CHAPZER 1

AN BVALUATIOR OF THEORETIOAL CALOULATIONS

Inelastio lepton-nucleon oollision processes eontiaue
to be a subjest of interest and importsmny in high energy
particle physies. The prosess wnder present study is the produ-
otion of hadrons (pions,knons,nuclecns,hyperons) in eollision
between an inoident relativistic charge lepton (olntrﬁ.m)
and s nuoleon free or bound in sn atomic nwoleus. To hgve &
physical ineight, this process is viewed by using the omeept of
'virtual quants’'. Ascording to this point of view, the eleetro-
nagastic field of the incident relativistio particle 1s equiv.
alent to the field of a pulse of rediation, This pulee of
rediation represents a spectrum of virtual quanta. The effect”
(dieintegration of nucleus, hadron production from virtusl photon
Rusleon process, seattering) of these quanta are oslculated and
related to lepton-nuclecn collision process t0 caloul te the
aross seation of the partiocle process. This method developed
independently by C.F., Veisacker and B.J. Williame in 1934 s w
Row referred to as Villiane-Veisasker (VW) semiclassical method,

In the late fifties, quantum electrodynasio (QED)
treatuent of single virtual photon exchange Feynman Dyson (¥D)
nethod was developed independently by a mumber of guthors
(Thie ot al 1952, Kessler and Mase 1956,1957, Curtis 1957,
Dalits & Yomie 1957). In the sixties further developments Rave
been made, among others by Diayssu et al (1962), Drell and
Velecks (1964), Hend (1963), Sakurst (1969)



The main ainm in all these treatments was 0 derive the differential
oross seotion for the lepton-nucleocn imelastie partiele process.
It appears necessary %o maks a oritical evaluation of the
various theoretical ealoulations in ordexr %0 bring out their
similaritios end differences and 4% place in propsr eontext
the recsnt progress and the problems that remain unsclved.

We will begin by giving sone basie kinematic relasioms.
A drief devivation will then be presented of the seniclassionl
W formula. A dissussion will de given of the essential msulls
of the QED treatmeate that are more familiar and useful for
anslysis of experiments. Emphasis will be om develcopments 1in
late sixties. Hueh of the material will be covered rather
rapidly, by excluding the most of the details in eash treatment.

1.1. Basie formdas, Notations, Units

A ¥idliography of theoretical papers on the subjest
under study is given at the end of the thesie. Differeant
notations have besn used in these theoretieal papers, For
sonvenience, we use the game notation, the system of umnits
and swmmrise some kinematie relations sad initial formulss
in this seetion.

¥e will consider hadron produstion in s eolligion
between an incident relativistic 'muon’ of charge ‘e’ amd
rest mase 'm’ and a nucleom 'n’ (for both proton snd meutrom)
of the rest mass 'N'. Por the incident particle, ladorstory
nonentum, energy and velooity bafore and after sollision are



PoE, Y and P', B',v' rvespeotively. The valceity is often
expressed as [ - U, where ¢ is the velosity of light. Another
sonvenient motation s | = (/- p*) - |
The target nucleon at rest in the ladoratory has
momentun sero and energy equal to rest mass smexgy ‘W',
o the laboratory momentum magnitude and energy of the
ineoident perticle are |
P =Tmpc |
E=Tme (1.1)
The momentum-energy four veetor {four momentum of the
ineideat particle)

b=(Fig).  h=(F 0 E)

Yor the target nusleon

a':(P,i-’g) wuk P =zo (1.%)

Yor the virtusl photon preeess in leptomn-nusleon eollisiom,
the momentum and emergy of the virtual photom eve g . ¢ .
given by

b =p-} |

¢ = £ (1.4)
The sorrvesponding four-momentum is

9:=03,1%) (1.9)

The snergy of the incident partiele is expressed ss

Yo

E= (b ?""‘CO‘ , Eh= (e 4 ”"lcq),/z (1.6)



To simplify Wy supressing powers of ‘o’ in energy snd momentua

expressions, rest mass, momentun snd energy will be messwod
in energy wnits, the velooity of light being the unit (e=1)
for veloeity. With this convention amd conditiom Py P°'>) Wy
we oan write

E=p B RPN (1.7)
The square of 'q’, the virtual photeon four momentum, denpted
by 't 1s

2

= - (p-b) + (e—E)
In terms of laboratory seatiering smgle 5 of the incidemt
partiele dus to oollision and using the approximation (12),

t o= 288 + 2bb Gsl 4 omt

boomt 2 ~ 2BE (1~ Cos8) — _ 4BE' im? &
™ ( ) Sy (1.8)
Using the appreximation {::E-é%‘
. 2 E g’
- ——4EE/ Sn'nQ'% - M [CGSQ C—é, + —F-:) - 2] ("9)
At seattering angle sero, the minimum value of § is
2
koo o me
n ECE’€>

In absolute valuss,
. - ‘St 8 >
+ = 4EE S 5 + 2m {1.10)
Under relativistic omdition n? ean be neglected |

or t = 4EE’ s @ (1.11)

and oo i
M T ECE—Q)

i §



Yor the virtusl photon process in the OM system of virtual
photon and the nucleon, the square of the mm of virtual
photon energy Ei; snd nueleon E;M ie defined as

2 ema?
’g, = (E\i: + Emm} = - (ﬁ,+ (/?MT  (1.12)

from this 1t is evident that
g = mriame -t
LAY
é;‘:\ = € - %M (‘.1,)

For a real photon of laboratory energy K insident om the
nucleon at rest

2
¢ = ME+ 2 MK (i.“)
g7 mt
or K = —5w

This means that 1if a photon real or virtual om absorption
»y unulmmusnmmtouummvdu“f
My 4t st have the energy X given by

t
K= € -5 (1.18)

8o, for the virtual photon prosess the variables are K & €.
In the t = 0 limit X »c , K $ia the equivalent euergy of
virtual photon. Prom (1.15) it is evident that for elastie
scattering when X = 0, the maximum valus of ¢ 1»

tmax = 2 M€ (1.16)

in the virtual photon procesc the effects of

rediative process 1s relatsd to the partiels process. The
initial formulas ocorelsting the two processesy written in
form of 4ifferentiasl with respsot to the wariadle ¢ is



do(e) = NG, ¢)de G, @
E-m
CCE) = [ ~@.e g, @de (1.47)

Emim

Wasrs d¢ ¢.¢) is differential oross sectiom of the muoa-meleon
pion production precess. N (5, ¢) is the number of virtual
photons of energy ¢ per unit snergy. I, () 1s the total oross
sestion for sbsorption of photon (virtual) by the nualesn,
The expression for T (E) ia based on the sssumption that the
effect of virtual photona with various values of ¢ add |
inooherently. This is true only when the perturding sffests
of fields of the incident particles are small so that doth
the ineident and the strusk particles remain almost
undeflected aftor sollisfon, 8o, the method is applicadble
under the ocondition

1.2 Classiesl Williams-Veisssoker (W¥) method
Eods Williams and C.F. Veinsicker independently oaleulated

using classical electrodynamies the virtual photon spectrum
(vps). The expression in ¥illism's paper {1995) s

' e @ E
N(e€e)de =2« %= A S (1.19)
where « - ‘—'3—7 is the fine strusture comstant, & s a cozstamt

of the oxder of unity, |

Yor oonveniance of presenting the sudbssquent develop-
nonts, we will give a V¥ derivation of the vps.

¥e suppese that the ineident particle Noves alomg the



axix 3 (fig 1.1) amd elosest Aistance of aprroach (impast
parsmeter) to the target muclecn 'n' im b’ (At time t = O,
the oharge ¢ 1s at 0, 1ts distanse fyom 'n' 19 b). Accoxding
%0 classical electrodynamios the eleoctrie and megnetio
fields on *n' sre given as funstions of ¢ by

_ Yeb
El (-t) - (bq_‘l’ 'szsz)S/z'
E.(#) = - (——:;_%;%f—v;"g)s/z (1.20)
B.(t) = BE () (1.21)

The other components sre vanishing.

rexr 3=/, B,(k) = E(t) (1.22)
IS also follows that Ey(4) emd Ba2(%) are apprecisble on ‘A’

over time interval

b -
At ~ 35 (1.23)

As Y incresses, the pesk valuse of fields ineresss, Wyt At
decresses. As 171, the mucleon 'n' sees nearly equal Sransverse
snd perpendicular Eqand By whioch are egquivalent to a plame
polarised pulee of radiatiomalong sxis 3. The field By(4)
has no sagnetie component. 1f the target responds oaly to
sleetrie fores, the asvescary magnstic component oan de
~ taken for Eg(%) %0 form s pulse of rediation moving slong the
direstion of axis 1. This pulse is of minor importanes for
large Y . | |

A pulss of radistion cant ¥e smalysed into a

frequeney mcm using the Youriey transform of fields.
Tor B {t) the Fourier transfora is



.

LOLTR-UTY 113

AND  vELOCitY v




1 (wt ‘
= t
E() 20 _S%E () e d (1.28)
The inveres is
+oc ot
~tu
B = (z? S,o E@) e do (1.29%)
Here @ is the frequensy of radiatiom.
Using (‘920)' (1.21)
i
Wb Wb .
B () = oy (‘ﬁz‘) Y v ki (W)] (1.26)
L Zy,[% k(ﬂf’-” (te2m)
B, (0 = -t 5 (7] 37 Xl .
}{O(WB)M\&E( are modified Dessel funotioms.
The tom-nrnﬂm;wwtmummuot
redlation formed by [, (+) «md B2 () is
W = *.Sac [E ({-) Bz(f)]d{'
--c(, 06
ST = (S[e )] L
B - _a |
uetng (1.29) v = § &) dw (1.28)

I I, q&&w)%- the enargy flow por unit ares per unit fregquency
in the pulee of transverse (Trans) component By them W een
be oxpressed as

o¢
q Ir (wo) dw (1.29)

Ams,



Comparing (1.28) mmd (1.29) we heve

Inw_(a" 5) = —Z—%I E, (“)I'Z— (1.90)
Similarly, the pulse of the longitudinal (Loag) eompoment
has frequengy spegstrum

ILW‘? (w.e) = 'Yl IESL )l (1.3
The Yourier tramsform [ (o) E.(«) given by (1.26) and (1.27)
are inserted in (1.%0) and(1:31) to get the frequency speetra

1 e? Ly (wbY 12 wb
I @9 = 5 £ (85 & (41

Lowa.(w b) = "—'_-—_-(5) - 'y""(’Y") i‘(""’('y\) (1.352)

The lemgitudinal WILW&-’" negligitly small (as vexy
large Y whea va;c). Since the width of pulse ocorresponding
to £, (t) 48 At~ 5[YV.the frequensy spectrum 1. . . extends
uP t0 & maximum of the order |

O ~ A7 = 5 (1.33)

ﬂnoI._M%mm has a narrow renge sentewiag Wn., ™ Yyv/é

Tor frequendies less tham YU/6 , that iw ,
WKLYV /b

F wifvr K 1L (1.34)

Ve find approximately that

. I
e 2.
E|(Q))‘ = —-—-—bv (%j’ CL)b/')’U < 1

. =0 1
E, (w) , wb[rYv > (1.38)
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Witk this value of [ (©), the freguemey spectrum ITvW-(w'b)'
is

R R 'ler %1- (—3-)7— _&’:’—: (1.36)
To got I (<) 1. (22 must be summed over the various possible
impact parameter b. The upper walue of b, determined by (1.34)
18 5, =Yv[W « The lower value byiy 18 %0 be se chosen that
for higher impaot parameter, the incident partiols fields
are egquivalent 4o a pulse of rediation, md ror smaller
inpuct parameter, this method 1s not useful. Yor the prosess
of plion production om leptom-nuoleon collisiom, byg, omn
be ghossn as the radius of the target nueleor Oy &~ q:?h{'c

( & eomstant of the order of wnisy). Using bn.. = *Zc

fyvlw
T (@ = L € S an6. b
where 2, \7m1c..
€-hw = 2 (£)(5 4 (1,37
The trensverse vps B¢ ) uemumwmum
ralstion
LI frams(®@) dw = Hw N (hw) d(hw)
- de
= & N (1.38)

The rasult is

- 2. ole m___
N (e)de = of T A e (1.39)

when we put V=Cg co | sagording to the mfopted sonvention
the axpression (1,38) is the same as (1.19) obtained by



1"

¥illians for the transverse virtual photon speotrum. If the
omtribution I._ma(w. b) 4@ taken into aseount,the result without

sny approximation is
n §< [ Ip..(08) + I._mﬂ'(oo,b)l bdb

bwim

1

I

v

“ 5 () {m%‘s—ﬂ - & (e

- Z‘K?—z

(‘”’”“”‘) k\(ﬁéw

¥e can approximate this by
(@)= 2@ [ tomn — T L0

. ) 1 - —T 2’_\1___
I = £(&S [-xE] e, g
(high fwequeney) (1.42)

Prom low fregqueney spproximation axpresaion (1.41) we edtain,
a8 before with v:-c - 1 , the virtual photonm speetrum

de [)('n 11235_1__1”5

NEdG:——?;-OC --—'
© ™ S ] (1.43)

T
This expression is similaxr to that obdtained by Heitler (1954)
and was used in sarlier experimental work with differems
oholess of byyy (Pagter and Saxd 1960)
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1.3 Treatamts of Kessler and Xessler (19%6), Xesalex{195%5)

he results of the theoretiocal treatumt in the IR
method by Kessler snd Xessler (KK} have besn used in several
of the past axperiments on wmultiple pion produetion ia
lepton~-nusleocn ocllision. The D dliagram of the process is
shown in the fig. 1.2.

In the virtual photom procsss, ons photon is exshanged
Detwaen the soattered lepton smd nucleon. The uppsr vertex
deserided the intersotion betwesn the lepton and virtual
photon and the lower vertex desorides the imterection between
the virtusl photon and the target nusleom. At the nuoleon
vertex one studies inelastie processss in wiigh yions and
other hadrons are produced.

One virtusl photon exchmmge is assumed to dominate
the process, sinceithe exshange of a sesond photon is expected
to be supresssd by a faotorpf approximately 7%7 (Line
structure constant). Kessler and Kessler sompared the
virtual photon process with the real photon process (fig.1.2)
to obtain under extreme relativistic comditiom ( E)™ )
and emall mugle (lepton seattsring angls smd virtual phosom
emission sngle) approximationths following relation bDetween
T (e) and Tyn (€)
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rmm.mmgie)zooumau

N(e)de = -%o-(' %‘[("'— +575—) = “‘i‘“‘") (1.45)

The expressions for N( ¢ ) obtained in the D formslism ¥y
Curtis (19%0) end Daltis snd Yenuie (1957) are almost identicel
80 far as the factor multiplying the logrithmic term is
socnserned. Differences ceour only under logarithn and im other
texms. These 4ifferences are not of wueh importance in actual
nunsrical computation.

Keasler (196%) in a more sxset formulation odtained
the oross seotion differential in tec variadles ¢ amd ¢.
The result is

d*oc  _
dedt N (E, &) Fn (€. (1.46)

. o(, } [ —’—_ Il e'L +__'t__ l,\‘l-eq_tf’
wih N (E.6t) = T () {: 2E+ T4Er | tE

The virtusl photon-nuoleon eross seotion JT)n (6:t) hag been
" assumed in several applieatien %0 be 0f the form

Oy (1) = Tynlf (+) (1.47)
Tyn (© 18 the total oxoss asstion for real photon abeorption
by the nuelwon., The fumesion F(t) w (tg/ S+ t)2 i the
square of Hofstadter type nusleon electromagnetie form faotor

with to= 0,365 (Ge¥)2 eorvesponding to a ¥ms nucleon redius
of 0,8 fu,
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Asoerding to this procedure

F(t) =1 whon t<< b
70t) thus represents the iaflusnes of finite strusture of the
nucleon as funotion of t.

1.4 Treatmnt of Daiyasw, Xobayskews, Murota, Naksao (DENN) 1962
The suthors have defined the eross seetiom of the
lapton-nucleon inelastie collision as a single photon exeh-
ange prooess by the expression
dio
o€ ot

(1) +N, (6 L 6D
= T‘w(e t) LT ) one “”‘3

Here Nr.., (61), the transverse virtual vhoton flus is given

0,8 ] I 2 " e
b’ NT(G){‘) '—“-%n,‘_ E'l:')'nl tq_ KE t""(E-E){—Z_')ne_%g

NLma(e, ) the longitudinal aud sesler photon flux is

NLo‘rua (e, %) = 2 "“""' '--3\(Z?71 't)'b§

30+ Elhom-

Ly WQG, t) and LL“a (€,t) sre corresponding funotions,
oalled struoture funetions, whish are 41fferent froa nusleon
form faetor. The authors sssumed that

L, (68) = 0 (1.48)

L - to \©
Lo = ﬂ?n O.yn QE)

The valus of ty, the sus off parameter in the mucheon form

fastor is ehosen 0.365 (0e¥)2 gorresponding to the yme nucleon
radiue of 0.8 e,
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Yor s point nusleon to > X
F(t) =1

L t5oms (e, t) = ﬁéﬂ O;,,CG)

dr*o  _ Tyn (€)
and 2= = 4T Ng (68 =yns {1.90)
For s olowd like nucleon %5, finite
adrCo | Oom () [ &, N
qJedt AT NTams(61) =2 bo""b) (1.51)

Kobayekaws (1967), one of the suthors of DKMN treatment put
the orvss seotion in the following form by intvedweing the
experinentally indieated (Higashi ot al 1965) prodabilities of
point 1like snd eloud like nucleom struetures. ils formula is

dro

= N €t _ to \"( Oyn (€
gt - T Nl >{“+C’ plter §-’-é’—- (1.5
there the factor 'a’ gives the oomtribution fyom point like
strusture. Kobayakewa suggested a:-0.1 on the basis of experi~

pental data of Higashi et al(196€3%).

1.9 Treatunents based on single virtual photon exchemge through
& vector meson, vecior meson-dominance (vmd) model,

These treatments are based on the comeept that the
virtual photon couples %o the muoleon through & vestor mesca
(P, ©. P)  and the strength of the coupling is independent
of %, The dlsgram of the virtual process is shown in the fig, 1.3

That a veetor meson may bs expested t0 play such a
5 4 797 ntyersity Libsarmy
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role has experimental support (Hoffmsm et al 1969, Dieterle
ot al 1969, Perl et al 1969). The experiments (Bishop 1962,
Hand ot ol 1962) on the eleotric charge and magnetic monent
distridution on nuoleon by high energy electron soatterimg
have given nusieon electric snd magnetic form factors as
funetion of 't’, The experiments)l data favour the assumption
of ome photon exshange progess in the seattering process amd
permit evaluation of isoveator and imsosealdr form fastors.
For Ssoveotor electrie and magnetic form faotors the following
expressions have beaen odbtained

‘9t
GE\) ('i:) = — 049 + 1:2+1':
44
GY () = -lo + 75 (1.5%)

with (to)yl - 750 MeV

This is the same as the mess of the meutrsl C’-mesom.
The result points to the eonjecture that the strusture of
the nueleon has something to do with the existence of these
p° w, ¢  mwultiepion resomsnces. An snalysis regarding ihe
POSeibility of such conmnestion shows that the nusleon fowm
fastors which are determined by electromagnetisiéperator
must sontain terme 1ike that 4 (1.57) with ‘o' gorvesp~
onding t0 the mass of the resomating state (matrixz clement
of the elestromagnetie ourrent operstor is large for reson-
ances in sulti-pion systen such as €’ < © mesons). Yor
isovector form faotor this mass should be mess of (° «mesonm
and this 1s consistent with the observatiom. The iscscaler
form factor has t0 bDe estimated using the mass 0f w-mesonm.



LN

¥e mow presesat the results of various caleulatioms
asing the conoept uf veator meson dominanse,

(a) Method of Drell and ¥alacka (1964)

The general expreasion for the inslastie lepton-
nucleon exoss seotion was obtained by them in the following Hmm

2 r
&%% i [WZ €8) + 2w () sifofa (4 g
where the inelasiioc form fastor (also ealled struoture
function) givea by
1 2 1/2,
Wi = e (E +t) .. . (et) (1.56)
1 t
Wy = P (61“)1/2_ [in(e,’c) - OLoha(e,t)] (1.57

U.n8 OL.., are the eross ssctions for absorptisn by
the musleon of transverse and longitudimal photoms. Agcording
to .Bjorken (1969) these form fastors, at high values of and
4 should only be funetion of the ratioc of these two variadbles

Yor ¥,, he suggested
2! W, = L F( ZME)
i = ¢ t
where the fumotion [ (2M€)4 eonjestures to mamifest
‘seals invariance’ in sense that it depends only on the
ratio:; using(1.11)

d*g _amx* 1 1 tw 2_re 1t
dedt ~ ¢ E’“[L )+ (- e g )W ed)] (1, 58)

- 80cording 10 v n d model, the dependence of O and GLcm?
on ¢t 4s assumed %0 be givem by the square of the neutral
veotor meson propagator,
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For -meson of mass 7 the virtual photon absorption ewoss
seotions were ftakem aa

O-Lm\_a »(_e,‘t) = 0 (“’9’
12
T () 7 G () (225 (1.60)
usiag these forms for O “O’ (1.”) 1s expressed ss
cl? “a Y 2EE z \
T ok "'JO‘(e)x)
dedt — 2m t E’- [(f-"e N (t+ & n ('m,,n
This can be reduced to
1~
dedt T E (geeYR LUTE T2 BN JT et ) (g 6m)

The Sotal photom-nusleon shbeorption ctéu sestions
Tyn (6) iw given (von Bochmann snd Nargolis, 1969) by

(2 - |
u o: :
Ton (&) = 5 g—w ! ) oo (1.62)

where Yo 1s the 0. photon ecupling < oenstent

and Op; 48 the - nusleom oross sestion. Using this
forsula¥ Caldwell ot al (1969) derived (. musleodl eoupling
congtent from the measured value of Oyn  ( for photoradeorp-
tion by protoms) end Uoy,. The result is %fﬁ— = 0,58 asswning
that & and ©° - mesons contridute 18,4 t0 the i -
Andereon ot al (1969) obtained yf;n w0,42 assuming <« mnd ¢

contribution of 1845 %0 Oy sitd using the - meson dominanee
relation

X,
4n_ dao 1
Oyn = [‘“To( 1 At (ym-(om)t=°]

(1.63)
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(b) Omloulastiom of Sakural (1969)

Sakural salsulated . proton erces seetion for tramsve-
reoly mnd longitudinally polarised O mesons snd odtained in
terns of these srofy sections transverse amd scaler photon eross
sesetions O ,0,, secording to the formulation by Rama (1963).
Transverse and scaler mh*mc seotioniare relsted ¢0 O
4 0s s Or = l—ﬂ——{il—- O tyams

. (1464)
S ~ - /= l—ohﬂ

K
The expressions for O7 O . as obtained by Sakursi.are

0L (e, t) _( (_’Y_n_@:__)L (_L)( >

Pt (1.69)
(6,+) = [& K)ol (k
where o (5 )(w% Ch ()u.u)
?(KD 3%— )
on
The ratio Gi[o; 1s R I:Cz:; g() = [r- ZMJ (1.67)
Sekwrai them ealeulated Wyanmd Woby putting
O (k) = (%) G5 (1) (1.68)
In texms of O—T 7. | Gqs
K
Wy = - K - \-
! z}n"‘o( O-T T4t O;’h (K) (%) (1.69a)

Kkt
‘“77'0(, t+er 7"(K) [ ><
E + 7;,,"'1- ) E(K>j (1.695.) ‘



Por §(K)X1 ( 12 nigh energy (- nuclecm interaction is epén
independent) and K - €

~ K t mg- ..

Wa = AT t+€2- O (K Mot (1.70)
Substituting for Vyand ¥, in eqn. (1.95) end negiecting 2u?
we got

dto - « k | (,mq,. 2EE-%/2.) (K) fmp
dedt an t M+t L+ev (h‘“)
Detailed onloulation leads $o Ahe expression

K W)OL / K K

W, T arw E” i [H?i‘a-] [__B_.+‘§(l<) )J G ()
me~ | i — Te +i(.K)Le )J (K>

€Wy = ame € ,+_et: l+l”f»~] [ 7,
(1.72)

This shows for fixed values of /i end $-1 the veriatiom
of €W, as t ineveases. Ita wvalue is lower than the Bjoiken
1init (Bjorken 1963) even at twd (GeV)2 py gpout 15 %, If €

is slightly higher, the approssh %0 Bjorkem limit is slower,
Ve now find an expression for inelastie lepton-nuelson 9xose ,
section using Hand's definition of this,for ome virtual photom

exohenge process (fig. 1.2). Acoording to Hama (1963)

d*o (k) Or (k) N (k) 0 (KD
drdt ’

= Nr(oq + €G3) = Nror (1+ER)
(1.73)
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Yhere Ng, Ng the transverse and sealdr virtual photon fhuxes,

are given by

N (K, ¢) ‘z}T(#L) (' t (E»E')J«tj (1.74)
o 2EE' -+
NS(K,%) :m(? (E—E;)"'_‘,-{; ('.7,)

-\
2ee'-%t R

N ) l__lth"- (E- TEOD+ t
£ - s/NT = (2EE'- /{(EE) + t} (1.76)

R = Gfor = "30@ = [ tfame] (1.1

using (1.76, 1.77) we get eross section im the form

2 t N (kY
BT - N (k.4 G () (1) e 04 (6]

éNT(k>t> o—Th(k)(l-!-qé—__) [l"'q;'?—-E?(-K)(k—i—%\Lj

| | (1.78)
with S=<1, €X1,  from experiments of Hoffwen et al(1969)
~ Dieterle ot ol (1969) and Perl ot ad (1969) smt K >) &5
(.E->> i—l—'\;)’ the expression simplifies to

/R o t -1
ct z{ = Nt O (K) (1+575) (1.79)
dK




The process of redueing eqn. (1.73) to equ. (1.79) wesnshthe

assunption
%G -t (1.80)
O~ ™

Inclusion of O. in the ealeulation results ia the orossec

" sestion depsmdent OR - BOSOUA Propagator instead of on the

square of the O - WESON PYOPAGAYOY.

" (@) Galeulations of Crosslamd sand Yowler (1964)

The single pien preduction proeess (fig. 1.3) was
Sreated using the model of virtual photon interaction with
the nuclecn mainly vis & veetor mewom. The °° or « meson is
charsgterised by a Regge twajectory and the diffefentiel
oroes section of the process in variable € L ¢, is expressed
in texrms of . (270 amd ﬂf\gv»’f) « They have not given spper-
ate expressions for 0. (T't) end Oromg (75 snd have giwen
under high energy aprroximstion a formulad imvelving ailform
faotor '

1. 2L
F({:')’L = i\ x a,+bé+cfl">
AT = 1 (G'.ev,)"‘ (A ! £> ( (1.81)

The soefficients s, b, 6, are funstions of 't’, Their resii)e
soncern single pion production wheveas the most of the exper-
imental data conserm produstion of multiple pions,



1.6 Humerical oaleulation of oross sestione

The sxisting experinental dats for muon-nusleon inele~
atie process aomcern total sross-sections and also &ifferential
eroas-geotion'only in few cases. In the present work, we have
perfornmed numerical osleulation of theoretiesl orcssvesetions from 4
the treataents:

(1) vmd model formulation, expression (1.79)

(11) DEMN formulation, expression (1.52)

$111) Kessler formulation, expression (1.46)

(iv) KX formulntion, expression (1.44)

(v) ¥¥ formulation, expressien (1.43)

Thi; steps in the computational procedure are the evaluationy
for eash of large mumbder of muon energies in the range ¥ GeV

to 10 TV, of
420 (fe ¢)

dedt
o d*0 d+
do (ge) = )dedt
v 22 ot
Aro ol €
do (e¥) 7 )dekt
% at Emarx
Sg(;czo@e
= de
4. U(E’>e) €
S{W
_ o k1 -
J(E’ 7*3) ; At
L 1Y
The limits of St and ¢ ave the following
tm - ..é__‘%?l.q:) tqr\m = 2ME
E(E-¢€ o
€mun = © émor"E'MS\HF(%)%/L

Mo M (04 25 )2 = 0475 Gey

E
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In the computation we have used photo-nuslear ¢ross
seotions Orn (K) as » funetion of € as given by reeent
experinents (fig. 1.4) upto photon emergy of sbout 17 BeV.

The experimsntal direct photo-nuslecn absorption exoss

section data are also in sgreement with those derived from the
vad moded=fit to muom-proton inslastic sesttering dats of
Perl ot al (1969). The theoretical ealeulations of total photo-
nugleon absorption eross seotion on the basis of vector dosine~
noe model (Davier et al3963, vom Bochmann amd Nargolis 1969)
and Regge-Pole model (Buseella & Coloeci 1367) have givem
reaults oonsistent with experiments upto photon energy 67
100eV. The new experiments (Besrukov et al 1972, Chin et al
1973) om the production of very high energy penetrating showers
have not indloated amy sigaifionnt deviation from the tremd
of oross sectiomphown in fig. 1.4.

| In the numerioal integration, interpolation was Recsssary.
The error of interpolation was szuni.

A selection of the various oﬁm oross seetions
are presented in figures 1,5 - 1,32 we have ain given tables
(1.1 « 1,21) of eross sections for a seleotion of muon
energies for numerisal comparisions of various prediotéd
oross sectioms. To show the differences in these eross ssetions
the ratio of cross seotions asoording to various tcrinlaum
relative to the eross sections of vad - Sakural is plotted in
fige. 1.33 - 1,37,
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Table 1.1 Conputed valuss of differential oress seotions

77 for some values of ¢ at X = 100eV
€ = 0,15 GV

¢ | dro/dedi, 103 4Wdio/dcAL 100y par
Ge¥e  iper Oe?’ - nusleon 0¥’ - nugleon
vl noded (Sakweai) (Kesaler)

2.6 =108 257 287
3 xw0é s 13
4 x 106 390 %90
s x t0~6 ©2 02
¢ = 10~6 398 398
105 308 08
2 =103 178 178
3 = 10-5 126 126
¢ x10-3 97.% 97.9
¢ x 103 67 P
8 =105 50,80 0,00
10-4 0.2 40.20
2 x 10~4 20 ' 20
3 x 104 13.9% 15,9
4 x t0~4 10.10 10,10
6 x 10~4 6. 70 é.70
8 x 1074 ) 5\
10-3 3.92 4

2 = 10~3 1.86 1.98



Table 1.1 (oontd,.)

s x0 1.20 1.20
4 x0° 0.86 0.93
5 x 103 0.66 0.73
6 x 107> 0.53 0.99
8 x 103 0.38 0,43




Table 1.1 (eontd.)

. ¢ = eV
e 1 |
¢ {drofdedt, 10T w} gro/dectt,  qqu2yy pey
0¥ | Cer Ge¥’- nualeem Ge¥>~ nuocleon ;
wad model (Sakurai) i (Kessler)
I L — -
10~2 (3} 589
1.5 x 1072 438 400
2 x 1072 332 . %00
5 =102 224 195
4 x10-2 167 140
s x 10=2 131 108
6 x10~2 107 86
7 =x10-2 89 7.2
8 =zi0-2 76. 50 | ‘ 59;°°
9 =102 66.%0 .50
10~ 58.6¢ 43.60
1.5 x 10~1 ¥ 24
z x10! 2%.90 15
3 x 10! 13,30 7.30
4 xz 10=-1 8.75 4,20
5 xt0-1 6.20 2,65
¢ x 10 4.65 ‘ 1.78
7 x0°! 3.60 1.2¢
& x 10~ 2.90 0.93
9 x 10~ 2,38 0.70

-

10 1.93 0.5%



Table 1.9 (m“o)
€ =9 0¥

$ oo [dkdd, w")wt Aro[deots, 102y par

de¥2{per Ge¥7~ muoleon Gev’= nucleen
{ ved moded ( Bakuxat ) (Kemnler)
e o S P A D SR IR P
10" "3 82.40
1.3x10~"! ¢ 47.10
2 xto-! 53 %0.%0
2.5x10~1 40,50 19,70
3 ato~! 32.%0 15.40
4 x10™! 29 8,90
5 - xto~! 16 5,70
$ xt0-1 1.22 3.85
7 mo™! 9.68 2,70
e xio~! 7.80 1.98
9 xto~! 6.45 1.9

10° .39 | 1.14
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Table 1.2 Computed values of differential cross sestions
for some values 0f € at B » 100 GeV

€ = 0.5 GeV
$  {tro/dkdt, 100t dPofdeRt,  go3u®
Gev? mmfoman mh'-mlm
ived model (Swkurai)}  (Kessler)
1.2 x 10-7 25%0 ~ 28%0
1.9 x 10~7 3100 3100
2 =07 3950 3990
2.5 x 10~7 4400 “00
5 x0T 4380 4380
3.5 x 10~7 4100 4100
4 x10-17 5790 31”
5 x 107 3150 | 3130
¢ x1w07 2700 2700
7 x w07 2360 2360
s x 107 2100 2100
9 x 107 1900 1900
10~6 1740 1740
2 x 106 920 920
3 xt0-6 623 , 23
4 x 106 475 o
¢ x 106 320 520
8 x o6 } 240 240

10-3 190 190




Table ¥.2 (m“t)
¢ = 0,500e7

< cl’*o—/dko!f w’»yi Ao [de At 3
e . : / 107 4%
\ pex GeV3Z nucleon g per GeV’- nucleon

; » vmd wodel (Sekurai) (Xessler)
2x 107° |
9%
3 x 1073 64 P
Ex 10‘5 38 38
8 x 10~
i 23.80 23,80
1 19.00 19,00
2 x 10~4 9.50 9.50
3 x 1074 |
6.40 6.40
Sx 10" 3,80 ‘
. 3.80
-l
8z ‘0 S¢40 3.40
} ]
Lo 109' 1‘9g

R A T SR S N N ST S SRR TR A AP SO g e




n

Takle 1.2 {eomta.)
€ = 20 OaV

&ii‘}ii
'Y dro [dkdt, pS) Ao [dedt A
aev? per 0¥ = auoleon | per Ge¥’- mucleon

fvid model (Bakurai]  (Kessler)
o %’!‘?‘ AP

10-3 5.30 5.38
1.5 x w3 4.68 4.68
2 x W3 4.0% 4,05
25 x 103 3.98 3.58
y xtw0d 3.23 3.23
3.5 x 103 2,83 2.79
¢ x10°3 3.82 3047
s x 10~ 2.10 2.08
6 x 103 1.78 1.63
7 x 107 1,95 1.%0
8 x 10-3 1.38 1.33

10~-2 1.11 1.07
1.3 x 10~2 0.75 0,74
2 x t0-2 0.57 0,52
3 x 102 0.37 0.33
4 xz107? 0ol 0.24
5 x 102 0,22 0.18
6 % a?n 0.18 0.14
7 x0? 0.15 0.012
8 xt0 =2 0,13 0.010
9 xt0~? 0,11 0.009

1o~1 0,10 0.007



Table 1.2 (Comtd.)

s rdz.o-/dlco(f, ‘owh dro | dedt, 10—’/"’

0e¥2 | per GeV’- mueleon per Ge¥’- musloon

{vad model (Sekursi) § (Kessler)

10! 11.20 8,13

1.5 x 10~! 6,47 4.70
2 =0t 4,48 3.03
3 x0”! 2.60 1.54
4 x 10t 1.73 | 0,92
5 x 101 1.23 0.59
¢ =x 10! 0.9% 0.40
7 x10 =1 0.7% 0.27
s x 10! 0.60 0.2
9 x10~-! 0.%0 0.1%
o 10e 0. 41 0.12
1.9 0,21 0.04
2 0.12 0.92
2.8 0.00 0.01

mmm
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Tadle 1.3 Oaloulated values of differential oross seetionn

for some values of € at = Y TV
= 1 QoY
t L orofdkdt, 0% ;dto/dﬁ dt, 105 u»

0"  Iper Gevi- mmeleen 4 1 Ge¥’- nucleca
‘ved model (Bakurel) , (Xeowler)

mem—— - e e et emeren
1.2 290 16%0 ) 1630
1.4 x 10~8 2340 2340
1.6 x 10-8 309 %050
1.8 x 108 37%0 37%0
2 x10-8 4340 4340
2.3 x 10-8 5420 5420
2.5 = ‘o.a 5820 $820
3 x 10-8 6060 ©6&0
3.8 =x 10~8 5800 5800
4 = 10~8 8280 8280
s x108 4%00 450
¢ =x0-8 3900 9900
7 =xto8 %460 3460
8 x 108 3100 3100
9 x110° 2810 2810
10~7 2560 2580
1.8 x to~7 1780 1780
2 x 107 1370 1370
2.5 x 10~7 1110 110
3 x 1o~ 7 929 929
4 =10 "; 710 710
% = 107 8T8 878
¢ x 107 480 480
7 = 10"7 412 412
& =x107 s62 362
10-6 288 288




Table 1.3 (eontd.)
c = 100 GeV

Tl e S wh
Gev? ; per Ge¥>- musleon , per GeV’- amcleca
+vnd wodel (Sekurst) , (Kesnd ox)

1.4 x 107¢ 2100 . 2180
t.7% 1::: 3800 3800
2 =1 %010 010
2.5 x 10~¢ 5200 8200
3 = 1::: 5150 51%0
3.5 x 10 4800 4800
4 4 "0-" 44%0 449
5 x 10~4 3950 3990
¢ x 10t 5450 480
7 =104 %080 080
8 x10-4 2760 2760
9 x0-t 2510 2510
10~ 2900 . 2900
e X 103 1240 1240
S x 10=3 500 495
8 x 107 320 0%
102 2%6 246
2 x 10~
3 10™< = 118
5 x - 82.90 74.80
x 10 48
® xwl @ %
10~ )
1.5 x 107! ;a s 6.0
¢ ’ 1 3.60 s‘m
= 10 .
' sin e
x 10~} ' °
x 10 2,78 1.00

W unN
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Tadble 1.3 mggav

¢ = 400 GeV

v orofdkdt, 107w rarofdedt, 107y
Ge¥ | per OGev? ~nucleon :per GeV J- nusleon
vad moded (Bakurat)s (Xesaler)
%"’2’%

3 = ‘?u 20 20
.2 x 10=3 % 8
3.5 x aOlU 37,60 “4-8
¢ =10 4.7 41.70
4.5 x 1072 42.60 .2.60
s x 10~ o -
5.9 x QOIU 43 o

§ =1 42,80 42,80
7 =xt0~3 1.20 .20
° =i 39.%0 39.%
9 =13 37.% . 37,00
1.5 x 10-2 25,90 Eatyes
2 x 102 20.20 i

3 X dO.Iﬂ 14.10 12.70
4 xw? 10.70 os
5 x 10-2 8.37 725
¢z 7 5,82
7 x10~? P o
8 x :vln 5,20 4.05
9 x 102 4.58 "%

10~ 4,08 2.98
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Table 1.4 Computed valuss of differemtial oxoss seetions
for different values ¢f ¢ at R« 10 g.v
m'.mm

:;r # per GeV-musleon

Transfer m'dc AW
OV .m GeV-nued

vl m(mw)"mmm) '§Xessdex)
U Wi——
0.15 27.80 43 28.40
0.18 24 34.30 24.60
0.20 21 26,60 21.80
0.2% 16,80 20.90 17.20
0.3 | 13.80 16.40 14
0.3% 11.% 13.20 11.80
! 0.40 9,70 11.10 10
0.45 8,30 9.3% 6.60
0.% 7.2% 7.97 7.42
0.60 %.6% ¢ 5,73
0,70 4,54 4.68 495
0,80 3.74 3.68 3.68
0,90 3,10 3 3
1 2,64 2.9 2.%
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Table 1.5 Computed wvaluss of differential exoss seetions
for different wvalues of € at B = 100 GeV

Trensfor snergy’ g(% /s :‘:—L% » X9 pexr GeV-nusleon
GeV ' par GeV = RUDLEON sro ey ———

'vad model(SaXurat) s {y,peyarava) s (Kesuler)

e N e

0.1 45.90 62,80 46,70
0,18 36.40 $3.50 39,20
0.20 33.%0 43,90 93,80
0.23 29.3%0 %9 29.70
0.2% 26,10 34.20 26.%0
0.% 22,60 7 4]
0.38 18 21,90 18
0.60 15,20 18 15,20
0.45 13.30 15,40 13.20
0.% 11.70 13,20" 1,%
0,60 9.4% 10,10 9,20
0.70 7.82 s 7.48
0.80 6.62 .60 6.29
0,90 8,70 s, 42 5,54
1 4.9% 4.60 4.60

‘“mmmm



Table 1.6 Computed values of differential cross sestions

for 4ifferent wvaluse 0f €, at B e 1 TV

%W
Transfor mu'g——g—, AL®

GoV

0.1%
0,10
0.2
0.2%
0.3
0.5%
0.40
0.43
0.%0
- 0.60
0.70
0.60
0.90

' m“'nmm‘mm

' do

y de ' 4% por GeV-nusleam

ved model(Sekurat) . (yopaygam); (Xeweder)

6.7

57.10

49,80
b

J1.5%
26.%

22,20

19.%
17.20
13.70
11,20
9.40
8,12
T4

€0.70
67.%
57
43.%0
34.60
28.%
23.%
20.%
17.80
14
1.2
9.40
8
6.90

66.70
57.10
49.80
»

31.80
26,40
1.9
19,20
16.70

19

10.60
8,80
T.40
6.38



Tadle 1.7 Computed valuss of differential eross seetions

WWM
Tranafer eonergy

GeV

1

: ‘0,

2.5

3.9

4.5

153/U~b

for different values of € at B = 100V

-
PR R

2%% 5%y pep GeVemuoleon
(PEF G0¥ = NUELOOR | s
sVl mu(ﬂm)*(uwuun);fxmlu)v
SRRSO SISO SV SO
17% 1680 163
1020 938 860
3 895 523
ey 410 352
%0 299 24
261 228 78
202 178 149
160 138 110
127 110 85.%
8s 72,40 85,70
96,20 46.% 34
38,20 1,70 20
26.%0 13,80 1

w 2 -2 W
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fable 1.8 Computed values of differential oxoss sestions

—

r ' oo
reansfer oergy ¢ o AL

SRR

] a‘-G" ?

for different values of ¢ at B = 100 Ge¥

, do oo pex GeV-nuelecn

Gev per GeV-nusleom °*
s * —
'm wodel( Sakurai) , PEME .
N ‘ M — . !Eum) ’ ‘M“)
1 3210 3000 3010
1.9 2020 1900 180
2 1440 139 1290
2.5 1110 1040 970
3 881 840 769
4 620 585 330
S 470 440 398
[ 72 42 b1}
7 305 201 252
8 255 235 211
9 220 200 180
¥ 189 174 153
15 108 97 o4
20 69.9% 62,10 92,70
25 48,70 43,80 3%, 40
% 36 32,20 28
&0 21.60 18,80 13,5
%0 14,20 11,080 T.97
LY 9.70 T.93 4.82
'm "“ 5. ‘9 3
80 4.40 3.% 1.84
90 2.70 1.8¢ .10
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Tadble 1 QWmmexumuﬂmmﬁm
*" for @ifferent values 62 ¢ at B = 1%eV

» 10 do 2 -GoV
!’m::: m:;& eﬁ:mﬂ on ‘T IoAD p:: e -r:
wnd nodel(Bakuras)*
. ému!m%m)

L M W

1 4570 4570 4180

1.5 3000 3000 2720

-4 2180 2180 2000

2.9 1630 1680 1830

3 13%0 | 3% 122%

4 965 968 ‘ 895

p T4 T4% €90

1 437 497 445

10 326 324 300

15 208 202 183

20 147 142 129

23 113 : 119 100

30 91 88 80

% 48 45.8 42

60 38 36 33

80 26.%0 24.% 22,00

100 19.40 18 16

150 10,80 19 8.90

20 6.90 6.% S.42

2% 4.9 4.58 5.70

300 3.55 3.32 2.65

400 2.1% 2 1.46

%00 1.358 .27 0,82

€00 0.88 0.78 0.49

700 0.60 0.%0 0.%

800 0.4% 0.33 0.19

900 0.29 0.22 o.M
[ -

DA NI TSR AR AN AD SO
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Teble 1,10 eomm Mm of differential eross mﬁm
for 4ifferent vdm of ¢ at l w 10 GV

WM

t . 2. «v per eV nuslecn
aev? | — e —
¢ Y R4 mded ’
s (Seupes) { (Kossiew)
‘ { _(Kes e
1c-3 966 968
1.5z 103 760 760
2 x 103 627 627
2.5 x 1073 540 540
3 x 10~3 470 470
4 x 10~3 360 360
S = 107 28% 288
$§ = 10 293 233
7 = 103 197 197
8 x 103 167 167
9 = 10=3 144 144
10 102 128 128
1.5 x 10'-: 7% 74
2 = 1().2 %0, 0 90.3%0
3 = :8:2 40 99.80
4 = -2 20,90 20,30
5 =z 1 o 15,80 18,20
§ x 10 12.80 11.90
8 x 10~? 9.0 8.15
10~! 7.14 6.13
.5x 10! 3.86 3,24
?2 = 10"' 2.9 2
3 x 1! 1,26 0.92
4 x 10! 0.7% 0.49
5 x ‘0": 0.49 0.29
€ x 107 0.34 0.7
8 x 1w~ 0.19 0.08
10° 0.12 0.04
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Table 1,11 Computed values of differential sross sections
for 4ifferent values of ¢ at B = 100 GeV

'dT  up per GeVe- nusleon
5.8

7

Gev? | e —
' vad model ,
.....__.,..__um..' ) —SKegglex)
10-3¢ 1850 o 1899
1.5 x10~2 12% 1230
2 xt0~3 920 920
3 x10-3 614 614
3.8 x10~3 520 520
4 x10°3 453 453
5 x 10" 360 %60
6 =x 103 300 00
8 x 10~3 222 222
10~2 191 191
2 x 102 76 , 1%
3 !.10‘2 47 47
4 x 10~2 34,20 34,20
5 x 10~2 26,90 26.%
6 x 102 21,80 21.60
7 x1072 18,50 17,80
8 =x10-2 16,20 15
9 =x110~2 14.20 12.70
10~1 12,70 11,20
1.5 x 10™! 7.10 | 5.68
2 x 10~ £.63 3.20
2.3 x 10~! 2.%0 | 0
s x 10! 2.93 1,28
4 x 10~} 1.5 0.68
5 x 10~1 1.08 0,49
¢ x 10~ 0.79 0.27
! o1
) X A
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Table 1.12 Computed values of differential oross seotions
for different values 0f ¢t at E = 1 TV

| ]
+ , do AL pew GeV2- nuolecn
T
gev? _
. vl model ’
- R { Bakural) . (Kesslex)
10~3 2500 2500
1.8 2 10" 1670 1670
2 x 1o~; 1260 1260
3 x 10 840 840
4 x 107 630 €%
6 x 10=3 420 420
8 x 103 318 315
10": 253 293
1.9 10"2 152 152
2 x 107 109 107
2.5z 10~? 84 8t
5 x ';:’ 67.% 63.%0
4 = 0
s x 102 %9.%0 ;:'”
6 x 102 32, 50 7
9 x w"f 21,% 16.60
1'0"1 19.70 14.%
;0’! :g" 1"1.20 7 &
x - 7.58 4.7
2.9% 30": 5.40 3.10
3 x ‘°:‘ 4.01 2.11
4 x 10“‘ 2.%% 1.18
: x 107 1.76 0.7
. :3-1 % 0.46
s . 100l ' 0.31
9 x Q"’ Q.m 0022
z 1 ° 0"2 0.16
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Tedle 1.13 OComputed walues of imtegral cross ssotioms
for different valugs L of ¢ at B = 100 GeV

Transer snergy’ O; 4b per musleon

Ge¥ .
* m "‘.1 L m ] ‘

| __* (sexurel) *(Kobayaksw) ' (Kesalew)
0,15 11,90 13,60 11.90
V178 10,80 . 12,10 10.80
0,20 10 11210 10
0.2% 8.40 9 8.40
0,30 7.20 7.52 7.04
0.38 6.06 6.40 6
0.40 5.25 5,40 5,08
0.45 4.% 4.% 425
0.% 3.81 3,81 3.65
0.60 2.68 2.65 2,82
0.70 1.85 1.7% 1.7%
0.80 1,25 1,18 1,15

S A0 B R A A - MBS UESS SN ISR EN Oy




 2able 1.14 Computed valuss of imtegral eross seetions
for different values of € o% R = 10 OV

’

Transfar energy,

GeV

1.9

2.5

3.5

49

® 3 o W

o, 10"3.ub per nueleon

-

— L -

' ved model ' D
§ (Sakurai) ;(low (Xessler)
22%0 2060 1780
1660 13%0 1160
1300 959 814
940 712 600
™ 540 456
595 a3 549
462 322 265
362 2% 203
288 196 155
172 118 69,90
98,80 62 4
%0 25 "
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Tadle 1.15 Computed values 0f integral oross seotions
for different values of € at B = 100 QGeV

S
fransfer energy, T, 10=34¥ per ameleon
i + vad model '  DOMN v
v {(Sakxurai) {(Kodayakaws) | (Kesaler)

1 8640 7990 69%0

1.5 7350 6650 5750

2 6550 5960 5010

2.8 , 5890 5360 4430

3 5410 4860 4000

3.5 5000 4480 3670

[ 3 4700 4120 3360

5 4140 3560 2680

¢ 3790 3190 25%0

7 3430 2860 22%0

8 3180 2550 2010

9 29%¢C 2370 18%0
10 27% 2180 1670
19 1930 1500 1100
20 4% 1030 ™9
2% 1090 829 560
30 824 648 418
35 630 497 318
40 483 388 238
%0 294 238 134
() 170 143 “79.90
7 95. %0 84.% 42,30
80 47 42 13
90

12,80 10,70 T.%8%
- T D I SO S SO ) —anenenes
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Table 1.16 Oomputed wvalues of integral erose sestions
for different values of ¢ at E = 1 TeV

Transfer nergy’ o, 10"14y per mucleon
GeV '

* wvod model ' DXMN :
b (goxuret) }(Xodayakewa) . (Kessler)

1 17% 178 154
1.5 156 153 97
2 143 142 128
2.% 138 1)} 18
3 129 123 1"
3 118 112 101
5 108 104 92,9%0
€ 102 97 817
7 97 91.%0 82
0 93 87 T8
10 84,90 79.90 71,60
13 71.80 66 59,50
2 - 63,60 59,40 52,50
25 56,60 51,80 46
o 51,80 47 42
® 44.3%0 40 35.10
%0 % 35.60 %0, %0
40 31,80 56 38,00 215" 27.00
- 23,00 25,00 21,80
100 24.90 22 18.%
200 12,% 11,20 8.6%
400 40 408 2,73
x 2.” . 20” ‘.m
1.72 1.6 .
00 1.04 o.:,? 8.32
800 0058 0.’2 0.20
900 0,21 0.14 C.07
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Table 1,17 Computed values of integral oross aestions
- for 4ifferent values of t at K = 10 GeV

- - e " e o A o

< 2 : a, 10-3 .y por nusleon
gy '
' SEEE!!!! z HE SE 3 z
10~3 3.62 5.28
1.5 x 1079 5,30 5
2 =103 s 4.7
2.5 n 10~3 4.92 4.5
3 =10 4,65 431
4 x 103 4,18 3.82
¢ x10°3 3.62 .27
8 x 10~3 3.20 2,80
10-2 2,9 2.96
1.5 x 10~2 2,41 2,02
2 =102 2.10 1.7
3 =0 -2 1.78 : 1.‘3
4 x107? 1.53 1.20
5 x 102 .39 1.06
§ =x 10~ 1.29 0.96
T x t0~2 1.14 0.85%
8 x 10~ 1.0% 0.76
9 = 10~2 0.98 0.69
10~ 0.92 0.63
1.5 x 10~1 0.62 0.36
2 =1 0“" 0.46 0.26
2.5 x 10 0.35 0.19
s x10-! 0.29 0.14
4 x 10" 0.18 . 0.08
5 = '0.‘ 0,12 ) 0.0%
¢ xwt 0.0 0.04
¢ xw 0.05 0.02
10 0.0% 0.0

L S ——
el R ——
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Tadble 1.18 Computed values of integral eross seotions
for 4ifferent valuss of ¢ A% B » 100 Ga¥V

) : o, 10°Vup per nucleon
dev? T ymdweder T -
(Sakurai) L (Xeanler)
-

10 98,30 8%,10
1.9x 19’3 86,00 76.50
2 x 103 a0 . 70,50
y x 103 74,40 | 64,30

4 x5~ F < 83
¢ x 10 62,10 | $2,10
& =103 85.60 | 46.20
10-2 52,40 42,40

1.9 x 1@"2 44,40 35
2 x 10™ 40 %0 .40
3 = 102 3% 24,90
¢ =102 31 21,20

¢ w02 26,80 17
& x10-2 22,20 13,20

10-1 20.20 19
15 x ‘0“ 1 L1 6.90
2 x10-! 12, % 4.85
3 x 10-1 9,01 2.84
4 x1w0! 6.93 ~ 1.93
4 b 4 ‘o.‘ 4.9% 1.10

7 =1W0™ 4,06 0.88 ‘

8 = 19“: 3,55 0.7
? =W 3.15 0.58
10° 2,88 0.50

N B O T S I T e D I I D resiis p—
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Table 1.19 Oomputed wvaluss of imtegrsl oroess section’
for Qifferent values of t at B = 1 TV

-

t ' | a, 10"Yb per muoleon
ey’ & , ,
. v n 4 aodel v
2 (W) s (huhr)
10-3 136 116
2 x 103 119 97970
2.5 x 103 113 92,950
5 x 107 109 89,10
4 x103 101 82
¢ =x 107 93,10 73.30
8 x10° 3 84,%0 65,70
10~2 80,40 - §0.60
1.5 x 10‘.? 69.50 ” £Q o
2 x10°° 62,50 44,70
3 x 10~2 55,60 35,80
4 x10°? %0 . %0.20
é x 10’2 42.70 24
8 x10~2 36,20 15.20
10~! 32,70 1%
152 101 24,80 10.60
2, x 10~ 20,10 7.60
5 x 1ot 14,80 4.56
s x 10! 10,80 3,10
6 xw! 0,45 1.72
8 =x to=! | 6.3 1.02
10° 5.1 0.72
1.5 x %00 3.26 0.53
2 =10° 2429 0.19
3 x 100 1.29 0.08
4 x10° 0,80 0.04
5 x 10° 0.%4 0,02
¢ z100 0,37 0.01

A I A S REE S SO e —
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Table 1,20 CSomputed values of total eross sestions
for different values of primery muon energies 2
€ w0,150e¥ to 1 CoV

AP R - - - RN
L

B g, L per nueleon
e S e
v YR 4 sode) . DEMN ,

_+ (Sekwrat)  (Kobayakaws) (Xesaler)
1 L 2.38 1.39
1.% 2.10 3.56 2,20
2 2.72 4.38 2.82
2.9 3.20 a 4.90 3.40
3 - 3.69 5.30 3.90
4 4.2% é 4.%8
5 M 6.50 5.08
6 5.11 7.00 5.42
7 %5.%0 T.40 %.80
8 5.82 T.T8 6.12
9 6.12 8.08 6.9

10 6.40 B8.40 6.61
20 8.41 10,10 8.41
30 9.45% 11.10 9.4%
0 10.10 11.70 | 10.10
%0 10,50 12,20 10,50
€ 10.80 12.70 10,80
70 1,20 12,90 11,20
80 11.40 135.20 11.40
100 11,90 13.60 11.90
200 13.40 15,00 13.40
300 14,30 15.70 14.20
400 - 15,00 16.20 15.00
500 15,50 16.80 15.%0
600 15,90 17.10 15,90
700 16,20 17.40 16,20
800 16, % 17.90 16.950
900 16.90 18,10 16,83

17.00 18.40 17.00

E:
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Table 1.2 Mn valusd of total eross sections for

E.» 10eV
| , X o, 1;"3&-» per ;uclm <
Ga¥ ’ * ' » v —
: vrad , ) ) '
™ol , DENN Kessler , KK ! WV
2 1.%0 1.90 1.0  2.% 1.46
3 3,80 4.60 3.15 6.3 3.90
4 6.60 7,38 5 9.80 6.13
s 9.5 10 6.90 13 8.20
s 12,40 12,40 8.7 16 10,20
7 15,10 14,80 10,% 19,20 12,10
S 17,80 16,80 12.30 22,20 13,90
9 20 18,70 14 25,10 15,60
10 22,%  20.% 17.81 29 17
20 38,90 35 28,40 48,50  28,%
% 9.9 4. 37.50  63.50  37.10
40 6 51 44,20  T4.90 44
50 €4.%  56.% 50 84 49
0 7 62 $5.50 92 53,50
2 75 67 59.50 98,90 57,50
) 795 7N 63.50 104 61
90 83 74.90 6.5 110 64
100 86.40 78,%0 70 114 67.%0
200 110 102 92 152 89
00 126 120 107 174 103
400 138 132 118 198 13
00 148 143 1286 210 128

different values of primary ensrgies B




Tadle 1.2 (oontd,)

: ' T, 101 L.» per nusleen
4 .
%V  md model 'DENN v
’ ( Saxarat) :(W : ( :mu)
600 153 151 133
700 16 139 141
800 167 168 147
900 m e 181
1000 178 174.60 156
1500 197 197 173.%0
2000 210 210 189
3000 231 231 209
4000 249 209 223
$000 20 260 235
6000 270 270 248
7000 279 279 283
8000 287 287 260
9000 292 292 267
10,000 300 00 270
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1.7 Dissussion |

The mumerical ealoulations of theoretical results
have not deen previcusly reported ia details. Ve have given
grephical and tabular form of the computed theoretieal
results in the hope of making them easily accessidle to
experinants,
(1) Tables and graphs for the differential orcss seotioms

Tables snd graps for 4iffersntial cross sestion
%,% as & funetion of ¢ are given ia Tadles 1.1 o
1.3 2 Pigs. 1.9 %0 1,13, These croas seotions are given for
a selection of B and € . The selentions of B ias to 10 OeY,
100 Ge¥, and 1000 Ge¥ and ¢ 1s 0.15 Ge¥, 0.3 GeV, 1 GoV,
3 Ge¥, 9 Ge¥, 20 GeV, 90 Ge¥, 100 GeV, 400 Ge¥, to illustrste
the general tremnd of variations.

At B 4a equal to 30 GeV the oross sestions sceerding
t0 Kensler and v = 4 (Sekurai) formulations are same up to
% 10 1077 0g¥ @t energy tranafer 0.15 Ge¥i From above t
value of 10°3 Ge¥% up %o the maximum value of squared
four momentum transfer 10™2 Ge¥2 the v u 4 prediction are
slightlylow lower then Keesler predietion maximus deviation
being 15 £ at the highest four momentum transfer value
(rig. 1.9)

At the energy transfer of 3 GeV (Pig, 1.6) of
the seme mucn energy the Kessler prediotions ave lowsr than
the v m 4 (Sakurel) predietions, the deviations from the
vad valus ineressing with aquared four momentum transfeyr



56

from 5% %0 70 § at ¢ value of 1072 g0 1 GeV. A% energy
transfer of 9 GeV (Fig. 1.7) the behaviour remains the
same, the difference of the Kessler valuss from the v m &
(Sexusai) veluss being falling in the range 18 ¥ to

79 % fer the variation of squared four momentus transfer f
trom 1072 gev’to 1 Gev2,

For muon energy of 100 GeV the predictions from ¥
both the formulatimgsare the ssme for low energy transfer of
0.3 GeV (Pig. 1.8), At the energy tranafer of 20 GeV (m.wa)

/-prediction ¢ng Kessler/deviates lower than the v m d-prediction, the

- 41 fference being inereasing with aquared four momentum
transfer to maximum of 97 § at four momentum transfer
30 Ge¥2, Ay momentum transfer of 90 GeV (Pig. 1.10) the
d1fferencsd of Kessler-prediotion frem the v m d-predictiom
is widened, The widening of difference increases with
inereasing squared four momentum trmrcr valus. The
nexinum difference at maximum squared four momentunm
transfer (100 ceve) 1s 99.6 %,

Por muon energy of 1 TeV (Mg, 1.11 & 1.12)
predietions from doth formulatioms are ssme for all squared
four momentum tranafer values up 0 3 x 107> Gev A%
cnduy transfer of 100 GeV (Fig. 1.12), the Kessler-predi-
otions deviate lower and gradually inersases with ¢he
squared four momentum transfer, At 400 GeV (Pig.1.13)
energy transfer from muon energy of 1 Te¥ thevn d

(Bakurai) oross seetion is higher dy 99,7 % when ¢ is
100 Gev2,



57

(14) Tebles snd graphs of differential oross seetions

Por sa illustrative set of muon energies 10 GeV¥,
100 GeV, and 1000 GeV the predicted differentisl exoss
seotions ;_ig sceording to DXNN (Kobayakswa¥ - 1967),
Kesaler (1965), v m 4@ (Bakurat - 1969) formulasions
are given in tables 1.4 to 1.9 and displayed in figures 1.14
t0 1.19,

Yor 10 GeV (Fig. 1.14) muon energy,the Kessler
oross sections closely agree with v m 4 (Bekurai) oross
asotions in the energy transfer range 0.15 Ge¥ %o 1 GeV,

The DEMN(Kobayskawa) values at energy transfer of

0.15 Ge¥V greater than the v m 4 (Sakurai) value by %0 %
which n-udmly deoreases to sero and then at 1 GeV,

DEMN (Xobayskawa) value is smsller than the vm d
(Sakurai)value. Above 1 Ge¥V (Fig. 1.17) of energy transfer.
the DEMN (Kobayskawa) values 11 in between v m & (Sakurat)
volues and smsller XKessler values. The differensces smojg
v m 4, Kegsler and DXMN values sre 58 % and 48 %
respectivelys at snergy of 9 GeV,

Ths behaviour of oross section m the three
formulations is more or less the same below the energy
transfer of 1 GeV and the above 1 GeV for higher muon energies
 1llustrated (Figs. 1.15, 1.16, 1,18 & 1,19).

The difference of v m 4 cross sections from Kessler
values Wuauy inoreases with imereasing energy transfer.
With inereasing muon energy IXKM¥(EKodayskawa) values come
eloser to v m & (Sakursi) values,
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At muen energy of 1 TeV (Fig. 1.19) the values predisted
" by DKMN (Kobayskawa) and v m 4 (Sakurai) formulatioms are
same for energy transfers from 1 GeV to 10 GeV anu tuen
there is little deviation which inoreases to 25 % at
energy transfer of | 900 GeV,
(111) Tadles snd graphs for %%

The valuss of cross sections differsential ima
squared four momentum transfer have also oomputed. A
set of data for selected three muon energies are given
in the table 1,10 to 1.12 and displeyed graphieally
in Figs. 1,20 %0 1,22 , The predioted valuss assording to
Kessler and v a & (Sskursi) formulationsars the same for
values of squared four momentunm transfer below about
0,02 Ge¥Z, For higher squared four momentum transfers,
Kessler values are smaller than the v m d (Sakurai)
values, The deviation detween the two predictions
inoreases with the ineresse of squaredfour momentum
transfer for the fixed valuss of muon enewgies m also
inereases with increasing muon energies at fixed values of
squared four momentum transfers.
(iv) Table and graphs of integral oross sectioms O

Integral aross ssctions integreting obtained numuniCly
by integrating g_g_ and ;ifcf oross seetions
separately for the various muon energies up to 10T7eV,
~ These are presented in tables 1,13 to 1,19 and

shown graphically in Figs. 1.23 t0 1.29. The genersl
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trend of behaviour of integral eross seetions among the
formulations is the same as thoee cbserved for differentil}
eross seetions. For higher muon energies (Fign. 1.15 & 1.16},
the DEMN and v m ¢ (8akurai) predictions gradually approach
40 olosa agresment for higher values of energy transfer.
Integral oross sestion (O (B,t) acooxding to
Kessler formulation deviates from v m 4 prediction
gradually t0 lower and lower values, with the inoreasing %'
differsnce at 1 GeV2 of lower value of the squared four mom
momentum tranefer being 80 ¥ in case of 100 GoV4 The tremd /muon
of bdehaviour is same for lower and higher muon energies.
(v) Tables and gravhs for total orose-sections O (E,>€>
v8 BUOR energy K.
The nature of variation with muon energy of the
total oross-seatioms aceording to vartous formulations
is presented graphically in Fig. 1.30 -~ 1,32, The
numerical data for these sross~geetions are given in the
tables 1,20 - 1,21, Here also it is seen that for energy
transfeor range 0.15 GeV to 1 GeV DKMN predictions are much
higher then v m ¢ & Kessler prediotions which are in
elose agreement, For energy transfer range 1 GeV the
Kessler-values are lower than DKKN and v m 4 /which / velwes
:v‘vcnéuuly aprroach to agrecment sdove the muon cium of
500 QeV,
; (vi) The ratio of integral eross sectiocns
: In figures 1.33 tp,1.37 we have plotted ratios of

; integral orose sections according to various formulations?
, the ratio being taken relative to v m 4 (Sakurai) oross

7

5; seetions.
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These graphs demonstyate clearly the relations among the ¥
nr:iom cross sestions for both energy trau:eu snd muon
snexgies.

Differential oross sections %Z%ft

g.%’ and the integral eross eeotions Ot valusse

sosording to DKMN formulations have not been included in _
the data presented above. As sxpected,the predictions
of DKMN and othar two agres at very low valwsof squared
four momentum transfer. The deviation among the
predictions begins shove fhc squared four monentum of
thve order of 1‘0"5 Geva;y for the whole rangs of muon
energies and the DKEN groes sections lie between vy m 4
(Sakural) and Xessler-values.

The v 2 4 mode]l spproximation differentisl
oross seetion formula (1.61) with "ty = n,g w 0,564 Gev2
appears closexr in form to thet of Kessler under the
hypothesais of factorisetion (1.46) snd with

$o= 0.365 GaVZ, 74 the present work we have chosen the
Kessler's form-factor formula. Kobayskawas propossl
(1.52) mixed 10 % of the point nucleon contridution
with the musleen structure econtribdution under the

DEME spproximation with t, =0365 GeVZ, At energy transfer
greater than the squared four momentum transfer, tho

DREN txansferse virtual photom flux is very close to that
uf Kessler and both formulations have bdeen eonsidered
with the same proposal for the form fsotor, The v m 4
proposal (1.79) has a different dependence on the
agquared four momentum transfer and implies a different



61

sharsster of virtual photoa intersstion with nuslear
natter. Vo have not oonsidered for evaluatiom the more
detsiled expression (1.78) of the v m 4 model, dessuse
the statistical preeision of the available experimental
data 1ips inadequate to ehoose bdetween the two forms.
The vector/dominanes csleulation wes déme
also by Teai (1969). This and other models(eonstant
‘{f'- sun rule, Parton medel snd Regge exchange
trajeetory) for caloulations of lepton~nusieon
intersetion process are bt included in this work. Ia
Parton model, the lepton soatters ineoherently from
the point 1ike comstituents inside the protom and the
result for Wy is a wniversal funetion depending only om
the ratio#f of energy transfer to the aquared four momemtum
transfer.Regge oxchange trajectory model (1969) approssh
leads to & form for W, different from that of the Partom
model, These models are not yet suffieiently trastable
for numerieal oomputation applisation in experiments,



