequality <r"~..., tr-"~ • 

It was found that if If~-:.~()'; e.g.-_cthe calculated value 

of the muon flux would considerably· decrease. 

We thlnk it is encouraging that the min conclusions 

are the same ·albeit slightly different assumptions were 

used. 
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The paper.is organized·as follows. In section II 

we give a short ·discussion of the calculated atmospheric 

~titrino intensities, the average 'rat~ of energy loss· 
. . 

and the range energy relations for muons, in Section III 

we ~eview the experimentai' and theoretical results on. 

·..J t-J interactions, Sections IV is devoted to modifications 

intr.oduced by assuming 'the existence of the IVB, .finally 

Section V oontainsthe comparison of the estimated and 
' < 

the ·mwasured muon flux and the conclusions. 

II. Neutrino ~pectra; Average Rate of the Energz Loss of 

the Muon 

a) Neutrino Spectra 

The neutrino speotrahave been calculated bya ~timber 

of wo;rkers ... Neutrinos are produced in the atmosphere from 

, the decay of ~he secondary jJ. 1 il and 1<. mesons. For 

neutrino spectra up to loJ Gev the general procedure is to ... 

_calculate _the spectra of .. the parent pions and ):caons as a. 

function of depth in the atmosphere'from themeasured energy 

_spectrum ·of muons at. sea level.In the derivation an assump:

tion must be used for the ratio of kaons to pions in high· · 

. energy interact1Qn~. For_:· ener_gies . above lo3 Ge V · the produc- · 

tion spectra of pions and kaons are deduced from an adopted 

primary spectrum and interaction model. 

II 



Calculations taking into account all. the possible 

( ii.~, f. ) contributions have been performed by Volkova 

et al., Coswik et. al. and Osborne et.al. The neutrino 

intensities were calculated separately for .Y-e 
1 

7't.., v JA. 

am '::ir- [24, 12) at horizontal and vertical directions 

and the v,.. t-7114 

as well [26) 

spectra were derived at intermediate angles 

• For energies between 1-looo GeV we use 

the values of' the v,.. + ::J,.. intensity calculated by Osborne 

et.al. for a \<. I~ _ ratio of 2o%. Because of' uncertainty 

in this ratios the neutrino intensities are uncertain by 
4'!\- .,... +ilf ~ :L'l. .,,J in the vertical direction and -·U~~ in the 

horizontal direction at lo GeV. These uncertainties are 

increasing with energy, typical error bars at loco GeV are 

~ 5o% in the vertical direction and !:. Jo% in the 

horizontal direction. (See Fig.l). In view of this it is 

su:t'feciently accurate to take a straight line extrapolation 

on a l'og~log plot to get the intensities beyond 1o4 GeV · (27) 

The horizontal spectrum is larger; e.g. at loco GeV its 

ratio to the vertical one is J 1 7 (see Fig.l). These features 

suggest that it is better to study the induced muon flux 

at horizontal directions. For energies between 0.1-1 GeV 

we used (with an appropriate normalization) 'the .Yr: ~spectra 
calculated by Tam and Yaris [ 25) • The errors in this 

region·are •large ( r- 5o$) but its contribution to ·the muon 

flux·is comparatively small. 

L· 
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The .J,._+ ~14 ·• intensity used in the paper [2o1 is 

given in Table II.(See Fig.2). For :energies E., '7. 1o'i ·~ ~-V 

the spectrum was extrapolated assumi~g that it follows a 

power low· ~. 0 E -'!IS s~t"' ~-l-st.>C 1 GtN-1 
• 

-· -.• 

b) Average'Rate of the Enersy Loss of the Muons 

The main p;roces·ses by which muon loses energy penetrating 

rock are as follows: i) ionization and·excitation; 11) 

electron-pair production, iii) bremstrahlung,iv) nuclear 

interactions. 

For the average rate of the energy los~ of the muon in 

standard rook (see footnote on P• 1. ) , Hayman et.al. t2s] 

proposed an approximate equation as 

dE~ IO'!.(t.L.OS_~·+O.i5"~~E-6.ot1-~:(~0.t]3+-l:) t-
~x . . . 

+ ~:~~ 103 E/~ev) ><. Gf-VC!n\~y- 1 . 
(6). 

· ..... 

The coefficient b oan be,splitted into a fluctuating 

and nonfluotuati~g components. Fluctuations in the rate of 

:. ,' 
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the energy loss arisefor bremstrahlung and nuclear inter

actions, since the cross 'sections for these processes are 

not small for large energy transfer. ·Tlie cross sections of 

ionization and pair production, however, fall off rapidly 

with increasing ·energy transfer.: 

For s·tandard rock in average b -=- b ~ +- bW\r 

(7) 
b~ - :l..~ C.~'"~-' ) b~.c. .... ~-b ~""%f-1 

for KGF rook b~ - ~-~ Ci'M'l.~-l J ~"~ ... 2-0 ow.,... ~-\ 

(the pair production and bremstrahlung terms are proportional 

to ~ ... /pt. ). We note that the range fluctuations [29 J 
'are important only for muons with energy more t~ a·few 

thousand GeV. Since the majority of contribution to !CO) 
comes from muons_ with energy less than loo GeV, the enhance

ment produced by the range fluctuations is smaller than ~ 

(even 1f the saturation energy is large ) E:,) lOl~eV). 

The damping effect of the term bE in (6) oari be properly 

treated by usihg the_formula (1). But onoe again, sinoe this 

effect appears above a few hundred GeV, the use of the formu

la (2) (with the proper value of It ) Y..ould result in 

uncertainties. less .than 5*• 

Summarizing the uncertainties involved in the estimation 

ar the muon flux: I f6) we can say 

i) The differences betw.een the rooks have a completely 
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6) can be properly 

again; since this 

.e use of the formu

. oUld result in 

the estimation 

have a completel7 

negligible effect (less than 5%) on the predictions 

compared with all the other uncertainties(e.g. the un-

certainty in the value of or~ for a given ~ and 

~ ). 

ii) A more significant uncertainty in the predicted 

!(0) is produced by the uncertainty in the neutrino 

flux. This is ~ 15% at loo GeV in the horizontal direction 

and increases with energy. 

111) Even the uncertainty in the neutrino flux is 

not very important while the error in the measured 

cross sections is more than ~ Jo%.(See Section III.). 

Using the expression (6), the range-energy relation of 

the muons can be calculated by·the formula as follows 

1:. 

RCEa') ~) c\~' (-~r (B) R(E) = 
E:o> 

Sternheimer ( Jo} have calculated the range up to lo 

GeV; for energies above loo GeV have been published in 

[28} • In Table III we give the range-energy relation· 

for standard rock in the energy region 0-16- 2.. ·lo"~ GeV • 

The effect of the range-fluctuations can roughly be seen 

by modifying the average value of b. 
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III. Cross sections for -J N Scattering 

a) ExEerimental result~!!~at CERN and ANL 

In the neutrino energy region 0.12-12 GeV:. information about 

the neutrino nucleon interactions 1s obtained in the 

bubble chamber and spark chamber eXIieriment at CERN [15) 

and in a spark chamber experiment at ANL [Jl) • The 

important points of the results relevant here are.as follows. 

i) Ofily Y~ events were evaluated. The available data 

on c.\6"~ are meager and imprecise. 

ii) The dominant processe~ at low energies (e .. (. it Ct eV ) 

are the quasi~elastic reaction 

vt-n..-,.,,=t- r 
1'. 

and the 6 (1236) production 

J,... t pen\ -) f- t- .8~ .. ( t:t) . 

In the energy region 1-4 GeV. their cross sections are 

(9) 

(lo) 

e.l ' . . -38 . 
~ =- (0 c; t o.l ) )(. 10 om2 /neutron (11) 
~ . 

16 .. 

and 

. H· o./ .., 

respectively. 

··iii) '74o 

used to deteriC 

...;,.. + 

Its value froD 

0~ 

vi) The . 

from the neut 

(9)' {:}., 

as follows 

R.tl.l = 

R.t. 

k,.,_ 



at CERN and ANL 

nformation about 

ned in· the 

at CERN [15) 

Jl) • The 

re are.as follows. 

e available data 

(9) 

(lo) 

(ll) 

and 

respectively. Due to isospin invariance we get 

iii) 74o events with 12 GeV ) 1: ~ ') l Glfv-;' were 

used to determine the total cross section for the reaction 

+ p.nything . (lJ) 

Its value from the pro pan run is (see Fig.J) 

(14) 

vi) The average energy ratio transferred to the muon 

from the neutrino ~ has values for the quasi-elastic 

(9), /::::.. ·production (lo) and inelastic reaction· (lJ) 

a.s follows 

~e.l =· o.95 % o.o5, E.., = o.2-5 GeV 1 (l5a) 

Rl:> = o.7o t o. o5, e..,= l-4 GeV 1 (l5b) 

"'·'~. = o.54 t o.o6, 1: .. = 1-lo GeV. (l5c) 
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v) The measured data are consistent with the scaling 

hypothesis. (See Sec.III.c and Ref. [21) ) •. 

Using the results ii)-iv) the contributions of ~e neutri-
. . I 

ri~s with ~nergy less than lo GeV, albeit with lar'ge error 

bars can be calculated. Having supported by the data even 

at lower energies (v) the scaling hypothesis might be 

used to estimate the contributions to I (17) of the 

high energy neutrinos •. 

b) Muon flux produced bz neutrinos wit~gz 

less than lo GeV 

The muon flux is calculated by use of the formula (6). We 

propose t~ use the cross sections as·· given on F£g 4. It is 

assumed that the reaction (lJ) is dominated at E:., <: 1 ~t..V 

by the prooesse (9) and (lo). Similariy for the corresponding 

v'"' reactions at energis up to J GeV. Although the 

-J,. cross-sections are not measured it is well known that 

for the process (9) at the threshold <r~ '- rr" , since 

dO""~ do-;- ~ A- 'J 
dlt\1\ - Ji\ 1.\ oC' - ~ F ~ 11 ) wle-ct.. r~~-~~~~-'1~ ) G~ Co):: 4-1-1 

( ~~ is the square of the four-momentum transfer). At 

high energies) however, G;1'~ ... s-J . At low energies it is 

assumed G'": 'O<r;; • In the interval c:..,-.. -1-\o «tt.V 

the value (14) is used for a!~ • For the "r 
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vith the scaling 

)• 

of· he neutri

:h larg'e error 

the data even 

.s. might be 

~) ~f the 

rmula (6), We 

n Fig 4. It ·is 

at 

the corresponding 

lthough the 

lLknown that 

rr" ' since 

msfer). At 

!rgies it is 

-t-\o ~t.V 

v~ 

reaction in the energy range J-lo GeV we assumed a line

arly rising cross section with a slope increased by the 

requirement that at E-1-=- {O~.o/ G;.".::. fi"r~ • The 

slope values can be read off from Fig.4. Values used for trn 

average energy ratio transferred by the neutrino to the 

muon are given in Table Ir. 

Table II 

-
\quasi-elastio(9) 

. ( ..J inclusive reaction 6. production lo)l 
(lJ) 

neut-
rino -
energy(GeV) -v)' vt- "V,. 1,. y,._ y"' -
~l o,S o.s o,2 o.2 - -

-

1-J - a.s - o.5 o.5 -
-

J-lo - - - - o.5 o.5 
' . 

I 

Av.erage energy transfer ratios l_ for the 

various processes in the corresponding energy range. 
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Taking into account that there is uncertainty ""' Jo% in 

the slope values and neglecting all the other" source of 

errors (especially the uncertainty in the :rietitrino-flux is 

,._, 2o%) and using the ..J f' and v,. intensities 

calculated by Coswik et. al L -i l. J we obtain that the 

contribution of the low-energy neutrinos to the muon flux 

is 

- ) . -l.l -1 l (E, ~ 4~<.V ..,._ (0-~0 :t O.lD))( ~0 Cll<li"~eC'S"h· 
A u~ 

T ( E.• = ~-:-~cLte~ ) .... (,t..'t-0 to. 6o) :JL.Io 1 ~l.!t't'sJ..-:-~ (l6b) 
-'1-

and their sum is 

J L ! rr /,_ ) :: I ( ~:.., .( 10 ~,~v) ::. r 2..10 ± o. to) Jt. {c1
;. (l6c) 

We note that uncertainties due to the unknown ()'~/a-"' ratio 

may give corrections ;v 15%. (decreasing the value 

of I L ). We expect that the low energy neutrinos 

(E."' 1.. 10 f1eV \ produce about one-half or less portion 

af the measured muon flux. It is clear that more precise 

measurements in this energy region could considerably 

increase the predicting power of the deep- mine experiment. 
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.inty ,..... Jo% in 

ther source of 

neutrino-flux is 

intensities 

obtain that the· 

to the muon flux 

c (16a) 

, 1 -11 ,~ ~'s'-~ 
• 0 (J.J;. \:('' t<· (16b) 

(16c) 

town ~v / a-.J ratio 

eng. the value 

neutrinos 

~for less portion 

tat· more precise 

considerably 

~- !line experiment. 

' . 

c)· Contributions of hi$ energ.y neutrinos ( e. .. >~I> ltel/) 

In acoelerator.experiments the neutrino energy range 
extends only up to lo GeV (although'it will soon be vastly 

extended at NAL), therefore if we want to estimate the 

contributions of the high energy neutrinos to Il~) we 

are forced to abstract those features of the low energy 

data and some other measured processes (deep-inelastic 

eleotroproduction e.g.) which might hopefully be valid for 

the high energy neutrino .nucleon interactions as well. 

In interest of clarity we should here dWell on defining 

the kinematics (see Fig.4). In notation we follow Llewelyn 

Smith [32) 

Let us consider the ~rooess 

I. I '-I where 1(. ~ and p are the four-momenta of the 

initial neutrino, the final muon and the target nucleon. 

The cross section for this process is determined by a 

second rank Lorentz tenaor as follows 

(18) 
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li.; 

where E · denotes averaging. over the initial nucleon· 

spin l ' q, is the four momentum .transfer '\. = a:.. h.' arid 

}~ is the isospin lowering.(rii'iing) weak currents 

of hadrons. We u~e Cabibbo current+ 

. . ; t ... /)S;JO t: t ~"'~ 

:r;(Y.)-=- (V,. (y;)+f+;l.,.)) r.4)e~~(V~f1-HI\.,.(JI.)) 5-:noc.. (lg) 

.Assuming P1 T 1 PI vj; 
and Lorentz invariance Wf"v . can 

be expanded in terms of five invariant functions 

· >~tr vfv- ~ -1/:;; 
w ,.~ Cr.~l .. - '! ~..J w 1 ('\1.•") + M ... p ... p.t wl (q~v) 

. " . r~~ vi v l) ..o.. vi; p .. •\ + P•(J M v/i 
-

1 
... ~J.c- W (a~ v) + ~ W (a'v) +- · • ' W (a'"..;)' 

l M.._ 11 II M'" '1 '' 2 MJ. > 11 

(20) 

where M is the mass of the protons and .Y =- P'\- •· The 

vector-axial-vector, interference terms contribute only 

h W~ • To crde~ ~~'~"/6.1'1 ( h--. is the muon mass) the 

cross section is determined by IN, I LIV:&.. and wl 

)"" ·1/·.t ct. E' .,I - v/V. 
c cr · -:. -:1... .. - r eo.s l.c%. w Y (q\.;) · t- l~~r\'·e;., ~ rq'; v) + 
d v 'I Q 1. :1.. liM... ~ L '1. . .. -

(21) 

- e.t~:.' '"'Y/v ca ... ~) Slh ... e/2.] + 0( 01'1./r.n:.) 
i- l.M WJ Jl 

------------------------------+In the following the strangness changing part will be 
ignored i.e. we take e c.:. 0 
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where Q2. '\. I. . =-'\-:. ,.,E 

is the angle betwE 

leptons in the lal 

t 
· \'l 1 vlv 

ensor vv,.,.o~ 

~ J.l,. t\~Q~Iv. 

The charge sym~e.t1 

w\.-vp::. w/h 

On the basis ·of tl 

~_,- and 

w,. _.., ~ 

w'!.-., ~ 

w -) 
. 3 



initial nucleon · 

q,. = It- It' and 

·. weak currents 

ance 

tions 

. w"''. can /"V 

\~Y) -

~ P•'\~< vJ; 
~ W:; ('jjv)' 

. (20) 

..; ::. pq, • The· 

:tribute only 

n mass) the 

and . wl 

r 
(21) 

L"t will be · 

e 
is the angle between the direction of the initial and final 

leptons in the laboratory frame. From positivity of the 

tensor "W14~v it follows that 

(22) 

The charge symmetry condition gives . 

(2J) 

On the basis of the Regge theory we might expect that as 

+~- and Q.'Z.. fixed 

o( (o) 

W~~. ___,., ~4(~a.)-.J r , (24a) 

. J... (o)-l 

w'!.-., fa. l(\:.) v r ' '(24b) 

. O..wi0)--1. 

.w3 -) (?>3(~'!.) y I (24c) 
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I' I 
li 

where M o(l'(o) and 

the Pome.ranch5fk a.Iid 

respectively:. 

~w(C) are.the intercepts of 

W -trajectories. at t :::: 0 

Introducing new dimensionless structure functions 

-{W-:. ·.l(-
4

::. i..J/QZ.) 

w4 (-J,(t~):. Cj~(w,Q.l.) 

~'L ..J Wd v1 q,'L.) = S:li..I.\Q~) > C-:.'1,\,\j,s-

(25a) 

(25b) 

the differential cross section,may: be written in the form 

as 
vlv 

d'l.~r'~_l~- - G1.ME ( (i-\4- ~ ) ~2. .. r 
-- - JL • 0 zwe w-
,\u; cl~ 

·-.I v-

-t- ':! ( 4 - ~h. 'l- ) ~ l lv 1 ~ 1 

vh-
.... .£.t + 
~ ~, ... 

(26) 

where \j.--=- ~/ME. Assuming that the "scale invarianoe" 

·found in the SLAC-MIT experiments [16] for the struc-

ture functions of the deep-inelastic electroproduotion 

( 2.0 C(t\1 ~ > Q. ~) 1 '-f 1-V \ ViM 1... ( z.ii 01!. VJ can be extended for 

the invariant functions of the process (17), we obtain 
1. that as Q -"7 .o at w fixed (Djorken limit or 
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tA; W' c cr: ~ N 
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':·· 

"1-7-Kl\" .. -:: 
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e intercepts of 

sat < t =0 

re functions 

(25a) 

(25b) 

itten in the form 

(26) 

"scaleinvarianoe" 

. ··for the struc

ctroproduotion 

n be extended for 

(17); we obtain 

Bjorken limit or 

~"•,.(>1)} . .-,-• 

automodelity [17] ' (191 ) the c;: functions 

approach, to a finite nonzero value at all to 

~h'! , . • ~, ( w i Q"") .., F; I w ) (27). 

Q,~..o \ ul ~~d 

This sc~ling law gives simple' asymptotic forms both for 

,th~ ~otal c.~oss section (see [17) ) and the average 

energy transfer ratio of neutrino to the 'muon ,,: . ··~· [.2o] 
. . - ~ . . 

The. point is that if at high e.., the lO\V ~ l. contri-
} 

. butio~s can be· neglected,, we can integrate over 

(26) <and we. obtain < ~[ 1, 7 f < 

lA;~ ()T~J-y (E-.~) "'-
'-=.J-,.dol. . 

II ...rf;'-
1"-l. -

., 

·~ .in· 

(29a) · 

(29b) 

· .(29c) 

+Note that due· to. the factor · ,1,/uJ.,_ the coefficients 
obtain important contributions from the !ow (non-Regge) 
region.(See the Regge behaviour also eq.'(24) ). 
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since due to (22) 

1('1, /_.... k,. L:. I Kll 

we oan write 

A/'!! £ (. V/ \1 L.'_ .1_ • 

. Similar expression oan. be obtained for ~ 

I 

.l{. ~/·t-::: J_ {:t c!g:V/v- = 
o-,.. i tiC' 

. ~· ~ . -.rlv ..,1; 
g + K·t'" ... 3 ~~ IK,_ 

ll. r ~ u~:',j t-i i<;''JK:';- ' 

where i:= 4~ 

oan derive 
• Due to the inequalities (Jo), we 

o. !l ~ k "'.; £. o. 1-S"" 

(Jo) 

(Jl) 

(J2) 

(JJ) 

Now we shall be able to discuss the high energy aspects of' 

the results of the CERN heavy liquid bubble chamber experiment. 

The most striking result is that the cross section (14) 

in the energy.range l-12 GeV rises linearly: with energy 

26 
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(:OFig. J) in .agi 

however, we,do 

unless the sea] 

the :non-asymptc 

more extensiveJ 

out that in an 

and photopro du1 

scaling curve : 

. l..J rM . 
I·--

W .... 0.1.+ ol.. 

whi'oh approach 

analogy: Myatt 

analysis of .. th 

s oal1ng in cu 

region and so 

For the. presen 

from their res 

i) The. 

c ... ~-fl.~cl/ is 

section (28) 

ratio *--' 

... ·~. . q ....u.~ 2•5" I 

G:~. =. o. s- C{, 



(Jo) 

(Jl) 

~es (Jo), we 

(JJ) 

rgy·aspeots of 

chamber experiment. 

ss ,seo.tion (14) 

Ly: with energy 

.. 

("Fig.J) :l.n agreement with (28). In this energy range, 

however, we. do not expect scale invariant behavi.our+, 

unless the scaling occurs in an average sense even in 

the non-asymptotic region. Bloom and Gilman 

more extensively Rubinstein et alo [~5) have pointed 

out that in an average sense ~ the electroproduction 

and photoproduotion data can be fitted with a universal 

scaling curve in the variable 

which approaches to w 
analogy Myatt and Perltins 

(J4) . 

if Ci-1 \) are iarge. In 

l21] assumed in their 

analysis of the combined. propane and freon data that 
I 2'1lt-fi1.. ·scaling in CIJ ... ---c;p: occurs in, the non-asymptotic 

region and so they ·used all the events with E-.~) ~ GeV. 

For the present discussion the following ie important 

from their results 

i) The.soaling hypothesis in the energy region 

E. .... ~..(l.<{tV is supported by the linear rise of the cross 

section (28) and the constancy af the energy transfer . 

ratio ~ (see eq. (J2)' (JJ) ) ; ~"'.o(.r .... o.s-~t. 0-06. 

+ Qz.""'".,. i.s Gt.\f1 and for forty percent of the events 

G:l. ~ o. S" CJ.eV'-
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ii) The data are compatible with.the Callan-
Gross 

relation [J6] 2.. F1 .... u) Fj.. , which is also suggested 

by the electroproduction data. 

iii) The data suggest that KJ is negative; 

it could ·even be Olos e to the minimum allowed. value 

!.(~ .,_,.; \.{2. (h. .. Q,i)) This implies that 

fl·~r -r <r"., ) ;(' r ,_ o- v ~-· 

iV") The scaling functions ~ (x') > X1 f1 (.J'') 

and )( 1f:., (~I} Can be fitted by the formula (.~-)\.I>.)~ • 
) 

If in the description of the. high energy v N inter-

actions we accept scale invariance and the Callan-Gross 

relation, only two free parameters remain in the .calculation 

especially 'KltJ= t (I{~YP 1- ~~~~~~) ':. Vz. ( 1<}-~t- !(~VI) a.M.Q 

u IJ k ~ · L (; 1 "r ·il v" ' (f • 11 Y' r · 1.< "·" ) 
Ki .::. 2. " l. l'l1l.. i- ~'<-~11 ::: 2.. ( "-'U· 1- h1- • 

These parameter.$,hO~ever, in this framework are measured 

in the CERN experiment; from the measured slope of the 

total cross section (14) and the energy transfer -~~~ 
(JJ) we obtain 

t/ '\J' II tJ' - . 
I'\ ?.. /- K.. "} .~ c } 

L K' IV • .l) o- 5"-,±c.13£ 2. f: o."'t to.'J...o 
(J5) 
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with .the Callan

s also suggested 

K J is negative; 

owed. value 

plies that 

~ rx'r > x1f1t"'' 
nula c~-)l.·~f~. 

vN inter-

Callan-Groos 

ln the .calculation 

,vrt- k}\'j) o.M.u/ 
I 

~k are measured 

slope of the 

, transfer ·R.,~ 

£ o.&t to.l.o 
(J5) 

here the lower limit and the upper limit on K~ oorres-

poni to \(~=-IJ.i and 1/.~~= o > respectively. · 

In the gluon quark parton model from positivity con~ 

ditions and the expe~imental data of the eleotroproduction 

upper and lower limits can be given 'on V..i [32] • 

0 .:;- 0 !:: o. 0~ • (J6) 

Furthermore, if we take literally the naive gluon-quark 

:rnrton model· [32] the ratio t~::. -f'!){~J>}/F,.II).>) can be 

interpreted as a measure of the average baryon number of · 

the constituents,_, therefore we expect that '() fd ~ ·~ 
in agreement with (J5). Especially if we accept that 

X"' (. ~ ) \ where (.fJ ) is the average number 

of the partons and that the main contributions to k~ 
) . I 

verne from the low w region (see footnote on P• l. '!> ) 

K2-w= 0/:'Jlj can .be expeotttd. Using the wave functions 

discussed by Kuti and Weisskopf . LJ7] one obtains 

I{.,_N::0.11~ .} b.-::.o.S'l which implies t~t 

II '~r ·t- rr""' ~ 'l- l .q-~r + () ;;" ) • 

. We may say that the i#,uon-quark. partori model is in 

agreement with the CERN data, but the agreement is a21 
trivial, sinoe•the quark model favours the lower limit 

of 1<( (compare (J5) and (J6) ) and cl ~-1 
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If we insists on e.g •. that <..\::.o (a--.J,;,_ ~"~hen the 

CERN data ca~ only agree with the prediction of the parton 

models if lower slope values are assumed for the total 

cross sections. 

We shall see that the;same conclusion can be drawn from 

the independent cosmic ray data: the slope value C-a 

together with t)::. C is in ccntrad~tion, on the other 

hand the predictions of the gluon quark model. are in agree-

m~ with the cosmic ray measurements. 

IV. Contributions and Corrections Induced by Assuming that 

IVB Exists 

If we ·assume.that W -boson oxists we have (It·\ to 
take into account the damping effect of the ~ propagator 
for the reaction (17)/ and ('B) to calculate the oontribu-
tiona to ·the muon flux produced by the VI -production 
reactions. 

A) Should the IVB exist, we must use the factor 
r.1.·/. '/ ... 1 t. r2. 
'-t/1·1-ll "'""' instead of ~ in the expression 

of the cross section for tho reaction. (21) ( ~~ is 

the mass of the w -boson). In the Bjorken limit, 

assuming scale invarianoe we may write the double differenti

al cross section as 
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~ 0·"hhen the . 

1 of the parton 

:d,'for the· total 

ll;be drawn from 

·alue C).g 

on the other 

1 are in agree-

Assuming that 

to 

f/J propagator 

:e the oontribu

-produotion 

factor 

.D. the expression 

Mw is 

en limit, · 

uble different!-

F 
\ 

I 

' "'' 

where 

'Iii" 
(-!-~) F2 twi 

(J7) 

In the estimation of the underground muon flux we need 

only the differential cross section cl 5'" lrt'a- • Since the 

factor (wt-~)-"l cannot be factorized in (V and ':.\-

the integration over (.V oan be performed only if we. 

know the functional form of the scaJ.ing functions S·IL~:J • 

In Section III we have seen that the X' 
I 

the scaling functions F"-('t.')l x1 F.j {Y.1 l 

dependence of 

and X' F.!.(.<.' l 

can be fitted by the same polynomial behaviour r,-{1-x'') ~ 

f21] • An important point is that all the functions 

)(.
1 ~.!> ( .. ') have the same )( 1 -behaviour. 

The ·w -dependence of the , however, is 

not very important. Since performing the integration over 

(.u for an integrand like Fl-Cw) ~tu"t-C).'}\"1. we obtain 

a function which varies smoothly with <l.\\-
its value in the·origin (~~=o) .is I(~ and it.goes 

t.o zero when C'-'3- goes to infinity as F'1. ~)/~-a-

If we assume that F2.(w) is constant, then M1.(1J) '= I-<:L 
= F:t. I c1:>) 1 
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~···~~ if FL{w) ) however) is equal to c'2. {-\- x~) ~ + 

M (o).;.\{'1-, but t::. (~ \ :C1...; "'.,)/~£ 
.L ''l. 

(insisting on that the value of \l~ 
then 

is fixed). In the 

second example ~iii" obtains less contribution from 

the la.v W region than iri the first case. 

Therefore, if we approximate the function 'f'l. f u.; \ 

with co~tant K:z.. 
1 

only the very high· energy behaviour 

(r\ E J '>/ M ~ ) will be modified in cl<r / ~ · 
. Recalling that 'M w ) /)_<{t-V and that the neutrino 

induced muon-flux obtains the most·important contribution . 
from neutrinos with energy less than loo-looo GeV (depen-

ding on the value of ~vv· ), we can see that the 

uncertainty induced by neglecting the W -dependence 

of .the scaling functions is negligible comparing wi~ 

the other uncertainties of the analysis. 

Similarly it is easy to see that the value of the 

wnergy transfer ratio ~ (see. (J) ) is not sensitive 

to the W -dependence of l= ,· 1$ , as well (as it is 

expected since at high energies its value is determined 

by the local (non-local) nd.ture of the .lepton current [22 J ). 

+In the xuti-Weisskopf's gluon-quark pa.rton model 

Fl. (y.) ':. c ( ' - X ) 0 \. 'Y-1 J 
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'1/11 
Cfrf f::..J J K 

- [( 

In the limit 

formula (28) 

t~'M .~ 
'l. Hw--,cP. 



X;)~ 

Itt . 

+ 

Lsfixed). In the 

Lbution from 

case. 

tion "F'l. tw \ 

energy behaviour 

in clcr/~ · 
the neutrino 

ant contribution 

·lOOO' GeV (depen

:e that the 

) · -dependence. 

)mparing with 

value of the 

) is. not sensitive 

:~.s well (as it is 

e is determined 

epton current . [22 ) ) • 

·ton model 

In the estimate of the muon flux induced by high 

energy neutrinos for the~fferential cross section 

we can use the expression as follows 

(J8) 

where b .. ~ I \l~) cJ::. Kll ~,_ ( k',·'s. arc de-

fined by eqs. ( '2.9 )" ) and 1:2: b ~ \ctl~b 

(see eq. (SO) ) . Performing the integration over ~ 
we obtain 

(39) 

In the limit Mw'l.-> cia 

formula (28) 

we recover, of course, the 



. In this approximation it is ·easy to calculate the average 

energy ratio transferred to the muon from the neutrino 

l , as well. For example if - b:.ti d=c the 

value of l is 

"'' 
(4+ ~ + ·io.~ + :i}s) ~rHQ.J-~ -~--A~ 

. . . 
( l+-! + ~~)~<H4..)- ~- ~ 

(41) 

If M~_,~ , i.e. ~""?0 , we recover that 

.(see (J2) ) l-">O·S"~ ' if a.-~ col> , however, we 

obtain that tb.-? l. 

In paper t2o) , using the formula (2), the average 

( 6), with b oz. 't. 0 ; the differen-energy loss relation 

tial cross seciion (39) with b.::..( ·, d.::o + 

+Note that the Uncertainties due to the unknown vector-axial

vector interference term are lowered by the interesting 

interplay between the slope value of the total cross 

section and the average energy transferred to the muon: a 

modification of d 1 which increases the slope,will deorea-. 

se the value of k and vioa versa. Furthermore the ratio 

of the atmospheric antineutrino intensity to the neutrino· 

one at high energy is less than l/J (see [121 ). Therefo~e 
the ·errors from this source will be ,.., 15% or less. 
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and K 1. -=-O·R 
bution to the he 

deep undergrounc 

which can be. sec 

B) VJ -be 

of the nucla us 

..y +C:-
14 

.y .pJ ~ 

The oontribuiioJ 

was calculated 1 

In these estima1 

energies DB] 
e.,') ~o" ~...v 

with an int erpo: 

ate energies. Ce 

the estimate of 

s.eotions, as we: 



Lte the average 

;he neutrino 

, d~c the 

-· --· (41) 

recover that 

however, we 

(2),the average 

)~;the differen-
+ 

~nown vector-axial

he interesting 

total cross 

d to the muon: a 

slope,will deorea-. 

the:rmore the ratio 

.to the neutrino 

[12] ). Therefo;e 

15% or less. 

'. 
and K 2. -=.o.go , the high energy neutrino contri-

bution to the horisontal muon flux IIT (lih.l t-tur) 
deep underground were calculated as a function of M fAJ 

which can be seen in Table v. 

B) VV -boson can be produced in the Coulomb field 

of the nucleus by the reactions 

. (42) 

(coherent and incoherent) 

+ Hadrons. (4J) 

The contributions of the ·pr.ocess (42) to the muon rate 

was calculated by a number of workers (12 ) lJ 1 14 ) • 

In these estimate oross section values of ~~ (at lower. 

energies tJe] 
e .. ') ~o" ~w 

and von Gehlen (at higher energies 

D91 . l see also (4o) ), were used 

with an interpolation for the cross sections at intermedi-

ate energies. Coswik [41] · applied· interpolations to 

the est1.mate of the W -mass dependence of the cross 

s.eotions, as well. 
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Unce:rtainties·in these calculations were involved, 

since the average ·en.ergy, transferred to the muons from 

the. neutrino 

' . !.. d~'t~tA liu .. ·fi. ~ , . s,. + & ee. ··).· \IV = . •' .. 
,.i 

. (44) 

was not calculated and the.branching ratio for the ~ 

-:decay channel W-">fJ-'-J was 'not known. 

The energy spectrum of the muon~ a~ lower· neutrino 

energies (e.g. ~.f- M\lJ"' 2~W) ~ ......... to((.u,J ) 

is strongly. peaked up at the minimal energy transfer 

vaiae ( '="' 'tnh~~..~-\-"~ ) • At very high energies 

( · e:.-1 'i> t\0'-\ ~ ) , howenr, ·the Lee's asymptotic 

formula gives lw"' A./'2... • Since the main contribution 

to the muon· flux ·comes from neutrinos with energy ~ass 

'tha~ lo~ GeV, the value of .tl.~ . must be close ~0 its 

threshold value . '~ a== 0 • If we acce~t ~hat 

(it is sugg~st~d by model calcula~ions . (~2] 
e;~ u't 

. 
) we obtain 

in the energy range of interest that 
Coswik (41l .. , 

\w =.~>·lO--D·UJ 
.. 

assumed that .lw o::.. 0~6.~- in his 
. . . 

estimation and obtained lower limit on the w -mass 

M.w '7 S' ~~\i ., . . ·' 
• The above qualit~tive arguments, 

}:., 
however, suggest much less values for ~~ • Since the 

muon flux value is approximately proportional to ~UJ 
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reasing them by a. 

in this.way were a 
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Total cross se 

(42)-(4J) have reo 
"·' 

of t:/J -bo.son ma 

Hobbs and Smith 

cross sections and 

analysis calculati 

(42)-(4J) to· .. the n 
qualitative argume 

have·A-iJeen oonfirme 
I··· 

i. smith et al., t , .-
agreement with the 

~ 

oorr~cted·by a fac 

L..;!~!ll..and Dis 

.: .. If we assume thit 

is the SUm of the 

+rt is assumed tha 



were involved, 

1 the· muons· from 

(44) 

tio for the '«./ 
own. 

lower· neutrino 

ergy transfer 

high energies 

Lee's asymptotic 

1ain contribution 

ri th energy ~ass 
,. 

t be close to its 
". 'I 

pt that s ~04 
, (.~2] . ) we obtain· 

·.ftw 'l<. u.{o.-o>w:> 
' ' .. ' 

0~6~- in his 

the W -mass 
'·., 

' tive arguments, -l' ' ~·· ';, 
'V.J . • Since the 

tional to 

the flux values of Coswik oan simply be corrected by dec

reasing them by a factor of ... 4/r • Flux values obtained 

in this way were accepted in paper [2o) (see Table V. ) 
' and the contributions of the reaction (4J) were neglected. 

Total cross sections and i\)J values for reactions 

(42)-(4J) have,. recently been calouiated for a wide range · 

of ~ -boson masses and neutrino energies by Brown, 

Hobbs and Smith [ 4J) + ~ Chen et al. [2J1 using these 

cross sections and l~ values have made a very thorough. 
" ·:.: 

analysis calculating the contributions of the reactici·n' 

(42)-(4J) tothe neutrino induced muon-flux. Since the 

qualitative arguments given above in the estimate of &.w 
have:.i.been confirmed by the explicit calculations of ... 
i. smith et al.' the result of paper f2_31 is rouShJ.y in 

agre~ment with the muon-flux values of Coswik if it is 
:~' .. ~ 

corr~cted·by a factor of ~ ~Is-

v. R~~and Discussions 

. If we assume that IVB exists, the neutrino induced.'muon flux 

is the sum of the contributions from tho low energy 

+rt is assumed that '6.,.. 0 ' 
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~eutrinos -(16), the high energy neutrinos and the IVB 

productio~ reactions (42)-(4J) Csee T~ble V): 

T ( 61 M\iU) • I~..le) + rlt(e, Mw.) t-.f~A~ (e, Mru). (45) 

The hqrizontal muon flux was calculated .in C2o1 for. 

different slope or l<1... value~ in,Jhe total cross section 

(.Fig. 5., Table :yi~)· Assuming for
1 

the· 

slope the average value 0~8 (14) (i.e. \{L 'l:!.O·RO J \'~ c\:::.b) 

\:re. obtain the curve A- of Fig. 5. 

I l\-(l\/1.1h\IJ)-= ('2.:~ + ~(li1z,li\iiJ) + ~ {li/,_ 1~1)J)J! 

' ~'!. 
~ 16 CJi;.'l. t.eC1 ... ~~'1 1 

(46A) 

rrhcre I\\ and fw denote ·the data of Table v. 
' ' ' 

We remind that according to (JB) Tit 
to U."'. , therefore if we want to use 

is proportional 

J{l. values 

predicted by the gluon-quark parton model ( l(,_~o·t"b Jd:: 0 e.g.) 

the corresponding values of I1t can b~ obtained from · 

the muon flux values given in Table V by decreasing 

·them with a,factor 0.7. The curve B in Fig.6 is calcu-

lated by using the combination 

- - I'!. I·~(r~ 1 Hw).,.. (:z..H-o-'1-rtt + Iw ) .. \o CAJ'l:s(~ tk4 (46D) 
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If the values fo1 

and Weisskopf are 

in 1 L. , as we 

I '(tt ll.l HOJ)' :> I 

Finally, if we'as 

region that the s 

.less than the ave 

O.J we obtain the 

1[) ( (f/2. I K w) -= 

According to the : 

(Table I), the ho: 

better than 99% · i: 

I~ (r:t,_) • 

We see that the a: 

in contradiction 1 

account the uncer1 

( N . ~ 5" o/o ) tl 

firm conclusion i 



and the IVB 

V): 

.(2o) -for. 

tal cross section · 

1
• the· 

\1.1. 'l:!.O·RO l \'~ c\=0) 

(46A) 

of .Table v. 
is proportional 

1<'1. yalues 

(J.l'l.-:o·~b ,Dl=o e.g.) 

e obtained from 

decreasing 

Fig~6 is calcu-

If the values for i<.t. and obtained by Kuti 

and Weisskopf are used and we choose lower slope value 

in 1L. , as well >the curve C.. is obtained 

Finally, if we assume both in the high and the low energy 

region that the slope of the ·total cross section is much 

.less than the average value, i.e. if we use slope value 

O.J we obtain the curve 

According to the results of the deep-mine experiments 

(Table I), the horizontal muon-flux at confidence level 

better than 99~ is smaller than 5'".,( \o-Il. <A"1t.ee1 !.~~~ 

(47) 

We see that the assumptions used for the curve A. are 

in contradiction with the experiment. Even if we take into 

account the uncertainties in the neutrino intensities 

the contradiction remains. Therefore, the 

firm conclusion is obtained; 

39 



!tl, 
li 

"I 
I 
I 
'I 
i 

I'' 
tl 

ill\ 
I 

l 
II 
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If we asswne that IVB exists and the scale invari-

ance occurs in an average sense even in the non-asymptotic 

region, thus the total cross section must rise at higher 

energies with the same slope which has been found in the 

heavy liquid bubble chamber experiment in the region 

1-lo GeV, then the slope value of this linearly rising 

cross s·ection must .be less than o.s. 

If the highest slope value allowed by the gluon-quark 

parton model is used, we obtain both upper and lower limit 

on the mass of the IVB, according to the curve !> 

?>·5" Gt..V <. Mw L \ '2. ~~v . 
(48) 

If we asswne lower slope value in .! L. and use the 

values for ~?... and ~ as predicted by the Kuti-

Weisskopf fit we obtain only a lower limit 

M 'N "Z. fL s- Ct 9.V .· (49) 

We can say with the present uncertainties that the g1uon

quark parton model is in agreement with the result of the 

deep-mine experiment. The agreement may not be completely 
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trivial as is indj 

l). 8 is in disa~ 

neutrino-induced n 

Finally if we 

curve · P of Fi~ 

fv 

If IVB does not e: 

in the formula .(J! 

section at higher 

the cross section 

t: (.. :. 

The horizontal mu 

I Cr-h.· 



"the scale invari-

n .the non-asymptotic 

ust rise at higher 

been found in the 

in the region 

linearly rising 

1d by the g1uon-quark 

tpper and lower limit 

:he ··curve $ 

't.v. 
(48) 

L and use the 

cted by the Kuti

limit 

(49) 

Lties that the g1uon

L th. the re.sul t of the 

1ay not be completely 

., 
i 

I 
t 

• 

trivial as is indicated by the fact that the. slope value 

().8 is in disagreement with the measured horizontal 

neutrino-induced muon flux. 

Finally if we accept the values used calculating the 

curve I> of Fig 5, we obtain 

Mw )2 ~e.V. (50) 

If !VB does not exist but the IVB-propagator is preserved 

in the formula (J8) to simulate the saturation of the cross 

section at higher energies, a characteristic enexgy where 

the cross section will be saturated can be defined as 

(51) 

The horizontal muon flux will be the sum 

T <r-h. 1:: r~ + tl+- . (52) 
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ill!'. 

The curves It 1 . B 1 D1 
. . l I of Fig 6. can be calculated 

from the ho~izontal muon flux·values given by the 

curves A-,o, o of Fig.5 by subtracting the 

contribution of the \)J -production reactions. We see 

that in oases f.\- 1 and e,i the upper limits 

~c... A- L 2.~ ~ill ) 
B . E, L\os:-~w, 

~espeotively) can be obtained on the value of the 

characteristic energy. 
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E~ (~q.v) Nl~tv 11:< ... 
1 
e=-~12.)~"l."'-4s~-' qe\i', 

---~ 

9.o9.1o-1 
o.2 

o.5 
. -1 

l.7B.lo 

·1. .3 -2 .27.;lo · . 
2 ·5 • .3o.lo-J 

.5 6.J5.lo-4 

1o 9.49.J.o-:'5 .. 

2o l.JJ.1o-O 

5o 
.. · ' -7 
9 .. o7.1o .. 

1oo 1.18.10 -7 

2oo · l.5o.lo_,.8 

5oo 7.76.1o..;.lo' 
• < ' • ~ •. 

looo 8.5'8.lo-11 

2ooo · 9.4, .• lo:-12 

Jooo · 2~6 .lo-12 

5ooo 5.2.olo-13 

looo'6 6 • .3 .lo-14 ' 

Table III •. 

·'. 
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~.Y 

E,~~.C~.U) R ..... 

o.l28.3 

o.l.3ll 

o.l.34o 

o.l.36o 

o.lJ96 

o.1424 

o.145J 

o.l5o9 

o.l622 

o.17J5 

o.l961 

o.2oo 

Effective rru 



M--~. st,-. 
E,~~.CCt~) R ... ~IC!ft'l. r:,.J Ct Q.IJ ) R~ g/~1. 

< --1 .1o · 

:.1o-1 o.l28J J.955 o.JoJ5 lo2.l 

'•lo-2 o.1Jll 4.BJ1 o.4165 175.5 

,~1~-J o.lJ4o 5.768 o.5ooo 2Jo.o 

-4 ;.lo o.lJ6o 6.761 o.6142 JoJ.l 

1.1o~5 .- o.lJ96 7.Bo6 o.7BJ7 4lo.o 

~.lo-6 o.l424 B.9ol o.B967 48o.1 

• < -7 
7.lo ,, o.145J lo.o4 lo'OOO 545.o 

3.lo-7 o.l5o9 12.44 1.519 852.J 

:>.lo~8 o.l622 17.67 2.ooo l2Jo 

; - -1o' ., 
::>.lo · o.l7J5 2J.J4 2.931 1649 

9.1o-11 o.l96l J5.6B J.496 1957 

._-.olo-12 .'' o.2oo· )7.9 5.ooo 276o 

l -12 • 0 ----
.-.lo-13 

~,. ' -

Table IV • 
• io-14 _, 

Effective range-energy relations of muons .in 

standard rock 
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i ... ;.,~-> ~ ·: : t ~~·; ;.· ~~ i ~ ~ ;" 

II 

~·"· fl.... . u.:~ I 1'1 R ~lw.."' Rb ... ft.O 1-f~~ R., ... ,._0 i ~t. "·'·•'· II E~(~~) b: 1·3 ' 

lo 5. o82.1o3 5.o69.1o J ' J 
5.o5J.1o 

15 7.J28.1o3 J • . J 7.244.1o 7.25J.1·a 
2o J 9.46J.la3 9.J89.1a3· 9.525.10 

·~- "' . .;,·.---

25 1.169.1o4 1.154.1o4 '4 
1.148.1o 

Jo l.J82.lo4 l.J68.1o4 '4 1.J52.1o 
J5 4 4 . 4 

1.592.10 1.574.10 1.552.10 . 4 4 1. 749.1o4 ~ . ·-· . 4o 1.8o1.1o 1.777.1o 
45 ·. 4 

1.977.1o4 4 2. oo7 .1o ,1.94J.1o 
5o 2.212.1o4 2.175.1o4 4 2.lJ4.1o I ,_ • i ~ 

6o ' 2. 616.1o4 4 . 4 I ... ,. 2.565.lo 2.5a7.1o 
7o 4 . -4 4 J.o14.1o 2.946.lo 2.871.10 
So J.4o7.1o4 4 4 J.J2o.1o · J.225.lo 
9o 4 4 4 J.784.1o J.687.lo J.57o.lo 

~ _; 

lao 
,. 4 

·4 . 4 
4.168.10 4.oJ8.1o J.898.lo 

2oo 7. 768.lo4 4 6.9o2.lo4 7.JJ7.lo 
Joo l.lo5.1o5 1. o22.lo5 9.426.lo 4 

5o a . 5 1.69o.1o 1.5ll.lo5 1.J52.lo5 

7oo · 2.2o1.1o5 1.916.1o5 ' 5 1.679.10 
l.ooo 2.865.lo5 2.421.1o5 2.a72.lo5 

2.ooo .4.5J7.lo5 . 5 
J.6o5.lo 2.954.lo5 

J.ooo 5.7J5.lo5 4.4a4.lo5 'J.526.lo5 

5.ooo 
. 5 . 5 '5 ! I'l-l is the col 7.4J9.lo 5.489.10 4.288.10 

8.658.1o5 6.24J.lo5 5 l 7.ooo 4.8o9.1o ' r~''si~) from high 
1o.ooo 6 5 5 I (l) and (J8) as: l.oal.lo 7.o67.1o 5.J7J.1o . 
2o.ooo 6 . 5 

6.491.1o5 l -1. 279.1o 8.717.lo :rw is one fi: 

Table I"· (cont.) I contribution of 
~-1. !.-I dc·-1 • 
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· .. 

. J 
5.o5J.1o 

: J 
7.25J.ro 
9.J89.1o3· 

"4 1.148.10 . 
"4 

1.J52.1o 
. 4 

1.552.10 
1. 749.1o4 

· ,1.94J.1o4 

2.1J4.1o4 
. 4 

2,5o7.1o 
4 2.871.1o 

J,225.1o4 
4 . J.57o.1o . 4 

J.898.1o 
6.9o2.1o4 

9.426.1o4 

1.J52.1o5 
. '5 

1.679.1o 
2.o72.1o5 

2.954.1o5 

'J.526.1o5 

. 4.288.1o5 

4.8o9.1o5 
5 5.J7J.1o . 

6.491.1o5 

~ I 

-..,., 

, ~···.M ~ (~~).- 1 . _,_. ~. ~ 

Tw ·W 

.. _ 2.o 1.;33 J._28 

2.5. 1.68 2.J6 

. J.o. 2.oo .. 
" 
1.B~ 

.. 5.o. 2.9J .... _o. 7J3. 

. .. a •. o J. 75 ....... _!),28 

1o 4.12 o,l6. 

~5. .4.68 . o.1o .. 

2o. 4.92 o.o6 

Jo 5.25 o.o4 

5o 5.41 o.o2 

lao 5.58 o.oo 

loco 5.6o o.oo 

Table v. 
- 1n 
I~ is the contribution_ to the horizontal muon flux '1- 10 

r~,,~~) from high energy neutrinos calculated by the form~la 
(l) and (Ja) assuming that b.:-i, do:.~ ~l.'VIv~d~c."' • 0·8 
-Yw is one fifth of the result of CosWlk obtained for the 

contribution af the reaction (42) ·to the muon flux )t.to•l til 

~-'1. !.-· ~.~<.-1 • 
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Mw (f1tV). I'tlc1~Ls.-4sf\) I~ Jc't..",it:l ~~d~"\~~1 !0~·~1(;.."\-fst") 
2 6.91 6.31 5.58 5.o1 

2.5 6.34 5.64 4.94 4.23 

-
3 6.1o 5.3 4.5o 3.8o 

-
5· 6.o1 4.93 4. o4 3.15 

8 6.33 5.o1 4.o3 3.oo 
. 

1o 6.58. 5.14 4.13 3.ol 

-
15 7.o8 5.48 4.4o 3.13 

2o 7.28 5.62 . 4.ol 3.23 

--· 
3o 7.6o 5.82 4.69 3.34 

5o 7.73 5.91 4. 77 3.38 

1oo 7.88 6.oo 4.85 3.4o 

looo 7.9o 6.o2 4.87 3.44 

Table VI. 

Horizontal ~~ -induce~ muon-f1~x values 
calculated by the formula , (46A, D, C ,D) • 
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· Fig.l. Energy spectra of -:•r,..+ viA for \<:}Jl ratios·ofO·and··· 
plotted with respect to the intensity for·~ ratio ·of>2D';;i 
(taken from [26] ) • . ::,· .. 
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Fig. 2. Intensity of atmospheric --neutrinos plus antineutrinos 

in the horizontal direction as ca£culated by Osborne 
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et al. • 
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Fig.J. Total neutrino-nucleon cross section as a function of 
neutrino energy E (. taken. from [2JJ). 
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Total cross section v-alues for 1]1-=;,J ·N scattering used 
for the estimation of the contribution of t~e low 
energy neutrinos to the muon flux. 
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Fig. 5. Inelastic neutrino-nucleon scattering in lowest order 

of weak interactions. 
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F1g.6. Calculated muon fluxes as a function of the 
mass 'of the 1 v~ Hw ( see Table VI). 
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Fig.S.Allowed regions for the slopes of the total cross sections 

( 6'" ( o-v) -- ~~~B. :Z:. (~) ) . The region inside the coun-

t our uau is allowed by the SLAC...MIT experiment using positivity 
conditions in the part on model; the region inside the 
contour 11 b 11 is allowed by the atmospheric neutrinos induced 
muon flux. The dark plot is the most probable region in 
the quark patron model ( the portion of the strange-quark 
pairs·is not too large). see Neutrino 72 Conference, 
Dalatonfured (l972) • 
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