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I. INTRODUCTION

The results from deep-inelastic, inclusive neutrino-nucleon scattering
experiments which are in progress or planned for the near future will be an
important input for current theoretical work. The effects of radiative correc-
tions must be considered in interpreting these experimental results.

Unfortunately, it is impossible to calculate the radiative corrections to
an inclusive process which is controlled by unspecified dynamics. There are
two reasons for this. First, the long wavelength photons are sensitive to
changes in the large scale distribution of electric charges and currents. This
information is not available unless the general features of the hadronic final
state are specified. Second, the short wavelength photons are sensitive to
details of the current distribution in the interaction region. Again, this infor-
mation is not available in the absence of a theory for the basic interaction.
Thus, in order to estimate radiative corrections we need a model which
specifies the electromagnetic currents in some detail. We will use the parton
model. 1

In this model, the nucleon target is to be viewed as a collection of weakly
bound, relatively light point particles. The neutrino is assumed to have a weak
interaction with one of these target partons. In the deep-inelastic region, this
parton gets a large acceleration and the leptonic system suffers a large reaction.
The other partons are assumed to receive accelerations much smaller than that
of the leptonic system or the struck parton.

Classical intuition suggests that the charges which are accelerated the
most will make the major contribution to the radiative correction. Thus, we
will consider only contributions where the photon is attached to the struck
parton or the outgoing muon, and we will sum over the partons incoherently,

as usual.



This is analogous to the usual practice of calculating radiative corrections
by considering only the proton in the target which is struck and then summing
incoherently over the protons in the target. This restriction of the number of
Feynman graphs is gauge invariant so long as we ignore the interactions
between the partons.

For the purposes of this calculation, we will assume further that the final
state interactions which ""dress'" the outgoing parton give a jet of outgoing
physical particles which have the same charge and essentially the same mo-
mentum as the parton. The very long wavelength photons will not be sensitive
to the difference between a single particle and a jet of particles with the same
charge and with small average momentum transverse to the jet direction. 2
The short wavelength photons, which see better, are coupled most strongly
to the region of the primary violent interaction of the bare particles rather than
to the relatively smooth current distributions of the final state. This primary
interaction to which the high energy photons are most sensitive is taken to be
a pointlike Fermi interaction between the leptons and the parton.

This model is very crude. We stress that the results which it gives should
be considered semi-quantitatively at most. The approximations of the model
are probably reasonable only for the very long and the very short wavelength
photons. However, it is these regions of the integration over photon momentum
which are most important. Thus, we expect to reproduce the gross features
of the radiative corrections correctly. The situation is somewhat simpler in
electroproduction. There it is possible to sepérate out the radiative corrections
to the electron line in a gauge invariant way. The problem of radiative correc-

tions to the photon-parton interaction in electroproduction has not been faced.



In Section II, we calculate the basic cross sections. Sections III, IV, and
V calculate the contributions from the self-energy, vertex, and bremsstrahlung
graphs, respectively. In Section VI, these results are combined and numerical
results for vp — u~ anything and vp — u+ anything at Ev = 100 GeV are given.
When considered as a function of muon energy at fixed lab angle, the cross
section is typically decreased by about 10% at large muon energies and increased

by about 10% at small muon energies by the radiative corrections.



II. BASIC CROSS SECTION
The calculation will be carried out in the following way: First,we assume
that the partons are quarks and gluons. The gluons are assumed to have no

weak or electromagnetic interactions. The small size of sin:2 ] will

Cabibbo
allow us to neglect the A and A quarks. Thus, we are interested in the o(vp),
o(n), o(vp), ovn), o(vp), o(Fn), o(¥p), o(@n) neutrino-quark cross sections.
Charge conservation and the spectrum of quark charges give
o(vp) = o(vn) = o(n) = a(vp) = 0

We will assume CP invariance and get

o(vn) = o(vn)
and

o(vp) = o(Vp)
for the spin averaged cross sections. Note that these relations hold even with
a final state photon whose polarization has been summed over. Thus, we need
only calculate two cross sections

o, =0(vn)

I

and
oy = o)
We will describe the calculation of case I only. Case II is very similar and we
quote only the final results,
After calculating the cross sections, we let the parton momentum P, 80 to
xPl where P1 is the target nucleon momentum, multiply each of the cross sec-

tions by the parton distribution function F(x) appropriate to that kind of parton,

integrate over x, and sum over parton types. (In electroproduction,

sz(x) =X Z fiFi(X) ,

parton
types
fi being the charge of a parton of type i.)
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We consider the scattering of a muon neutrino VM of momentum k1 off an

n quark of momentum p; massm and charge fe = 1/3e. The final state has

1

ap  of momentum k2 mass mu and charge e, and a p quark of momentum

P, mass m and charge f'e= (f-1)e = - 2/3e. Photons, real or virtual have

2
momentum k. The graphs which contribute are shown in Fig. 1. The graphs

of Fig. la contribute a cross section3

E
k -————=f dx Fx) k,p —5—
20 d3k2 b 20 d3k
with the quark cross section

E 1 mM

2
Kk :———a[<k+p—k>- ]eac wp, k) BM
20 d3k 21!'2 11 2 10 10~ 20 k pl

4_
m = mV m“mlmz N
M = absolute square of the matrix element for the first three sets of graphs
averaged over initial spins, summed over final spins, and evaluated at
P, = A=k +p.-k,. This contains a m_l which cancels them_in m4 after
2 17172 v v
which we take m, — 0.

The bremsstrahlung graphs of Fig. 1b contribute a cross section

4
IE

with
4

do. 3
Ky o = — /dkk 5 [(a9? - 3] 6ay -k lfl N
dk, (27 0 1

and N = absolute square of the matrix element for the bremsstrahlung processes

appropriately summed and averaged over spins and evaluated at P, = A-k.



With these preliminaries out of the way, we proceed with the purpose of
this section which is to calculate MO’ the contribution to M from the graph of
Fig. 2,

-G - - A
My = “\/—_; ®y) 7y (1-75) ul,) uk,) v (1-v;) uk,)

We square this, sum over initial and final state spins, and divide by 2 for
the average over quark spins. (There is no dividing by 2 for the neutrino since
only one spin state contributes.) The result is

2
G 1
My= 3 —gz8k;'py K
m

0 2 Py



II. SELF-ENERGY CORRECTIONS
In this section we consider the contribution from the graphs of Fig. 3. The
contribution which they make to M will be 2 Re J{S(Jll+ Myt </f[3). We get

J(l from ‘/”0 by the replacement

+m
1

P
with
- - ¥+myy
s0)=- % [ d% 5r—s—4
4T k [(p-k) —mJ

Z(p) is calculated by the regularization procedure

: @ - k+m)y
Z(p) = i /dék i §a
4r’ K2 [(p-k)2 —mz]

')}L(XS‘K'I'm)'YM i fd4k ’}}L(ﬁ"lé+m) 'Y“

T Zl;r%f dhao )[o-10%m®]  ar® 6203 o207 m”)

A—0
The calculation must be carried out for p2# mz. Only after Z(p) is inserted
between the spinor and the propagator do we take p2=m2. As is usual we write
Z(p) = A+B(@-m) + C(xﬁ—m)2

A and B are numbers independent of p. C is a 4x4 matrix finite at A —w= and
p2 — m2. Thus, between a propagator 1/p-m and a spinor u(p), the C term

will not contribute. A standard calculation gives

_a 3m A1
A=T [;an+4]

2
..o |8 A 2
B—'zﬂ [4 +!lnm+ﬂn 2]
m
The contribution from A is cancelled by taking ém = A.
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The contribution from the B term appears as B B-m)” l(ﬁ-m) u(p) which
is undefined. This is resolved, as usual, by identifying the wave function re-
normalization in this order and taking B (pf-m)‘l(pf—m) u@) = 1/2 Bu(p). Thus,
the contribution to M from the self-energy graphs is

a8,y A L AN 2o, 1, A A
—w|}<8+zﬁn ml+ﬂnml)+f (8+2£nm2+ﬁnm2>

9,1 A A
+(§+§ﬂn¥ﬁ;+ﬁnﬁ;)JMO



1IV. VERTEX CORRECTIONS
In this section, we consider the graphs of Fig. 4. These contribute to M

in the combination
* !
2 Re J{O (g/t{4+ .//{5+ ,/116)

We will sketch the treatment of J(5; /4 4 and Je’G are very similar.

x(py) ¥ By Kermy) v, (175 uly) X iky) v, ByHrm )7 (1-v) uley)

Its contribution to M is

Mg = Re _iasf'fd4k"1§ 12 2 12 5 Ts
4T k (pz—k) -m, (k2+k) —mu
with
1= L L[y (1) YA, Kem,) 7, (o) )
55 3 4z TRty Y By My Y Py 1]

m

X th-Tr [v” (1=v5) Kytm ) v, Korkim ) v)‘(l—vg,) kl]

M5 contains both infrared and ultraviolet divergences. We regulate by taking

L —> lim ( 1 - L )
k2 Ao k2—7\2 kZ_AZ
A—0

as before. The use of Feynman parameters gives
S | 1,101
M=Re_—-—-ff dz ,dz 6(1—z—z)fff dx, dx dx,_ 6(1-x,-X,-X
5 47r300 172 12y Jy % 17273 17273

x fd4k[ 5 5 ]3-(x—~»A>

2 .2 .
k -D5—xl?\ +ie
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with

D. = (x2+x3) C5 s

Cg = 24Py = 25K9)
and

2 2
! = . - -
T: = 8k, p, M, - 8k"M, - 8DM

32 2 2
+ ;—4- kl-p1 [mMDS-p2 —m2D5-k2 + 2D5-p2k2-pz— 2[)5~k2k2-p2]

§A+k2B

After doing the k integration,

W o ol 1.1 .1
M, = -2 Rezv/o.-/o. dz,dz, 5(1—zl—z2)./0-‘/0"/0- e @, 0y 6(1-%-X)X)

(1-x )zcrz+x Az—ié
A 1 ) 1
: 1 2C2+x7\ i Bt 1 Zcz-L )\2'
( —xl) 5 1A i€ ( —xl) 5 T XA e

We now carry out the X, and Xq integrals and change variables to le—xl. A can

be separated as A:AO+xA1+x2A2. The result is

1
1,1 A+ = A 2
_af 1'% 1 1 A
Ms“w4Reff dz dz, 6(1-z -2 ) |—5—— -5 Ay —5— I ——
00 C. -ie C-.-ie C_-i¢
5 5 5
2
2 CC-ie
_B<£nmAm ‘%)-FBQD m5m
27U 2

At this point, we take advantage of the fact that we are interested in a kinematic

region in which kA- kB >>m,mp

drop terms with masses and identify

with k A and kB typical momenta. Thus, we

B=-8M, ,
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AO = 81(2-p2 M0 ,

1 ~ 2

A1+ §A2 = —8(zl+zz) k2-p2 M0 - 4(35 MO ,
and

1

A1+ —2--A2 ~ —8(z1+zz)k2 p2M0
= -4M
CZ CZ 0
5 5

After integration the first term goes like Moﬁ_n k2-p2/m2m“ while the second

is, of course, just ~ MO' We will make the approximation of dropping terms
which are of order one relative to terms of order fn k A-kB/m AmB .

The result is

- _Ql o
M5 = - ! dz 9 5(1 zy Z2)MO
A2 Cg—ie K, D, 2 Zk,ep,
X 12 in -24n - n -
m m m m 2 . 2 . 2 .
2 [T 05—16 C5—1<-: C5—1€

These integrals must be evaluated with great care. The correct procedure

has been given by Yennie, Frautschi, and Suura. 4 The result is

2 1 kK °p 2
-l 2y +f/ daydz, 8(1-2;-7,) ——5 In 25 | M,
w2 “Y0Y0 C C g

M_=-2¢p |2
5 5

with C Ezlp2+z2k2. Similarly,
2 PP PP 2
_ o« 1 A 3m 1 2 1 2 A
M, = -~ ff' |-5in = -5 ff dz dz, 0(1-2,-2,) ———n =5
12 Cy

Terms of order —-1- MO have been dropped.

- 12 -



V. BREMSSTRAHLUNG CONTRIBUTION

In this section we consider the contribution from the graphs of Fig. 5.

) G ef - 3 A
Ny = e U(p,) ¥, (1-Y:) (2€-D,-K£) u,) uk,)y (1-y.) uk,)
1 J2 (pl-k)z—m? 2" A 5} 1 1 2 b 1

_ G ef! - - A

_ G e - = A
My = T, (k2+k)2—mi u@,) 7, (1-v5) ulpy) ulk,) (e -k, +gK) v (1-v5) uk,)

At e=k, ¢/1f1+e/V2+ JV3 = (0 demonstrating the gauge invariance of the graphs.

Squaring this amplitude, summing and averaging properly over all spins

gives
. fZUl f'ZU2 U,
m N=-2m-— 5t 3 5t —3 5
k —Zk-pl) k +2k-p2) k +2k'k2)
2f ! U 2f U 21 U
4 . 5 . 6

T3 p 2 2 P 2
k -2k-p1)(k +2k-p2) k —2k-p1)(k +2k-k2) k +2k-p2)(k +2k-k2)
This is to be evaluated at k2=7»2 and p2=A-k. In the denominators, the dot
products are of order A when kO is of order A. Thus, since k2=)\2, we can
drop the k2 in the denominators and also in the U's.

The result is

2 2 '
N = —2ra U, . U, . U, ) 21 U, ) 21 U, ) 2f' U,
4(k-p1)2 40 2 4(k.k2)2 4k-p k- A " 4k-p kek,  4k- Ak-k,
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with (from now on MO:M0|p2=A)
U1=8m§MO+ﬁ1 U, =8ap M+ T,
U, = smoM, + T, U, = 8k,-p, M + g
U3=8miMO+U3 Ug = 84k M + T

The U have at least one power of k and thus give infrared finite contributions.
Complete expressions will be quoted in Section VI. This identification of the

infrared divergent and infrared finite parts suggests that we write

do ol dor

kK, By B 4y _IE

20 d3k 20 dsk 20 d3k2

IR .
where ¢ is computed with
2 2 2 2 ,

miN = m*NR = ara M fm P R APARy
= 0 5 5+ 5 "X Ak,

kp)? A ek

. ' .
) 2f ky Dy . 2f' Ak,
Kk kp, = kAKK,

and o is computed using the U's.

Now we must extract the infrared divergence from

CE?E{ 1 d"IE
Ky —5— = dx F@) Ky, —5—
a’, Jo a’k,

IR, 3 . : _ ~ .
where k20 dO'IE/d k2 is now evaluated with pl—xPl, ml—-xMH, and MH is the

mass of the nucleon.

4 IR

1 m N
dx F(x) —— f—— sliak?-m?| 6(a k) B
/ @ [ ] 0 707 ky-py

m°
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where ko =+ 1T 12422, We begin by splitting up the fd]T«:'l

— -—»2 € o0
d3k B dlkldﬂﬁlkl _ — —
e T = dlkl + dikl

0 0 A €

with A «< € but € — 0 after A — 0. Thus, in the second integral, we take A=0

) IR, .3, .
with no problem. Then, k20 dLIE/d k2 = Il+12W1th

f Qk—l-‘- é[(A-k) ]G(A k) mN "

&

Il=f1dxF(x)

0 @m° 0 ke
k2=x2

1 3 4

0 en® JIKI>e 0 1'P1
k2=0

I1 is evaluated by using the §-function to do the x integration. We can then set

k=0 except in the denominators of NIR, parameterize these denominators, and

carry out the flT{’ke d3k .

k2=;\2
12 =f dx fdﬂ* f dk 6 - kO ——k———-—-
0 @n° (a2 —m 2(a°-k-B) - 1P
0
) 2 iR A A2_2
_ Fx) 1 0 2
=) &—5 —5— | 48— dkos |\ —5 7 " K
0 (2m° (A"-mj) 1'P1 Ye 2 -k

since kg m4N IR/kl-p1 is independent of kO. The evaluation of 12 is begun with

a further split: 12 I2 A where
1 4 IR k(z)m4NIR A°
I =f dx———— deZ~ - dk
28 T 2n® A -m} Py kppp | 1% 0
X=X
+
Az—mg
X6 A __—ko ,
2(A° -k A)
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1o, K2 minIR 0 A
o= f o =5 gy fay tpm—| [ agel ek
0 em’ A%-m, 1P | e 2(a°-k- A)
+

X, is the positive root of Az—m§=0. (Recall A depends on x through p1=xPl.)

Inl we can take e€=0, do the f dkO and get

2A°

2_ 4 IR 2_4_IR

1 6 (AZ-m?) K2m*N T kEmN
12A=./ & —5—5— f‘ml‘c K - 2
0 @mn° (A%-m 1P 1'P1

) _
2 X=X

which is an invariant (although not manifestly so as written). IZB is evaluated

0

by parameterizing the denominators in N IR and carrying out the f d& and f dko.

The calculation is best done in the rest frame of the resulting parameterized
4 vector.

Even with this simplification, the calculation is rather messy. However,
in combining 12]3 with I1 the dependence on € cancels out, as it must, and the
result is covariant.

Considerable simplification results from dropping terms of order one
relative to logs. The parametric integrals are handled using the techniques of
Ref. 4. We also drop terms which go like 1/q.P; as they are sm.all in the deep

inelastic region. The result is

IR
dz F(x )M
Ky L -2 + 0 (A+B+0)
d kz 27 MH(X+—X_)k1'p1 ~
X=X
+
-1 2
M, F(x) M FE ([ - (Apy) (&, pl)
A: P ff'!ln—-—z—-—z——+f2n 3 5
ky Pri 1P m{ A m%m
17
2
-fin —Tz“ &)
m- A

- 16 -~



1.1 l_ A-p, 42

2 Ay 2 Y i P
B= Qn}—n'-;-i'f 1’_!1—1?1—9--%.(}115" —j j dzleZG(l—Zl—Zz) fi «-(;—2-“ !l.ng-z-
“ k% ~o 4 4
kz-p1 >\2 A-k2 }\2
+f- =% - f' fn 2
c2 C g2 = ¢l
6 6 5 5
2
C=-f -Qnmm+!zn(1-x+)+ﬂn 5 +!2nmm
1™2 My 12
L Al -t
2 2q-Py My
-f" [ in(1-x,) + In +n —
+ M2 m2
H 2
2
24-k, 2q-P, My
- {-m +fn(l-x ) + fn +4n
m + 2 m,m
27 u MH 27U
2A-p 24:p 2q-P m.m m
11 i —— {%ﬁn ——L_2m - -2ﬂn(1-x+)+zn~—173+2£nm3
2™ o™ My M H
H
m
_%gnz__z.
1
2k p 24k 2A.p 2q-P "m.m
_t |on —2-2L lzn 2 4t L om—taom 2t _2max)
m m m_m m.m 2 2 +
T 2™y 2™1 My My
m Ak, m A.k
+2mm2‘}+mrzﬂ“al+%m2z—z
H Py Py
2A-k 2A.k 2q-P m m m
+1 | m 218 2 o 1 amax)+in—E2iom2
mzm 2 mzm Mz + Mz MH
K H N
m
1,272
e m
i
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B and C are both to be considered evaluated at x=x p

q-P, q-P, 2 qz—mg
X, ooy - 2
My My My
2
lim X = 2—?1—)—
BJ a5y
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VI. RESULTS
In this section we will combine our results from the previous sections.

Recall that the graphs of Fig. 1la give

dz 1 4
koq _.S_E_ =f dx F(x)w% 5[A2-m§] 6(A,) E}..M_
dk, 0 o 1Py
_ ' F(X+) m4M
T 2.2 k. :-p
2r" Mg(x,-x ) 171 x=x,

The contributions to M from the basic, self-energy, and vertex graphs have

been given in Sections II, I, and IV. The bremsstrahlung graphs give

az dZIR dEF
K20 —31'1'3' = kyy g +kyg -
d k2 d k2 d k2
We can now make the gratifying observation that the A dependent terms in Zig
cancel those in EE. Not so gratifying, however, is the fact that the A depend-

ent terms do not cancel. Since these terms are the same in case II as we just

obtained in case I, we can interpret them as a renormalization of G by writing

=2 _(1+...)

My

G!' is interpreted as the renormalized weak coupling constant to be identified

with G' = G <1+%£n—£\—>

with the observed coupling constant in a reaction such as g-decay where the A
dependent parts of the radiative correction are the same, (This identification
may not be justified since the model we use is not actually applicable to a low

energy process such as S-decay.)
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We are also troubled by the explicit appearance of m, the quark mass.
Its presence reflects the uncertainties and ambiguities of the parton model
such as neglecting the transverse momenta of the partons. Deep inelastic
ep scattering suggests that m, < MH' However, we cannot put m, = 0 because
it appears essentially as {n mz/MH. We take m, = 0.3 GeV and hope for the
best.

Finally,we have for case I or II

. PF@) M,

k = [1+9‘-(A+B)]+k — 1))
zodsk a2 z(X %) kb T 20 3

X=X +

with

Mg =8ky'py Koo A

M= 8ky" Akg'py

1 2 2 2.2
AI=[ dx o= £ { (xs- A)F(x)ff'tn-——+fllln——l-21-——2--fi£n9is—é—é§l—
3 X, X, sF() A2 Mpm, m“A

- [x—x,] -

2 2

1
Ay f ax = - cu- %) F) [£8 fn s~ £ on ——
X Xy (x u-m )F(x+) A M- m

jneil U
=

-+

2.2
gxs—A ) _ -
+ fh in mzAz [x x+] .

U
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_ 23
BI—-I [— 2ﬂnx.*_+9_n(1--x_l_)]

2 2v
- fi [!Zn (1—x+) + fn —M;jl

S
- [— ﬂnm—H—V' - in X, + ﬂn(l—x_l_):l

m
2v 1, 2v 2 3
+ In — l:-—ﬂn———+£nx+-2!ln(1—x+)+£nm;l-—§]}

X 8 X, S m m m

+ 3 + 2y 2 2
~ 14~ fn —Qn-——-—-2£n———2£n(1-x)+£n—“———+22n-——
I mzmu 2 mzmu MH + M?I MH
x M
1,2 s S + H 1
- 4= + fn In +=fnx
1{2 ZMHV 2MHV mu 2 +

-u S 3
I [ﬁnm * ““r“n(l-ﬁ)-a] ’
v H H
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B = —f?I [_ % fnx, + ﬂn(l—x_,_)]

2 2y
..fh [ﬁn (1-x+) + fn —M-I—i]

S
- [— In ZMHV -~ in X+ + n (1_X+)jj

1 1,2
— ! — -~ o
]If {+2ﬂnx+ zﬁn e

5 " M, "2

m
+.Qn‘2£ [_}-ﬁn—gl+ﬂnx - 2_Qn(l—X+)+»0.n—2 _?’-]}
2

X+S 3 X+S 2v _.E__.m m2
_f {m S fn -2y - 2 (-x) +in
2 m m M + M2

2 H H

x M
i -2 Sy'ﬂn — .:nH-ZQnX'*'
H H H

1 _ --2 =
Be=x, f=f-1, fy=-5,  fp=ip+l
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F 1

= 3 4 F

K20 '“3]E :_/ dx F(x) ”‘1’5f glz‘ls 8 [‘A‘k)z - mg] 0 (Ay-ky) Rrp_.‘%‘
a’k, Jo @ 0

1" P1
2 2= -
£ 7125 ij
m*NY = _2ma L 2+ s
4ep)” 408’ 4ky)
] ' - -
L
41<-p1 ke A 4k-p1 k-k2 4k-Ak-1<:2

2.0 _=-64m?k..p. k-k. - 64m> k-k, k_-A+64m? k-k, k-k
G2 oI 1K' Py KKy 1 Kk Ky p ok ek,

- 64 k- kep, k- A+ 64k, kep Kok
2.0 _=-64k Akk k.-
G2 21 2 %1"Py
2 G =_64m’k .p. k-k_+64m>k-Ak, -p, - 64k-k, k-Ak. -
o2 3l p 1P 5 K u 1'P1 2 1Py
2 T7 _ . . - — 3 L . —_ . 3 .
—50y = - 32 keky Ap Kk -py - 32 Kepy Ak, k 'p) - 32 k- Ak -py kb,

- 82 (&rk, - koky) (koky Avpy - kepy Ack)+ k- Ak p))
2 - T Ao k.
5T - 64k ypy Ky p, + 32k Ak -p ky'p, - 32Kk, Ap K -p,

+32kep; Ak, ki p) - 82 (Ak, -keky) (k-k ko Py ~Kep k) ky+koky Ky py)

2 T7 - 2 . . . . . - . 2
—GTZ—UGI— - 64 kek, Ak, k +p; - 32m ke Ak py + 32 k) op) (ke A Ak, ~kek,m))
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T o 2 Te 2 . . 2 .
,ZUIII 64m1 k kl k2-p1 - 64m1 k k:2 A k1 + 64m1 k-k2 k k1

G
64 kek, kep, Ak + 64Kk, kepy kel
2 G =-64kk, k Ak -p
2 ot 1 2'P1
2§ =-64m2k-k k. -p, +64m>k-p, Ak, - 64m> k-p, k-k
G'2 31 Q 121 %3 1 1 1] 1 1
- 64k ky kep Ky A+ 64Kk, kp, Kok,
E;z,'iﬁzm = - 32k'ky Ap, kyp, - 32k-p; Ak kyp; - 32K Ak p; kb,
- 82 (Arky ~k-ky) (k- Ak, py ~kep) Acky+kek, Arp)
a%‘ﬁm = 64 Kok kypy kypy + 64 Kok, kepy Ak - 64 keky keky kep,
- 32 (Ak, -k-k,) (2k°p1k2-p1—m§ ek, - 2k-k ko po+ mﬁ k-p,)
2

G‘2 UGII = 32 k-kl Avkz k2-p1 + 32 k°k2 A°k1 kz-p1 + 32 k- Akl-k2 kz-p1

- 32 (Ak, -keky) (k-plA-kz-k-k2 A-py + k- Akypy)
At this point it should be noted that the corrections which arise from the brems-
strahlung graphs depend upon the form of the parton distribution function F(x).
The result is particularly sensitive to the small X region.

To get the radiative corrections to an actual cross section such as yP, we
must use the cross section (case I or II) and an F»"(x) appropriate for each kind
of quark (p, n, p, n ) and then sum over quarks in the target.

As an example, we have worked out vPand vP at EV = 100 GeV in the

lab. We have used distribution functions from Kuti and Weisskopi5 and have

done the integrations for A and E}IFE numerically. Kuti and Weisskopi
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give

7/2
F(pinP) = F(nin P) = F(p in N) = F(n in N) 2% (1—};)

1 (1-x)7/2 , 105 (1-x°

F(pinP) = F(nin N) = z === 5o
X

1 (1-x7/2 , 105 (1-x)°

F(ninP)=F(pinN)=§ " 96 N
X

Typical results can be seen in Figs. 6 and 7.

These curves show features typical of radiative corrections in other
processes, 6 which is not surprising since it is primarily a classical effect.
At fixed lab angle and fixed incident neutrino energy, the spectrum of the
muons is decreased by about 10% at the high end and increased by about 10%
at the low end. We note again that the approximations of the calculation
are valid only in the scaling region with all momenta dot products much

bigger than the corresponding masses.

Acknowledgements

We thank S. J. Brodsky and J. D. Bjorken for many helpful suggestions.

- 925 -



2]

REFERENCES
R. P. Feynman, Phys. Rev. Letters 23, 1415 (1969);
J. D. Bjorken and E. Paschos, Phys. Rev. 185, 1975 (1969).
R. N. Cahn, Phys. Rev. Letters 29, 1481 (1972).

For notation see J. D. Bjorken and S. D. Drell, Relative Quantum

Mechanics (McGraw-Hill, New York, 1964).
D. Yennie, S. Frautschi, and H. Suura, Ann. Phys. (N.Y.) 13, 379 (1961).
J. Kuti and V. F. Weisskopf, Phys. Rev. D 4, 3418 (1971).

G. Miller et al., Phys. Rev. D5, 528 (1972).

- 96 ~



FIGURE CAPTIONS
Graphs confributing to Vun — u p with radiative corrections.
Feynman graph for the uncorrected process vun —~uDp.
The self-energy graphs.
The vertex graphs.
The bremsstrahlung graphs,

Plot of (cr

T /cr for various lab angles
corrected uncorrected) uncorrected ng

and energies of the outgoing muon in the reaction VNP — 1 X at an incident

. . . 3
neutrino energy of 100 GeV in the lab. (gcorrecte q is k20 dx/d k2 of

Eq. (1).)

. - Plot of (cr for various lab angles

-0 a
corrected uncorre cted)/ uncorrected

and energies of the outgoing muon in the reaction EuP — u+X at an incident

. . . 3
neutrino energy of 100 GeV in the lab, (Gcorrected is k20 dz/d k2 of

Eq. (1).)
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