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I.Introduotion’~l

’ More than ten.years ago r' M A. Markov [1] _and‘f
K. Greisen [2] have pointed out that the muon’ flux pro-
duced by atmospheric neutrinos might be observed. From the
_quantitative estimates of the muon rate £3, 4,5,6]
- was olear that this ',fjvd' —induced muon flux can be ccny
fsidered as a possible tool to obtain® information for the
., high energy properties of the‘ 3 hJ interaotions, the
: existence of the intermediate vector boson (IVB) and perhaps

' on some extraterrestrial sources [2]

The huge background of the primary cosmiO ray muons
which is present at the sea level can be reduced by two ’
methods: » REEE . :

a) Measuring the muons - produoed by neutral partioles inside ;

‘the deteotor by use -of anticoincidence techniquet

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

. primary M —flux ie absorbed giving- only a negligible
background. So muons deep underground travelling in
upward or horizontal diredtion can be’ identified by
the ib* -induced muon. '

Unt1ll the neutron flux at the sealevel is known with the
present aocuracy the;firetmethod'oan not be applied’sinoe
1t is impossible to deoide whether the muons were. produced

‘by neutrons or neutrino, Measurements using this arrangement



were done byycowon et alty {73 and Ashton et al. r~[8] .

The approach b) was adopted by three groups. in the
experiments performed in the Kolar Gold Fields [9] (KGF)
and in the East - 'Rand Propriatery Mine (ERPI) T10} "the‘
detectors were’ located at 7000 and 87lo meter water. equiva—
lent (m.w.e.) . depth sy .respectively, where the primary ‘
cosmio ray muon intensity isfacceptably low; the group at’
the Utéh University Yll] ; however, used moderate depth
“(Zooo m.w e.) in conjunction with the experiment that the
\&k —~induced muon be travelling upward.,.

*1f we know the effective range-energy relatlons of muons

- for a rock, then the depth can be labeled by the energy _
which corresponds to effective‘range equal to the dopth.

-.If-effective_range-energy relations are known for varlous
rocks (among others for standard rock . -Z‘—'/M ’, H'= 22, Z)p*
=55 g=,2£5;30;3) then everj depth value can be trans-
lated into the one for standard rock. In stondard rock

the depth in KGF is 7600 m.W.e. . The ERPM rock ié very
similar to the standard rook, 1in standard rock the depth

where the detectors were located in ERPM 18 8740 m.w.e. .



‘ The: valuesof ‘the muon flux obtained in these exI;er:!.ments
.a.rke‘lbgivven‘yin 'T‘a_.(ble" I+.‘"
) It ié'natﬁrﬁ.l to a‘.t;k‘rv;'l';‘éth‘er or not these oxperiments
.vilx';,ving.'vlv‘)rb‘ciﬁbedf'the‘ mihxb‘e‘;.:"s.for the mdon rate are able to ‘
/ ‘give ;ntorn;a.tio# “a.'bo'ut\::tl‘;e IN interactions at high
energies, a.é it has 'baé‘n expeoted? We shall see that we

f‘*: 'cé.n definitely. glve positive answer for this question.

Table I

L Eggérimgnts‘ _ Data_of zﬁea.surement§ Events '&—fl_u:_c_

EPRM - 1964-67 36 3,7 0,6
KGF  1965-69° 16 2,6 0,7

UTAH ' 1969 2 5 3

Total'number of events: 54,in average:3,2¥ 0,1

Experimental fluxes of muons produced by neutrines

-_"'Tp facilitate the oomparisons, the\flu:é- is given by assumihg
1sotropic neutrino induced muon distribution. The horisontal
flux in ERPM and in KGF are (121 0.3)x T Jowa'" gpg
i (3.5_1;0'.9)’!_(5_430&1#6'5'1-’ ", respectively.



The muon flux 1nduced by atmospheric neutrinos ca.n be .-

calculated by use- of the - 1ntegral formula ‘as follows

o v, Jon B 25 |

where NAVEY,E,6) © is the inténsity of‘the atmosphe-
rio‘ I and‘ ;; at horizontal angle © -
{measured to the vértical), d€>/e is fne differen—
tial cross seotion per nucleus for the reaction '\&kf”zl'
--—-7 M + enything®, (- —Er'ff) " 18 the average
energy loss of muons in the r ook, E is the
threshold energy for the detection, Np 1s the
Avogédrn’s number, ‘ﬂ- is the nunbér of nuolebns in /
the nucleus, If we assume that 4Ex/dx = const, then

" we get"instead of (l) & simpler formula

+.ll.ssuming that the nucleéar effects (Fermi motion, Pauli

prinoiple, ‘rescattering and absorption of recoiling
d6,~ 2dT, #(H 2)daoy

»,nucleons). can be. neglected
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I»(E).?Q) w M fN(qw s,.e) (EJ)R(hE,, ) Vs (2)

where G"’T(E.,)u's thé tota.l cross section per nucleus»i‘or
the reaction ut+ T gk an,ything, P\ . 1s

the effective range energy fu.nction of muons in the given
rqck and & is the average energy ratio transferred

to the muon from the neutrino defined as

E, .
(g, dv
b= ¢ "/Eﬁ o-(ev\ = 4B 05~ O

~

In order to estimate the muon flux produced by atmospherio

neutrino . we have to know -

1) the 1ntensity of the atmospherio neutrinos
N(v+Y, 6, E85) E
11) the average energy loss of the muons ~ d{{%
1i1) the differential cross section ddi;" for the
reaction \'f/h-o‘zw—; a.nythiné. )
At muon energles less then 50 GeV we can use the formula
(2), that 1s instead of 11) and 111) we have to know only
the effective_'range of the muons, the total oross section

and the parameter & defined: ﬁy' 3.



It 1s clear that the strength of the restrictions which
may be derived ‘on_the: crpss section da V. { at very high
energies (not accessible for accelerators) depends. on the »
unoertaintieswhich we have in the Vr~ -intensity, in the :
average energy loss: of the muons and in the informations ]
obtained by acoelerators at “lower energies. 0n the other 57
hand, ‘we could derive more conclusive oonstraints if we -
would have not only the rate ‘but the energy spectrum of the

3 .

_ —~induced muons, as well. *‘”jt

The flux, the intensity, the average energy of the
QF, —induced muons have been estimated by various authors .
[12, 13, 14) . For energies less than 1o GeV the »
linearly rising total cross section obtained in the CERN
heavy liquid bubble chamber oxperiment [15] Zwas used.
At higher energles it was assnmed that 1t increased
’linearly uprtO»a criticai energy_value;where;the;total'
oross seotion became to be constant.'From-the;meaSured
muon—rate the authors were able to derive restrictions:
on the value of the energy where the saturation began.
The energy transfer ratio. to the mnon-frcm-the neutrino

k . was assumed. to be, constant.,

The'theoretical develobments concerning the deep-in-
elastic‘lepton-nucleon scattering stimulated by the SLAC-
MIT experiments [16,17;18,l§] s however, called for’

4

the revision of these analysés.,



" The first esfimation which included the "scale—iﬁ—
variance" of the deep-inelastic scéftering was done more
than two years ago [20] . For the structure functions
of the Y 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 thé scale 1nvar1ancé restricts the
value of the energy transfer ratio R to the linits

0.5 < k€035 Similazr 5ounds were found by
Bjofken [2@} 'using the loéality of thé lepton current
: L22] « Especlally, 1f the constituents of the nuclebn
have spin Ala, and the sign of the third structure
function is negative we can: get that KR=0.53:¢03
(1nvagfeement w%}h the data of the‘CERN experiments
(see Ref. [19] ) ).Lit was shown that if the linear rise
of the total cross sectlon could be-attributed o the
scaling behaviour cf the structure functions, then at
confidence level. more thah 99% -the slope of :the linear
-rise had to be less than 0,8 ( 6= CEA\G“U‘“" Cs*‘f‘ d.

The saturation of the cross sectlon was simulated by
assuming that intermediate vector boson (IVB) existed..
It was polnted out that it might be possibie to derive
both upper and ;gﬂgg limits on the mass of_thé IVB (M),
At one standard deviation it was obtained that



n L10,V 7 mw 7 7, 5 qgv *

( fq fo'.u was:assumed)s At‘confidence level more’than
99% pertcent;ionly a’lower limit can be glven -

ol T T G O LTI T AP S T S woF e § e o sy
§ois g A gALOINT N 0 el = v A SRR , VL i

s v'MWT?V’T* Q,que.vn SR " - (5)

SRR IR

+

In the caloulations the fofmula (2) was used, which was .

A

nece sary 1f “the saturation energy 1u large ( >‘ 500 GeV).

)

: Similar analysls ‘was performed by the ERPM group [23]
They assumed scale invariance, 1ntroduced the IVB propa—‘
gator as well-and obtained results in fair agreement with
the one’s of the above mentioned work. They carefully ‘inves—
figated>the possible -role of the high-mass resonances and
the modifications introduced by the «1nequality' e“'»‘/ v .,
It was found thet i  eV= '5¢‘ ‘esgethe calculated value

of ‘the muon £lux would oonsiderably decrease.

We think 1t 1s encouraging that the main oonclusions
are the same albeit slightly different assumptions were

used, -

10



The paper is organized as follows. In section II

we give a short discussion of the calculated atmosphertc‘
nsutrino intensities, the average rate of energy loss

and the range energy relations for muons, in Sootion 111
.we review the experimental and theoretical results on.

th interactions, Sections IV is devoted to modifioations
introduced by assuming the existenoe of the IVB, finally '
Seotion V‘oontains the comparison of the estimated and

thc muasured muon flux and the conclusions.'

II. Neutrino Spectra; Average Rate of the Energy L0s8s of

the Muon-

. 'a)_Neutrino Speotra

" The neutrino spectra have been calculated by:a number
‘of workers. Neutrinos are produoed in the atmosphere fromv
the decay of the secondary =M, R . and mesons.. For .

neutrino spectra up to 107

Gev the general prooedure is to.
-calculate the speotra of the parent pions and kaons. ‘as a
function-of depth in the atmosphere f£rom the.measured-energy
- speotrum of muons»atosea_level.ln the derivation an assump-
tion mua;be’used for the ratio of kaons”tobpions'in high

3

.energy interactions. For.energles.above lo~ GeV the produc-

tlon speotra of plons and kaons are. deduced from an adopted

Primary spectrum and interaction model,



Calculations taking'into acoodnt'all'the P°551513“ ;
( i.K |'}L' ) contributions have been performed by Volkova
et al., Coswik et. al. and Osborne et al. The neutrino ‘
intensities were calculated separately for Ve, vt, '9/~
and \b* [?4, 12:]» at horizontal and vertical directions
and the QA+§L speotra were derived at intermediate angles
as well [26] o For energies between 1—1ooc GeV de use
the valuas of the 4,4-3 intensity calculated by Osborne
‘etsale for a Wl .  ratio of 20%, Because of uncertainty
in this ratios the neutrino intensities are uncertain by
+8% the vertical direction and *fﬁ; in the
horizontal direction at lo GeV. These uncertainties are
inoreasing with enmergy, typilcal error bars at looo GeV are
* 50% in the vertical direction and * 30% in the
horizontal direction., (See Fig.1). In view of this it is
suffeolently aoourate to take a straight line extrapolation
on a log-log plot to get the intensities beyond lo4 GeV [27]
The horizontal speotrum is larger; 1Y at looo GeV its
ratio to the vertical one 1s 3,7 (see Fig.l) These features
suggest ‘that it is better to study the induoed muon flux-
at horizontal direotions. For energies between O 1-1 GeV
we used: (with an- appropriate normalization) ~"the Y t—spectra
calculated by Tam and Yang [ 25] .« The errors in this
region are large ( -~ 50%) but its oontribution to -the muon

flux 'is compdaratively small. CL T : RN -

12



4#* v, 1ntensity used in the paper [201
glven 1n-Table II.(See Fig.2). For energles : E, ‘ZIO‘:giiV
the spectrum was:extrapolated‘assumigg that it follows a
power low - 3.0 E2 sted om>sec! qw-".

- .
ot

b) Average‘Rafe of the Energy Loss of the Muons

The main proces;ses by v;hich muon loses e'nergjpenetrating
rock are as folloivs. 1) 1o'hization and exclitation; 1)
electron-pair production, ii1) bremstra.hlung,iv) nuclear

1nteractions.

For the average rate-of‘the energy loss' of thé muon in
standard rook (see footnote on p..-2 ), Hayman et.al. [_28]

proposed an approximate: equa.tion as

ode 10 (m 05‘3+ 0. uraem_ —0.07H P (10.93 +E) +

ax
+b.|o E/QW)K QeVClmng' o
+(6)..
The coefficient b can be splitted into a fluotuating

. and nonfluctuating components. F luctua.tions 1n the rate of

3



the energy loss arise for bremstra.hlung -‘and.nucl‘ear; inter-
actions, since the cross sections for bthese processes are
not small for large energy {:ra.nsfei". ‘THe cross sections of
lonization and pa.ii' ‘production, however, fg.ll off rapidly

with increasing 'energy transfer..

‘For standard rock in average b= b{, + bh{.'

by - 2.4 cmiafr“ o, b =46 W,%‘:.‘ D
7

for KGF rook by = 2RwE™ | Byg = 20 ow® !

(the‘ pair produotibn and bremstrahluné terms are proportiona.l
to /A ). We note that the ‘range fluotuations [29 )
‘ai'é important only for muons with ‘enei'g'y more than a’ few
‘thousand GeV, Since the majority of contribution to T (e}
comes . from muon'sv w:!.th energy less than loo Gév, the enhance-
ment produoed by the ré.nge fluotué.tié:ns 131 smaller the.n 5%
(even 1f the saturation emergy is 1a.rge Sy cﬁ [034‘¢v)

The damping effeot of the term bE in (6) can be properly
treated by using the formula (1) But onoe a.ga.in, sinoe this
effect appears above a few hundred GeV, the use of the formu—
1a (2) (with the proper value of R ) Vould result in

unoertainties less than- 5‘5.

Summarizing the uncertainties involved in the estimation
of the muon flux T (B) we can say

1) The differences between the rooks have a completely

14



negligible effect (less than 5%) on the prediotions ’.
compared with all the other uncertéinties(e.g.‘the un—
. certainty in the value of 6}“ for 2 given 2 and
LEDY | |

11) A more significant uncertainty in the predioted
T{0) 1s produoed by the uncertainty in the neutrino
flux., This 13 @ 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 1s more than ~ 30%.(See Section III. R
Using the expression (6), the range-energy relation of

the muons can be calculated by the formula as follows

_ |
. | _deryt
RiE)= RIS ¢ é:‘E‘ (-4%). | &

‘Sternheimer [30] have calculated the range up to lo
GeV; for energies above loo GeV have been published in
[?8] « In Table 111 we give the range-energy relation-

l' Gev.

for standard rock in the energy region 013 — 210
The effect of the range-fluctuations'can roughly be seen

by modifying the average value of b.

15



III. Cross ections for ¥y N Sca__.ﬁ_t_:_gring :

a) Experimental results obtalned at CERN and ANL

In the neutrino energy regioyn‘v _0.12-12_ Gex‘ﬁinfofmation about
the neutrino _n_ucle‘on interactions is obta_ined in the
bubble chamber’ and spark chamber experiment ét CERN [15]
and in a spark chamber experiment at ANL [31] . The
important points of the results relevant here are as . :Eollows.

' i) OMly \) events were eva.luated. The available data
on &V are meager and :mereoise. ’

11) The dominant processes a.t low energies (Ew < L\ Ct"v )

are the quasi-elastic reaction
VbV —7 L p . R

~and the A (1236) produotion

N ey .
Yt pin) —7 p A,‘ a9
In the energy re"gion’l-.-4'GeV:'the1r‘ cross sections‘afe .
d = (0 6'* 6.2 )R (o on’ /neutron (11)



and

: i . ‘ ~33
;,-vb” (AL E 0,28 )X18 7 O proton 5 12)
L A""
respectively. Due to 1sosp1n invarlance we get 53 3 .

111) 740 events with 12 GeV S & 4 Y 1lGHViwere

used to determine ‘the total cross section for the reaction

Nat N —> o F anything - 13
Its value from the  propan :uh is (see Fig.B)
&Y= (0.80£0.20) E4X10 Y101 00n (14)

vi) The average energy ratio transférred to the muon
from the neutrino *L" has values for the Quasi—elastic
9, A. production (10) and inelastic reaction  (13)

. as iqllows

Rey = 0.95 T 0,05, Ey= 0,25 GeV; (152)
R, = o0.701 0,05 Ey=1-4 GV, (151)
Row = 0,54 to.06, k= 1-lo GeV. (150

17



v) The measured. data are consistent with the scaling\
' hypothesis. (See Se0.III.c and Ref. Ca11 ).

Using the reaults ii)-iv) the contributions of the neutri—
nos with energy 1ess than lo GeV, albeit with large error
bars can be calculated. Ha.ving supported by the data even
at lower energies (v) ‘the scaling hypothesis might be ™
used to estimate the contributions to I.(o) of the

high energy neutrinos. ‘ N -

b) Muon flux produced by neutrinos with energy
less_than lo GeV '

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

propose to use the cross sectlons as given on Fig 4. It is

assumed that the reaction (13) is dominated at By <A Qev

by the processe (9) and (10). Similarly for the corresponding
3 reactions at energis up to 3 GeV, Although the

-,,l," oross-sections are not measured it is well known that ’

for the ‘prooess (9) at the threshold av¢ &Y » since
%%q t%\f_q —q‘F“GH \ wheet R bl=423 | g,}'m; 4.3

( g+ is the square of the £our—momentun transfer), At

high energles, however 6“'= G'V « At low energles it is

assumed G V= Y R In the interval E,= 4-\0 eV

the value (14) is used for 6"'_':’ . For the V/.



‘reactioh in thé energy range 3-lo GeV we assumed a linéA
arly rising cross sectibn with a slope increased by the
requirement that at 4= 1{0Qe &Y= 67 . The
slope values can be read off from Fig.4. Values used for thk
average energy ratio transferred by the neutrino to the .

muon are given in Table IX.

Table 11
TNeacticn quasi-elastic(Q) ‘A production(lo 1nc%us§ve
. . 13
neut-
rino
energy(GeV) _ S
9" v)‘ VA \TA \)k‘ v/(
(1 0.8 0.8 0e2 062 - -
1-3 ’ - ) 0.8 - 045 0D -
‘ 3-lo0 - - - - 065 005
!

Average energy transfer ratios k. for the

various processes in the correspcnding energy range,



Tak?.ng into account that there-is uﬁoertainty ~. Jo%"in. .
the slope values and neglecting all the other source of
errors (espeolally the uncertainty in the neutrino-flux is
~ 20%) and using the '+, and ;l_ﬁ intensities
calculated by Coswik et. al [ 42]  we obtain that the
oontribution of the low—energy neutrinos to the muon flux '

1s

1 _(16a)

_ : . dy
(e, €4Gev )} = (0-4O £ 0,20 )x 40 ow’seC'she
A .

T, (Ees 104 = (430 £0. 60 w16 0 'sk” (16v)

and their sum is

T orh) = Tiesdwoiev) = (240t 0.10) 15" (1669
We note that uncertainties due to the unknown .0';/'0-4 ratio
may give corrections ~ 15%. (de;reasing the value
of I, ). We expect that the low energj neutrinos
. (l’-';4 410 GeV ) vproduce about one-half or less portion
of the measured muon flux. It 1s olear that more preclse

measurements in this energy reglon could conslderably

increase the predicting power of the deep- mine experiment.

20



2 c) Mws of high energy neutrinos (- Es > 40 GeV )

In acoelerator experiments the neutrino energy range-
extends only up to lo GeV (although it will soon be vaatly

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

‘contributions of the high energy neutrinos to  I.(B)

are forced to abstraot those features of the low energy

"data and some other measured processes (deep~inelastic

eleotroproduction eegs) which might hopefully be valid for

'thekhigh snergy neutrinoAnucleon interaotions as well.

In 1nterest of olarity we ‘should here dwell on defining
the kinamatios (see Fig.4) In notation we follow Llewelyn
smith [32) .

Let us oonsiﬁer'the prooess
v(k) /\7“&' J+ N (P)‘-.—?/“h.)%‘-lh') +hadrons, ‘ (‘17)

, v '
where R, k and P are the four-momenta of the

iinitial neutrino, the final muon and the target nuoleon.

The oross‘séotion for thls prooess is determined by a

second rank Lorentz tensor as follows
L= Zjdxeqqu[} (3 }, foﬂ\e?, (18)

W

-2



where 2. denotes averaging over the initial 'nucievo,n“ o
spin | q, is the four .momentum transfer = };\’- ﬁ.; # and
+ .
%I] y “1s the :Lsospin 1owering (riaing) wea.k currents

’

of hadrons. We use Cabibbo current*'
o © AG=p . & ased - _
3 Ay t * > o
'.}:(x'\‘ (V" eyt () e + (U, 6 4 By ) SN0 (o

o vIv
Assuming P T v P and Lorentsz invariance W’w “can
be etpanded in terms of f:Lve invariant functions

W/:lf(r.q,) .- %»4 W (q‘p’)-FM._PAPJW (q.v) -

t . privtPoluy MP L
t__vf_s‘;i&w (‘h")+ q__'g‘:! W (q.v)f Tl:‘l_"— Wg (‘1‘(\2;)

where ™ is the mass of the protons and V= P$ 'The'

vector-axial—veotor interference terms contribute only

b W, .+ To order »_"‘/F.M ( m 1s the muon mass) the

cross sectlon 1s determined by W,, W and W ’
VI L

n )~ ~ L
;]l(rcuvi = %L v %‘ {cas*@n W (q v) +7.sm‘9/,w ﬂm)+
vaas . =

S gy o) Ol
2 -

’ (2w

*In the following the strangness ohanging part lel be

lgnored i.e. we take Bce=0



where Q-——q Lll:E’:\l‘\ U/)_ ) ‘y="M (€= E){L\[, ,(_9 _ :
1s ‘the angle between the ‘direction of the 1n1tia.l and final
leptons :Ln the laboratory frame., From po_s:Ltivity of the

tensor . WN:'IV -1t follows that.

Jirn’ |WW\4\NMr “"‘NLG;_)Wn. . (22)

‘

The charge symmetry condition gives

w‘_vp: W\-ih W::JP, W‘:’h (1,'-4.1..-.5'.' DNE=o ) .
) » L } . (23)
On the basis qf the Regge theory we might expect that as .
J-o- and Q* fixed |
‘\{0)
W — pylqr) N ! (24a)
J\ (o) 2 o
W — P* {q) V ) : ' (241)
' agfo)-4 V
W RRY @,(Q)V “ ) . g (24¢)

: 23



where ™M dP(Q) and A (0) - are the intercepts of .
the Pomeranchyk and . . W -t‘rajeotorieg,a.t .t=0 ,
respectively. .

Introducing new d:l.mensicn]l.eiss ‘structure functions
fw= x'= 23/a+)

W, (v,4") = C_“ (wQ? | (25a)

1 wIW (\) C3 («-LQ ) '\‘:-.z.'sm»,s' | V(25b)

the differentia.i cross sectlion may be written in the form
as
' \)‘Y ) Vl’r
*I v q 2
[“ \3 lw\_\ o i’
c\u. c)xg,

%,z.

(26)
iy

Foyu-thy) (:{.:3 J)

where Y= VMg . . Assuming tha.t the "scale invariance®
"found in the SLAC-MIT experiments : [163 ... for the-struc—
ture functions of the deep-inelastic ele ct_roproduotion
(Q,o (ie'v’ >Qx ,1(1(4/", Vim <A e.\f’) can be extended for
the invariant functlions of the process (17), we obtaln

that as QL—-—-7 - at W fixed (Bjorken limit or

24



; automodelity [17] [19] ) the"»,-g; ,f'unctions'

: fapproaoh to a. finite nonzero value a.t all W

’ : This scaling 1aw gives simple asymptotic forms both for
Vthe tota.l oross section (see . [17] ) and the average
. energy transfer ratio of neutrino to the ‘muon k.hjfzoj’ .

The point 1s that :I.f at high Eq “the low 6_{" contri--

: 'butions can be neglected, we ca.n integrate over ‘3' in.

. (26) a.nd we obtain [17]

T

q_—_;_a{x TRAET T K*’/’j

o
3
-'qL it
Fn“
T

g SN e
= c\—;—c ' l(,_ ,

"(290.) :

,1-»;(‘29c’),

*Note that due to.the factor 4/00 ‘the coefficients
© obtain important contributions from the Tow (non—Regge)
B region.(See the Begge beha.viour also eq.(24) )

25



'since due to‘(22)

we ‘can write

Ay e M e ) (1)

" .Similar expressioh oan be obtained for B

. ' o : vl W v
- A viv : 3+ \’4'!".,1: T‘3k.5 IK;-' ’
&\’N - ~i. i‘l‘ %ﬂ: { = L — SRS ) (32)
or i A 2+ hWe 38T Y

where 21— « Due to the inequalities (30), we
can derive o ‘
o« £ 2015 - (32)

Now we shall be able to disouss the hizh energy aspeots of
the results of the CERN heavy liqﬁid bubble'ohamber experiment.

The most striking result is that the oross section (14)
in the energy range 1-12 GeV rises linearly with énergy
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C ~Fig.3) in agreement with (28). In this energy range,
however, we. do not expect scale invariant 'behaviour ’

unless the sca.ling occurs in an average sense even in
the non-asymptotic region. Bloom -and Gllman - [34] and

‘more extensively Rubinstein et .al. [35] have pointed
out that :l.n a.n avera.ge sense all - the electroproduction
a.nd photoproduotion »da.}te. oan be fitted with a universal -

scaling ourve in the variable

. . ‘
Tov e M Oy i
= ——— = 1.5 = OuL(
W= @iy AT ) M y % ‘ (34)
wh‘:l.‘oh a.;iproa.ches to w " if Q"\ v 'are large. In

" analogy l\Lva.tt and Perkins = {21]  assumed in their
a.nalysis of the combined propane and freon data that

‘ 29N
soaling 1n) w'= Q= ooours in, the non-asymptotio

region and so i_:hey’nsed all the events with EvY i Gev‘. '
For the present‘ disc_ussj.on the following is important

from ‘their resulls .

) i)'The,soe.l:Lng hypothesis in the energy reglon
e=A4L(e) is snppdrted by the linear rise of the oross
section- (28) a.nd the constanoy of the energy transfer .

ratto (see eq. (32), (33) )i Rep=0 suoos

f van‘ 2. gc‘._\/’- and for forty peroent of the events

gt '« 0.5 gVt

-z



-.11) The data are compatible with the Calla.n— ‘
Gross
relation - [36] LE, = WF, ., which is also suggested

by the electroproduction data,

"11i) The data suggest - that KJ' is negative;
it could ‘even be 6lose to the minimum allowed value '
Ky ==1y (h=0.5) . This implies: that

7 e

Ve Y > 7

1v)' The scaling functions K (X) ) YESTEN
- . . - K3
and )('F—,)( ') can be fitted by the formula (4-X"),

If in the description of the high energy, YN . inter-
actions we accept scale invariance and the Callan-Gross
relation, only two free parameters remain in the .calculation
especially K3 4 U( VP Ky S ) = "/ (KK Vr‘f—K M‘) omd
KM= L ¢ M‘,l V= 4/,_(14", + Hxa ).

These parameters,however, in this framevor}c,are measured

in the CERN experiment: from the measured slope of the

total cross section ‘(14) and the enérgy transfer ¢Ly<{,
(33) we obtain ‘ '

K »-KP2 e (I-T‘i;tC‘SL Ky 4081 £020
' . (35)
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here the lower 1imit and the upper 1imit on ° K;”_ gorres—
pond to Ka—‘-\tz_ _ . and kb\“._-_o 5 respectively.

In the gluon quark pa.rton model from positivity oon-
ditions and the experimenta.l data of the electroproduction _‘
upper and. lower limits can be given ‘on K?. [32]

(043 ton,) LW L pso EooR., . (38

Furthermore,‘ii’ we ta.ke literally the naive gluon-quark
parton model" [_32} the ratio (= -—Fs(w)/ﬁ{w) can be
interpreted as-a measure of the average baryon number of -
the oonstituentsh therefore we expect that oéd < 4 ',‘
in a.greement with (35) Especia.lly if we a.ocept that

X~ (B N where (N> 18 the average number .
of the pe.rtons and that ‘the main oontributions to K;a,
some from the low ‘w region (see footnote on p. 23 )

K N2 0. 3'1 can be expected. Using the wave functions
disoussed by Kuti and Welsskopf . [37]  one obtains -

K-,_N-‘-0~3‘1 ), h=0f5,-.7,- whioh implies that

F‘”’\\- Q-w{ ~ g_(q"_;ff’. +ov).
‘We ma.y say  that the g.uon—qua.rk pa.rton model 1s in

a.greement with the CERN date., but the agreement is not

" trivial, sinoe the - qua.rk model favours the" lower limit
of KLN "~ (oompare (35) and (36) ) and dx-4 .
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If we insists on e.g. .that d 0 (5”' ~%then the .
.CERN data can only agree with .the. prediction of the parton
models ) 1f lower slope values are assumed for the total

cross sections.

We shall see that the, same oonclusionkoan be drawn from
the independent cosmic ray data: the slope value 0.3
. together with (); c 13 in contradbtion, on the other
hand the prediotions. of the gluon quark model. are in ggggg—

ment with the cosmic ray measurements.

. IV. Contributions and Corrections Induced bz Assuming that
IVB Exists o ’

k If we ‘assume ‘that YVL’ -boson 8x1sts we have (Aﬁ to
take 1nto account the damping effect of the W/" propagator
for the reaction (17) and (3) to oaloulate the oontribu~
tions to the muon flux p:oduoed by the W/ -produotion

-

reactlons.

4) Should the IVB exist, we must use the factor
(f/Q\ dimu) ® instead of ‘ C; in the expression
of the cross section for the reaction'(ZI) ( F46Q is
the masa of tha W =boson). In the Bjorken limit,'
assuning scale 1nvar1anoe we. may write the double differenti.

al cross seotion as



d ’)_VI\T q “E .

— = < .
Clu" "b& vl ‘
‘ viT gy =viv Ahy P ) 37
(1-43)Flwl ¥ &Y W) F \éf ( "\3’ )
(w oy )’-
where A= 9'%%-, N

In the estiﬁa;ion of the underground muon flux we need
only the differential cross section ‘“‘/d\;} « Since the
factor ((9&-—(»3')‘1 ‘cannot be faotorized 1n ) . and »g
the 1ntegration over (v oan be performed only 1f we
know the- funotional form of the scaling functions h\lk‘» .
In Section III we have seen that the x' ~dependence ofv
the Scaling functions F (x), X Ei ' ana Fy(a)
can be fitted by the same polynomial behaviour (’.-(1—X")""

{21} . An important point 1s that all the functions Ry (X)

x' ¥, (+') have the same X' =behaviour.
Ay oy

The o  -dependence of the Fe's , however, is

not very. 1mporta.nt. Since performing the 1ntegration over

(0 for an integrand like F, (w) 4(070»&\1 , we obtain
a funotion o o which varies smoothly with (1\3,7
its value in the orig:l.n (0.\3-0) K, and 1t goes
to zero when. Ay goes to infinity as Fo kb /oy, .

-

If we assume that F,_‘(w) is oonstant, then M,_(O) = Kl

= Flad) ,

3



gy

i_f \—,_lvo\ 5 however is eque.l to C-,, A~ X‘)z’ R

: v.vthcn - M (o)_\L,L, but F.L(,,b\:cl""5s‘l4h

(insisting on that the value of K,J_ is ‘fixed). In the

‘seoond example gﬂ: W obta:l.ns less contribution from

the 1ow w; f ’ region tha.n in the firet case.

Therefore, if we approxima.te “the function B lw )

’ with; coneta.nt k,_ o only the very high energy behaviour

(HPJ57 my ) will be modified in d(r/d\a .

- Recalling tha.t "M 7’)-‘i°‘/ and. that the neutrino

imuoed muon—flux obtains the most importa.nt contribution
from neutrinos with energy less than loo-looo GeV (depen-
ding on the value of . Mw ), we ‘can see tha.t the
unoerte.inty induced' by negleoting the @ - -dependence.
of the scaling. functions is negligible comparing wi’th
the other unoertainties of the ane.lysis. ’

similarly it is easy to see that ‘the value of the
wnergy transfer ratio k (see. (3) ) 1s not sensitive
to the w —dependence of Fy 5 ‘, as well (as it is
expe cted sinoe at high energies its value is determined
by the local (non—local) nd.ture of the lepton current. [22])

*In the Kuti-Welsskopf’s gluon-quark pa.rten model
E o= CO-T T
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: In the estimate of the muon flux induced- by high
energy neutrinos for the differential cross. section

we can use-the expression as follows

dlcr‘”" G M THE (49 )+ ULngﬂ-\“"('Lj)dK ' |
LS h’ v. 4’_ag2' - (38)

where b= Mlui—) d= Ky “‘(L ( K.'ls are de-

fined by egqs. (29 ) ) and 1> b 2 ldixo

(see eq. (30) ). Performing the integration over \4

we obtain -

Nit
Or(Ey M) = C‘—t—\: % L0+ ““'+ b*"}%(4+a)~

o bad o -
— [ltbt ¥d)+ 232 1Y (39)

In the limit MW1~>6° we recbvexj, of course, the

formula (28)

QAW\ @ i (EJJNUU ) Q HE

H w—vd’

idv‘ :
Ky (W+tb X‘Qd) .
(40)
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g .in tﬁis approxima'.tion it iS"ea,sy to ca.'l.oula.te.fhe average -
energy ratio tfansferred to the muon fz}dm the neutrino
B, as well, For exampie 12 - b=4 , d=c the
~value -of 'g ‘1s‘ : '

& (1 3"&&- ;% + —2-1-5)’&\((%)”%,—{- E&M-
Civk « F)tar- 3~& |

if Hu?"““ o y 1eee &~ 0 "y we reoover that
-(see (32) ) fs056 ,if a-oo E howevef,’ we
obtain that R~ 1.

In paper f_20] , using the formula (2), the average
energy loss relation ( 6), with b= k.0 ; the differen—
tial oross section (38) with b=4 -, d=0 ¥

*Note that the uncertainties due to the unknown vector-axial-
vector interferenoce .tberm are iowe:ed ’by,ik:heb interesting
interplay bgt\veen the slope value of the total c:oés
. seotion and the average energy transfefréd fo; the muon: a
rmodifioation of QA » Wwhich 1nor_ea.sés the .siope,will Qeorea— h
‘se the va.]}.‘uie of & and - vioa versa., Furthermore the ratio
of the atmospheric a.ntineutrino intensity to th(e neutrino'
one at high energy 1s less than 1/3 (see [12] >). Therefore

the -errors from this source will be 15% or less.



‘and K5_=0'8° » the high energy neutrino contri-
bution to the horisonmtal muon flux T, (Fh &)
deep underground were ca.idulated as a function of MN

whioh can‘bei seen in Table V. : -

B) W —boson can ve produced in the Coulomb field

. of the nucleus by the reactions

o | r o
Vurz—> p+ WHE BT

(coherent and inobherent),

34N — }A A W/ + Ha.dro‘ns‘. ‘ 43)

The oontributions of the "process (42)1 to the muon rate
was calculated by a number of workers f12, 13, 143
In tﬁese estima;.te orosé’ section values of Waw (af lower
energles DB] " and von Gehlen (at higher energies :

[ JP Aot Yeu ‘B9 3 see also f{40] ). were used
‘with an interpolation for the cross seotions at intermedi-
ate energies, CQSﬁik ,’[411 ’appliled: 1ptei‘p‘olations to
the est:l.ma'.tef of the W -mass dependenoe of the jc‘ro'ss B

"seotions, as well,

x

35



Uncertainties in these ca.lculations were . involved, .

sinoe the - a.verage energy, tra.nsferred to the muons from

" the neutrino -
3 woOoN ‘ E_.,, o B (44)

was not calcula.ted a.nd the bra.nohing ra.tio for the W/

—decay che.nnel W=apn - was not known._ '

L ’l‘he snergy speotrum of the .muocns at lower mneutrino
energies (eege «f M\u“ Q-C(W E ~loQu/ - )
is stronoly pea.ked up at the minime.l ensrgy tra.nsfer
value N E"'“/N\u +Mu ) At ‘very high energies
( E.x > Ao“ Q,UJ ),‘ howerer, ' the Lee 8 s.symptotio
formula. gives. b~ Ay . Since the main contribution :

to the muon flux comes from neutrinos with energy 1ess
than loo GeV, the value of hw .must be close to its

threshold value, z.@ B=p ; Iz e accept that Bé“l.,
(it is suggested by model ca.lcula.tions £42:] ) we obtain " »

in the energy ra.nge of interest that -&w SR lo "0 'Lo
Coswik [411 assu.med that ‘Ew = 0- 65 in his
estima.tion and obta.ined lower l:Lmit on the "; W ; —mass
Mw7 ?Q%V . . ’l‘he above qua.litative arguments, |
however, suggest much 1ess values for B ‘a-\U Since the‘

muon flux value 1s a.pproximately proportional to &w ’




:i:he flux values ‘of Coswik can simply be corrected by .dec—
reasing them by a factor of ~ 4/5‘ . Flux values obtatned
in this way were accepted in paper [20} (see Table V. )
and the contributions of the rea.ction (43) were neglected.

Total cross seotions and Qw values for reaotions
(42)-(43) have reoently been caloulated for a wide ra.nge o
’of 'Y -boson masses a.nd neutrino energies by Brown, .
Hobbs and smith [-43 +. Chen et al. [23’] using these
cross sections and Q\u values have made a very thoroughf
analysis ca.lcula.ting the contri‘butions of the reaction
(42)-(43) to the. neutrino induced muon-flux. Since the:
qua.'l.ita.tive argument s given a.bove in the estimate of &w
have;n_r_‘been confirmed by the explicit ca.lcula.tiovns of
T Sfﬁith et al., the result of paper [23] 1s roughly in
a.greement with the muon-flux values of Coswik if 1t 1is -
corrected by a :Ea.ctor of ~ 4/5' . ’

V. Results and Discussions

_-_If we assume that IVB exists, the neutrino induood muon flux

- is the sum of the’ oontri‘butions from the. 1ow energy ‘

+*1t 1s assumed that B=0 .

‘37



neutrinos (16), the high energy neutrinos a.nd the Ivs
production reactions (42)—(43) (see 'l‘a.ble V)

T(6 Mo = T(0) + Do (B Mw) £Tw (BiMw), (s
The horizontal muon flux was calculated in. [20]
different slope or K-,_ .. values in.the total cross seotion -
¢ Fig. 5., Table 'VI,). Assuming . for, the::-

slope the average value O0-8 (14) (i.e. KL~D -80 \{- d=°)
we.obtain the curve ’ f} .of Fig.5. '

T A’(k‘/,_,ﬂ\o) = C9~'5+ ﬁ;(ﬁ‘/‘z\_ﬂw) + l:\p ’(“/z‘kw')l
Lot e, e

where I ~and Tw den‘ote"the data of Table V,

Ve remind that e.ccording to (38) f" is probortional

to IL',_ s therefore if we want to use 143 values

' predioted by the gluon-quark parton model (Mro S d 1o} eege )
the oorresponding values of T, can be obtained from -
the muon flux "rnlues given in Table V by decreasing

-them with a factor 0.7. The curve - B in Fig,6 15 oalcu-
lated by using the combination

T8t Nw)= (24503 Ty + Ty Ji6bused o (a6D)



" -If the values for KL and obtained by Kuti
and Weisskopf are used and we choose lower slope value

in I, , as well ,the curve C 1s obtained
' - = - RO o DTS B
T “(nh Mow) = (10406 Tud T A 107 Al 4l e

Finally, 1f 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 slépe value

0.3 we obtain the curve

TP (0 M) = (42 0-4 Ty #Tu Jx0outeed sk, (460)

According to the results of the deep-mine éxpéri.ments
(Table I), the horizontal muon-flux at confidence level
better than 99% is smaller than  S$¥ (5 '* e stA‘

T (th) £ 526 et sheneel, .
. . ) ».: 3 . . « (47) .

VWe see that the assumptiens used for the curve A  are
" in contradiction with the experiment. Even 1f we take into
acoount the uncertainties in the neutrino intensities

(~ A5 %) the contradiction‘remains. Therefore, the

firm conclusion is obtained.
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It we:assume'that 1VB exists and the scale invari-
ance ocours in an average sensé even 1hfﬁhe non-asymptotic
region, thus the total oross section must rise at higher
energles with‘the same slope which has. been found in the
heavy 11qu1d bubble chnmber experiment in the region
1-10 GeV, then the slope value of this linearly rising

oross section must ‘be less than 0.8,

If the highesi: slope value' a.llowed‘ bytthe gluon—-quark
parton model 1s used, we obtain 'both upper and lower limit

on the mass of the IVB, acoording to the curve ®’

3.5 GV < Mw ¢ 12G.

(48)
If we assume lower slope value in I ~ and use the
values for kq_ and ¢ as predicted by the Kuti-
Weisskopf f£it we obtain only a lowefvlimit
Mw 2 25 GV L (49)

We can say with the present uncertainties that the gluon—
quark parton model is in agreement with the result of the
deep-mine experiment. The agreement. may not be conpletely



trivial as is indicated by the fact that the slope value
0.8 1s in disagreement With the measured horizontal

neutrino—induéed muon flux.

_ Finally if we accept the values used caloulating the
curve D  of Fig 5, we obtain .

M 72 GeV. | (50)

If IVB doeé not exist but the IVB-propagator 1s preserved
in the formula (38) to simulate the saturation of the cross
section at higher energles, a characteristic eneggy where

the cross section will be saturated can be defined as
-
£ = \‘\w/H )
¢ - N (51)

The horizontal muon flux will be the sum

Ty T+ Ty (52)
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The curves HJ\:B‘ ( ) of Fig 6. can yevcalculated:“
from the horizontal muon flux values gilven by the
gurves AVB, D of Fig.5 by suﬁtracting the
contribution of the UU -productlion reactions. We see
that in oases A' and B' the upper limits

B Zantw | EP Lo,
(53)

{respectively) can be obtained on the value of the

characterlstic energy.
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E.(QqeV) - | Nw+v,'=;,e=ﬂz)w‘:‘sﬁ-‘Qeu“

0.2 :v . v o 9009.16-?1‘ T

0.5 '1.78.10
A o . 3.27.1072%
2 "5'.30.‘10'_\3
- TE L 6,35.10—4
lo | . '9.49.1077
20 1.33.107°
50 o é;o;,lo“?
100 ‘ 1.18.1077
200 “1.50.107°
1o0o  ewsealott
2000 . 944410712
-12
5000 - 52,0107

Toose T v T 643 o147

-1

3000 " 2.6 W10

‘Table IITI.



~ YRy kv,

Eulq)  R.  glon Bu () R. §lowt
0.1283 3.955 043035~ lo2.1
0.1311 4,831 0.4165 175.5
0.1340 5.768 0.5000 “23040
0.1360 6,761 0.6142 303.1
0.1396 7.806 0.7837  4lo.o0
0.1424 8,901 0.8967 480.1
0.1453 lo.04 lso000 545.0
041509 12.44 1.519 852.3
061622 17.67 2.000 1230
041735 23.34 2,931 1649
0.1961 35,68 3.496 1957
0.200 37.9 5.000° 2760

kyTable Iv.

Effective range—gnefgy relations of muons.in

standard Tock

49



o, e T e
E,.(q&) Rh;z.:; @‘0“» ’ _QB-.‘.O""&{.O‘“» - Rb:‘-:O E 9,-/0\«4"

lo  5.082.10° - 5.069.10° 540534107
15 7.328,10° 7.244.10° 7.253,10°
20 9,525.10° 9.463,10° - 9.389.10°
25  1.169.10% 1.154.10% 1.148.10%
3o ~l.382.1o: 1.368,10% 1.352.10%
35 1.592.107 1.574.10% 1.552.20%
40 1.80l.10% 1.777.10% 1.749.10%
45 2,007.10% 1.977.10% 1.943.10%
5o 2,212,10% - 2,175.10% 2,134.10%
60 ' 2.616.10% 2.565.10* . 2,507.10*
70 3.0l4.10% 2.946.10% 2.871.10%
80 3.407.10% 3.320.10% 3.225.10%
90  3.784,10* 3.687.10% 3.570.10%
loo  4.168,10% 4.038.10" 3.898,10%
200  7.768.10% - 7.337.10% ©  6.902.10%
300 1.105.10° = 1.022,10° 9.426,10"
500  1.690.10° 1.511.10° 1,352,107
700 2.20l.10° 1.916.10° - 1.679.10°
l.000  2.865.10” 2.421,10° 2,072,107
2,000 4,537,107 3.605.10° 2.954.10°
3.000 5.735.10? 4u404.10° 3.526.10°
54000 7.439.10°  5.489.10° - ©  4,288.10°
74000 e.65a,1o:- 6,243,107 - 4,809.10
lo.000 1.001.106 7.067.105» i 5.373.10°.
20,000  1.279.10 8.717.10° 6.491.10°

Table IV, (éont.) ‘



1.33 .

X - -2;0 BN

2.5 -1.68 .. 2,36

- ‘.3;0 2.00 . .. .. . 1«80

-~ 5e0. . ;,‘2.9_3 e BeTBL

S ry 5075 o285
"' To . 4z o6
15. i ,4.68 “ 0slo

20 . | 4,92 0406

Jo 5¢25 0.04

50 5.41 0.02

loo ‘ 5408 0400

looo 5.60 0,00

Table V,

'_f“ is' the contribution to the horizontal muon flux X (0
('ui‘;'sl»") from high energy neutrinos calculated by the formula
(1) and (38) assuming that b=4, d=¢ TR mckou‘ob’ .

Iw is one fifth of the result of Coswik obtained for the
contribution of the reaction (42) to the muon flux xio'? ¢h

CemctitskY,
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Mw e ) . Xhiohase) T.lcg. w) T‘Aci&ﬁkﬂ) T uo’(u'w)

2 . 6,91 6431 5.58 5.01
2.5 B 6434 5.64 4,94 4,23

3 . 6.10 5.3 44,50 3.80

5 . 6.0l . 4.93 4,04 3.15

8 » U633 - 5,01 4,03 3.00
1o . 6,58, 5.14 ’ 4.13 3.01
15 7.08 5.48 . 4.40 3.13
20 - 7.28. .5;62 - 4,01 3.23
30 - 7.60. 5.82 4,69 3.34
S0 . - T.73 5,91 . 4,77 3.38
loo 7.88 v6.oo 4.85“ 3.40
looo 7.90 6402 . 4,87 3.44

Table V’I.

Horizontal = %, -induced muon-flux values
calculated by the formula (464,B,C,D).

52



€S

T T t T T T T

‘ Vertt:dll

K /e/n- 40%
121 - .
e ol
10 — _  Totun eensteg 7er KjTz20% \Horizontal | .
08} K//7=a ik - T~
, ‘~,~_§~.~ B
i T~

o8t

' Verticol
04 A
o2} ]
2 5 W . wm . mw
Lo e é?y(?ﬂ?g) : . .‘V
Fig 1. Energy upectra. of - '(- ; K};‘ ratios of 0 anad: \i‘

plotted with respect to the 1nten01ty for-a ratlo of 20w
(taken f:nnx[ZBJ) :



NOWY \Evi05T2) [em?s'str'Gev™]
’0‘ [ I . S

= S,
w L
i T

[J
~
L)

w0l

107

10

1 1 1 1 . )
-7 ;

0 0 ' 10 w0 w Fge)
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in the horizontal direction as cakculated by Osborne
et al.
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Fig.4. Total cross section values for }’1'\’,.) N scattaring used
for the estimation of the contribution of the low
energy neutrinos to the muon flux.
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Fig. 5. Inelastic neutrino-nucleon sw.ttering in lowest order
of weak interactlons.
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mass of the T UB My, ( see Table VID.
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Fig.s Allowed reglons for the slbpes of the total eross sections

H
(GY(GV ) = 4*ue E z (%3 ] The reglon inside the coun- . ,:

tour Ya% is a.llowed »by the BLAC-MIT experiment using positiﬁity

conditions in the -:parton - model; the region inside the

-contour "b" is allowed by the’ atmospheric neutrinos induced

muon flux. The ~dark plot 1s-the most probable reglon in
the quark patron mod el ( the portion of the utra.nge—qua.rk
palrs is not too large) See Neutrino 72 Conference, '
Balatonfured (1972) . ' ‘ :
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