GZ

27:'M2

v,v E+E'
1 F M

1 e —
%(cosz 6/2 W’; V12 sir26/2 W Sir26/2 Wg’ V)+ 0m?2) (2.11)

where 6 is the angle between the directions of the initial and final leptoﬁs in the

laboratory. The final lepton's polarization is given by:

2
2 260 20 (E —E') 26 4E' 29 2E' .26
L <2W100s 2'+W2s1 2=|=W os 2+ M2 ZW{jc = sin 5 Ws) ,
P __=_=F|d: +0(m#)
a2 2 29 EE) ;20 '
? 2E (Zwlsm 2+chos 2; s1n 2W3
W5

P msind (2W1—W2+ ) 5
P _=x% +0 (m2) (2.12)
v,V 26 2 7] E+E' 29_

2E! (cos 2W2+2 2W1¥ i sin 5 3)

‘ . 2W
T m . 6 2
P'_ =- —ginb + 0 (m*<)
87 M .26 20 _E+E' .2¢
Zwlsm 5+ W, cos 5F N Sin 2W3

where the longitudinal (L), perpendicular (P), and transverse (T) polarization
vectors have been chosen so that their space components are orthogonal in the

laboratory frame and satisfy
o kxk! (2.13)

It may be that at high energies the factorization of Qeff into leptonic and
hadronic parts still obtains but the exchange of other spins plays a role. Gen-
erally, if spin J is exchanged the invariant matrix element squared, summed
over spins, etc., will be é 2Jth order polynomial in cos Ot (2.8). A direct test

for scalar and tensor currents is that bthey cause the helicity of the final lepton
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to be oppos1te to that of the xmtxal neutrmo in the approxlmatmn m= 0 With’ only N

vector and/or a.x1a1 vector currents the he11c1ty 1s unchanged 1f, m= 0.
and Tung have dlscussed other tests for the presence of scalar and tensor .
~currentsa(c_16‘) o | .

The general theorems discussed hereﬁare; all v1elatedby electromagnetic
effects. It mlght be feared that with a nuclear target of charge Z, correctlons of
order Za could occur. Nachtmann hasg stud1ed this problem(Nl)', and has shown
| ~ that the corrections to Eq (2. 'T)are charactenzed by Za/ E‘R where E' 1s the

energy of the outgomg lepton and R is the nuclear radms., Nachtmann fmds cor— .

rections 2 5% in uranium.

2.2. Tests of properties of thehadroncurrepj:_

A Selection Rules

AY < landAY AQ

The s1mplest reactlons forbidden by these sel et*lon rules are hsted 1n

ttttt

Table 2. The branchmg ratlos for the "fdrb1dden" processee depend on

E the square of the v101at1on pa.rameter (y) Roe has pointed out(RS) that Ko
production prov1des a test whlch 1s lmear in y, smce 8
7p—pT A° K% +yK9 (y—-O1fAY 2 1on1y) |
vo—p p (K° +y'K ) (y"* OlfAY AQ only)
CIf y/y # 0 the observed states KS and KL occur in unequal numbers and

th1s can be detected 1n a su1tab1e apparatus. :

AI=1/2 in AY =1 trans1t10ns ’

For the reactions 1nvolv1ng a smgle baryon or: baryon resona ; w1th i= ;1'

in the final state this rule gwes(L 3)

a(Fn ——»Z) o(vn—»Y*)_z
orp — Z° ) a(vp——»Y*")

L @aey




In Eq. (2 14) and below, the presence of the appropmate lepton in the

final state is understood In reactlons with- two stable hadronsunthe o

final state we fmd-

(vn—-»Z 1r)

ok

o(7n -—»Z 1r)

o{rn '_’A'o T) G S il ) -2 @)
o(Fp — A1) 7R Z°n% cr

The Al = 1/2 rule also gives a number of "trlangﬂilar mequai lles” for
,th1s class of reactions (Ll?’) The "tr1angula.r inequalltles" between i

qua,nt_ltge‘:s Op2 Gys yansd, 03 are defmed.tq;’?e:;’ 1 e

T+ 5

v

N -~

- The triplets o, , 5 for which these inequ sholdare

————

o(vp— PK+) oy ni‘—-»b’K{o)’ {”«,‘efa(‘vn-»nK )

—

o(vn — Z°K% o(vp—4 —OK ). Jibyv'p*—-—*-‘- K)

o{vn—1nK") | ‘cr(vp-—»nK) : '»"g(up_—» pK) (2 17)

'20(Fn—>§:°1r°) a(vTip_—i—*'E;'rr',) fo(vp——-»z 7r)

20(vp — PR | G(ﬁpy-’—"zfﬂ_). cr(’V'P —*2 T )f,. e




AT =1} for AY = o Transitl.ons

- This rule gives

oy p—s N¥T) _ a(v‘”-—, N*™ j

: =5 @
ovr—N) e

and triangular inequalities (cf. Eq,ﬁ: z.;a).;,for: o

! L SRR D N

2¢(vn—p1) o(vp—»pzx ) | ‘~;a(fyvyn—'—r>xh.1r+)*f |
20(vn — Xk o(vp—>§: K) - o-(vn——-»E K)
, Sk ad (2 19)

20(7p —n1®)  o(Fn-—snr)  o(Fp—spr) |

20(7p —X°K") dwn-—-»Z:‘K")'  amp—ITKhH

- Charge symmetry of the AY 0 current

The charge symmetry cond1t1on (1. 3) relates the form factors in pa1rs

of processes such as v”p —_ u p1r+ and v“ n ——»u nw for eztample. _
Note that it does not give equal cross seetmns smce the v and v currents :
are dl.fferent If the lepton spms are summed over, however, the 1epton4'
tensor is unchanged when VT exoept that the V—A mterferenee term

changes sign. Therefore, for AY O reactlons

< vp—> 4 a(13 = 3/2)'7‘-
Z do :

lepton | \yn—suthag = 1/2)
spins Y

un—» u a(13 —'31-3/2)? i

is proportional to the V-A mterference term

If all final states are su;mmed over, the cha.rge symmetry condltion glves

W?pn'-:'W*‘f" . e e
S AAY=0 . (2.20)
Fpo_wyn
wP = wh




for the*Wf (Eq. 2. '5) ThlS g1ves 0bv10us :eelatmns between (e,g )the oross 2
sectmns for v and 7 on deutermxn For the quas1—elast1c prooess the

charge symmetry condmon is:

0+ Slupagayy i g ,
|3y ny = - ¢a| 3y |~p> | o (2.2
which, combined with the identity (pIJx ln)* = (D_.{lw:J}\' \p) )
gives strong restrictions (see Section 3.3).

Absence of second-class currents -

This hypothesis is the same'a'sﬂ the. charge-' sjrmmetry eondition if the -
AY = 0 semileptonic part of Q off conserves T as we saw in Section 1.1D.
If T is not conserved, thls hypothes1s unplles pha.se conditions for: form

factors--see Section 3. 3.

B. CVC and PCAC (Adler's theoremA?’)t A

An obv1ous consequence of CVC is that it reduces the number of mdependent
vector form factors, which are then related to form ;factors measured in electro-
productlon by the isotriplet current hypothesm., These relatmns wﬂl be exten—f
sively exploited in Chapter 3. Here we shall dlscuss;a; theOrem due ‘-t'QAdler: ;
which leads to direct tests of CVC and PCAC. | oy

Consider the case when the 1epton contmues ferward 1n the d1rect10n of the
inc1dent neutrino (6 = 0). We sha.ll neglect the lepton s mass so tha.t the lepton
and neutrino helicities are the same because ef the factor 'yk(l 75) 1n the couplmg.
The spin is therefore conserved When @ ‘—- 0 and J;\ can be written as’ seme 1inear
combination of k)\ and ki. With 6 =0, however k « & and k and k’ are also -
proportional in the»approxunatlon k'2 = k2 =0, We can therefore:wrrt’e; :

ety =k ok (0=0,m=0,  (2.22)
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unless q, = 0, as it is for elastic scattering in these conditions. Equé

implies that: ; o
| (a)If CVC is correct, then only the ax1a.1 current contmbutes when 0 = 0
Parity violating effects should therefore vamsh in this conflguratmn.
‘(b)Assuming CVC, the matnx element 1s proportmnal 1o q)\ 7\ ThlS then
implies ¢ (9 = 0) oc O s assummg PCAC. Puttmg in the .correct factors v

we flnd (in the notation of’ Eq, 2 1)

4.2 FynF M2Gcos9f2

whd% . E;M?&h'V
d|q2|dW 9=0 ‘47!'2 ' qurw *
oA E M
qurj T —=F
where |
W2 = M2
=M +qg +2p

o, W) = pioncroSs sectibn‘for the f/sae ta;rget and final

ﬂ. _.F ’ S " ; ‘_;‘ B
“state F at center—of—mass energy W.

P = pion eenter—of—mass momentum at center—of—mass

energy W,~ -

Followmg Adler, we ha.ve assumed that pion scattermg 1s dommated by p

waves in extrapolatmg to zero mass 1n Eq., (2 23) (the choice of extr

procedure 1s clearly irrelevant at large energles) and we have: retamed the
| lepton mass 1n the p1on pole term Wh1ch m:ght be lmportant The numermal g
constant was obtamed using the Goldberger—Tremaan va.lue of f ( J— 2M gA/ ,(g,rm\],,'r

~ (.86 Mﬂ>,
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The main problem in cemparmg Eq (2 23) wﬂ:h experunent. 1s that there are
no events with ¢ = 0 and I'apld var~1at10ns may occur in th1s neighborhood due to
terms which vanish at q =0, One melastlc reactmn for'whlc‘h detalled phenom— :

enological descriptions are avallable whwh could be f1tted to the data at. small q2

d"zc is N* productxon. However, the success °f Eq (2.23)

da® |g=0
for N* production (or smgle T productmn) would not necessamly constltute a new.

and used to extract

test of PCAC. This is because the success of the Goldberger—’i‘relman relamon
ensures that Adler" 's theorem is sat1sf1ed for the Bornterm for smgle ‘pmn pro-
ducticn ‘ Therefore in most dynainical 'mcdels df'.t'his*pfoc‘ess, ~~inl'wh'ich’both' o(vN)
and o(rN) are proportxonal to the lcrn terms enchanced in the same way, Adler's
theorem is automatmally satxsfled k

An important point about the coinparisOn oqu 2. '23)‘ with exper:mentls :

that q2 4 EE' sng is generally a more appropr1ate vamable m whxch to ex~

pand than 6 (as has been emphasized by P:ketty and Stodolsky(P 16))

Ther}ef‘ofre, :
the range of 6 for which ch° (2. 23;) is a good approxmatlon decreasfes"'{Withfin—/
creasing EE'. If EE' (and hence q2) is not known so that Eq. (2.23) can only be

compared to experirhent,for small o “then the reievant range of 9 may be 'very

small since ~ EE'". (The actual range of q2 or 6 for Whlch Eqa. (2 23)

d .
dcos 9 6 =G
is a good approx1mat10n depends on the reactlon m questlon, of course )

A subtle consequence of Eq. (2.23) is that the forward neutrmo cross sectlon
should vary with: different nuclear targets like the pion cross sev;ﬂ:mn(B’7 B8) (this

is often called the "A2/3" law-~ actually ¢ ~ AO 5

at high energxes). ,;.S“-Gh a
phenomenon is by now well known 1n the electromagnetw case,

Expenments have been done to test these predictmns. We shall c11scuss them

~and glve more details of the theory in Section 3. 8 ~afte‘r:morephenemenologmal ,

machinery has been assembled. Here we bnly;:rerfﬁéark that the Adl‘éifgswe‘isberger
relation can be considered a succes“s;ful test of Adler's relation for an integral over
0@ - ¢ if we accept the current algebra hypothes1s.
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Current Algebra

The only direct tests of the commutators (1.6 - 1.8) ave Adler's sum =

rules(A5):
jW v,q —0) 2 (v q —-0))dv = 4M cos 6 <13> (AY 0) (2.24)
f (W; v, 2=0) -W [n qzao))av _MZsin?0 (3Y+2L)>  (AY=1) (2 25)
: | = |

Separating the quasi-elastic contribution and using A'al?er's? PCAC theorem y
(2.23), Eg. (2 24) immediately reduces to the celebrated Adler-Welsberger ‘re- '/
lation. ThlS has been frequently d1scussed and we w111 not dwell on. the derwatmn. :
| Adler has der1ved sum rules whlch depend on the commutators (1.3 - 1 5) in

unintegrated form, e.g:
F5 (&, 0, )] - 6(X)1f-k£m  (0) , ete. (2‘..26)"‘

For two reasons we shall only dlscuss Adler's sc—called IS‘ sum rule.

(1) The "a' and" oyt sum rules mvolve suspect assptlons about hlgh
energy behavior Whlch are untrue in free f1e1d theorles and alsoin
Regge models. |

(2) They rely on commutators 1nvel,; _‘ing‘ space components of currents

| which ‘are model dependent; Some such sum rules W111 be d1scu.ssed
in Section 3.6. | e

'If“W“ . (Eq. 2.4) is averaged overginit‘ial sp‘ins a;ndg.., Sutodh o doverfmal : stfat & s’

it may be written in the form:

W, -Lf

’(pVI[J ®, I (0)]|p) i (227)
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(The introduction of a commutator in place of J; (x)d . (0) is aliowéd since
the extra term only contributes in the unphysical region where q- P < 0.) The

simplest derivation of the sum rule starts from:
v < d3x -_1_q'_x’
day Woo = Z 5 e (P
2

= <413cos2 0, + (3Y+213) sin® 6> PyM". (2.28)

[75 & 0, J{,«»]'p)

We then write dq, = dv/ P24 1\/[2 , whefe v =+ P and choose a frame where
5 - P=0; note that the integration is at varying q> = 2/ (P2 +M2) G2, Finally
Eq. (2.28) is divided by P, and the limit |P | —» oo is taken. Aé.suming that the
limiting process and the integration can be interchanged and using Eq. (2.5) we
get the fixed q2 sum rule

+o0
/dv Wy v, %) = <‘413cos2éc+(3Y+2135 sinzec)Mz (2. 29)

-0
Using the crossing property:

>W§(v, 2y = -Wf(—v,qz) (i#5), (2.30)

(Wew,a®) =W, (v, a®) ,

which follows directly from (2.27), Eq. (2.29) may be written in the final form:
©

2 ' 2 ' . 2 2
/(Wz(v,qz)—W;(v,qz))dv= C4cos 6 I, +(3Y +21y) sinl ec)M (2.31)
0

This equation reduces to (2.24) and (2.25) at q2 = 0. Using Eq. (2.11), (2.31)

méy be written in the form:

. v 2
lim [(do P d’P\_ @ ( 2 .2 )
E—-w|—T35 - = — {cos” 0 +2gsin” 0 (2.32)
- 2
v (dlq I d|q2l T c c

(m = 0)
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which suggest a simple interpretation in terms of "point-like'' constituents in

the nucleon which we shall discuss in Section 3.86.

2.3. T Violation
If time reversal invariance symmetry held then (given the properties of
the lepton current under T) it is easy to see that W6 (Eq. 2.5) would be zero for

the quasi-elastic process and for the case when all final states are summed.
=-0)

e _ _

- 0 W6 =0

implies that in the laboratory the final lepton has no polarization transverse to

In the approximation that (2. 12) applies (lowest order in G and @ =

the plane in which k and k' lie. (L11,B15,A2,C2) We shall now derive this

result directly. (125, BY)

~ If time reversal invariance holds:

M@ —p)f* = <eltile> <BT|e>
(2.33)

= | — an|? = (p|THary Cot[T]pr

where ' and B8' are the time reversal states correspondingto o and § (spins and

momenta reversed). If in addition the T matrix satisfies Ta 3: T-; 8 eléoﬁ3 (6 real)

then: . , .
M@—g)|* = M@ — g aT=T® (@39

This forbids transverse lepton or baryon polarization which could only occur
because of a term ~ ¥ o (T{’X_E') which is odd under o, B — o', B'.

We shall now show that T = T+ in the approximation o = 0 both for the quasi-
elastic process and for the case when all final states are summed over by using

the unitarity relation to order G:

+ ot - +
Tweak —Tweak' lTweak(Tstrong+ ¢ Te.m.) * I(Tstrong+ . Te. m.) Tweak (2.35)
T= Tstrong ta Te.m. +G Tweak'
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For the quasi-elastic process |a) = |v, nucleon) and |B) = | lepton,

nucleon). T gives zero acting on these states which are stable under

strong
. . + _ . .
strong interactions. Therefore Twe ak = Twe ak + 0(a) in this case and the

theorem is proved.

Electromagnetic corrections will occur due to the diagram:

H

1889A58

The leading correction (~ G2 @) is due to the interference of this diagram
and the usual first-order weak process. This involves the imaginary part of the
amplitude in which the intermediate particles are on mass shell (indicated by the

dashed line.) These corrections have been bounded in an interesting paper by

(D4)

DeRafael and de Rujula which we shall discuss in Section 3. 3d.

When a complete set of final states |B) is summed over, the states may

be taken to be eigenstates of the S matrix for strong interactions. The complete

set of intermediate states inserted between T+ and T in Eq. (2.35) may also be

taken to consist of eigenstates of S It follows from Eq. (2.35) that
- id . . :
weak Tweake + 0(@) in this case and the theorem is proved.

strong’
T

Note that the T violating structure function W6 is bounded in terms of the
others (Eq. 2.6 and 3.77). The inequalities require that W6 = 0 in the deep in-
elastic region (v — o0, v/q2 fixed) if either o = 0 (Eq. 3.68) or the weak cur-
rent is conserved. (D7) Both these conditions are expected to hold in the deep in-

elastic region according to currently fashionable theories (See section 3.6).
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In other processes, transverse polarizations will only be forbidden by T
invariance in the approximation that final state interactions are negligible (for
a discussion see C9 and references therein). T invariance gives further re-
strictions for scattering from polarized targets but these do not seem worth dis-

cussing at present.
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CHAPTER 3

PHENOMENOLOGICAL DESCRIPTIONS OF NEUTRINO REACTIONS

3.1. Neutrino Beams

We begin this chapter with a brief discussion of some experimental aspects

of neutrino physics.* First we shall discuss neutrino beams of the type used at

CERN and elsewhere, and then the monoenergetic neutrino beam which will be

built at NAL.

At proton accelerators neutrino beams have usually been produced in the

way which is schematically illustrated in Fig. 2. Important points to notice are:

1.

Incident proton beams produce far more forward-going positive particles
than negative particles (typically 1r+/1r— ~ 5-10/1). Therefore v beams
{from 7r+ and K+ decay) will be much more intense than v beams (from 7
and K~ decay)--see, e.g., Fig. 5. Furthermore the contamination of 7
beams by v's (due to imperfect defoctising) will bé much worse than the
contamination of v beams by V's. (The contamination must be accurately
estimated in order to make tests of lepton conservation.)

The principal decay modes of m's and K's are m —» i +v” and K— U +v“.
The beam therefore mainly consists of muon neutrinos. There are some
Ve's (776'5) which come chiefly from the decays K:t — 7° ei Ve(ife) and

)7, (v )--see, e.g., Fig. 6. (It is important to estimate

e UH
the Yy ( 'V‘e) background in order to test lepton conservation and measure

+ +
U —e Ve(V

or put limits on v, " € elastic scattering.)

*References to discussions of experimental techniques and developments at

various laboratories may be traced from C7, C11, H3, and B36.
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3. The energy of neutrinos from 7r“2 and KM 9 decay is given by

M,lzr—Mi E_
E, = 2(Eq -pgcos 0) "o H0=0, E>M  (T—ur)

(3.1)

MIZ{—M2
= H ~ i =
Ev 2(EK—chose) EK if 8 =0, EK»MK K-—puv)

where EV is the laboratory energy and 6 the angle the neutrino makes
with the parent meson's direction. It is therefore clear that the high
energy part of the neutrino spectrum comes from K decay.

It may be possible in the future to "tag' fhe neutrinos in the broad spectrum

neutrino beam described above. (H2) Otherwise the neutrino energy must be
deduced by adding up the energy in the final state and a precise knowledge of the
neutrino spectrum is necessary to interpret the results. Measurement of the
spectrum usually proceeds in two ways: ‘

1. The primary proton flux is continuously monitored. The flux of secondary
pions and kaons is measured in a preliminary experiment (precise knowledge
of the K /7 ratio is essential since, as we shall see, there is a better way to
measure the flux -of v's from 7 decay; alternative measurements of the v
flux from K decay are hard to perform). Using the known properties of the
focusing system, the hadron flux in the decay tunnel,and hence the neutrino
flux, can be calculated.

2. The muon flux from the decays m/K — p v is measured thus providing a
rather direct measurement of the v flux. To this end detectors are placed
in the shielding, the depth the muon penetrates giving its energy. There

are two difficulties:
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(a) Low energy u's cannot be detected in this way since they only
penetrate to small depths where the hadron flux is still appreciable.

(b) Only the m — pv flux is well determined by this method. This is
because the spectra of forward going p's from 7 and K decay are
similar (the maximum energy being approximately the energy of
the parent in both cases) and the 7/K ratio is so large. Because of
the larger K mass, the angular distribution of u's from K decay is
broader than that of p's from 7 decay. ‘It may be possible to exploit
this fact to monitor the K— pv spectrum.

As a consequence of these facts the spectrum in the last CERN experiment was
only well determined from about 1 -4 GeV. Outside this range the first method was
used ("renormalized" by the second) but it could not be considered very reliable
since the K/m ratio was not well known.

1t is obviously desirable to devise alternative methods of measuring the K flux.
Other possibilities such as detecting y's from the decays Ki-—> 7 1 — 1 Yy
perpendicular to the beam might be entertained but problems of neutron background
probably make this impossible.

In Fig. 3-6 we show the broad band neutrino spectra anticipated in various beams

of the type described above. A '"monoenergetic'" neutrino beam will be built at NALSC'?)

(T3) (related designs were proposed earlierP14).

using an idea proposed some years ago
A collimated 7/K beam of well defined momentum is introduced into the decay tunnel.
The target is designed and positioned to subtend a very small angle 6 at the possible
decay points. The spectrum is easily calculated using Eq. (3.1) and has the shape
illustrated in Fig. 7.

Only a very rough measurement of the final state energy is necessary to dis-

tinguish neutrinos from the two energy bands. The flux can be measured by the
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method already described. Inthe proposed beam, which is described in C7 (where
details of the design, backgrounds from K’Q3 decays, etc., may be found), the two
bands have energy spreads of £6%, and it is calculated that the NAL machine
running at 500 GeV can give ~ 10‘7 v's with energy 250 (£6%) GeV /pulse in this
apparatus. Even if the gap between the bands turns out to be largely filled in, the
results will still be much easier to interpret than those obtained with a conventional
beam (however, the number of events will be much less). With the usual broad-band
spectrum the flux falls roughly exponentially as a function of energy so that a small
error in deducing the neutrino energy from the energy of the final state can lead to
a large error in the cross section.

There is one other method of measuring the neutrino flux if we believe the con-

ventional theory of weak interactions. In this case, neglecting the muon mass:

2
>., (3.2)

which can be used to deduce the incident flux with hydrogen and, perhaps, deuterium

EA

&y

do‘ dO' —
2. - 27
2

- — +
v n—i p Up—i n Gzcosze
L1+

targets. This method is not very reliable with nuclear targets since the cross
section is strongly suppressed at small q2 because of the Pauli principle (see
Section 3.3) and this effect turns out to be very model-dependent. At large energies
the quasi-elastic cross sectioh is expected to be energy-independent (see Section
3.3) so that it can be used to determine the shape of the spectrum without knowledge
of the form factors or the influence of the Pauli principle and the Fermi motion.
However, this depends on being able to identify quasi-elastic events which is not
easy with nuclear targets (due to reabsorption of produced 7's, etc.)

Despite this, such a method was used in the early spark chamber experiments

at CERN, following a suggestion by M. M. Block, and revealed that the flux was
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about twice as large as originally thought. Block pointed out that there is a
region (0.1 GreV2 < Q2 < 0.2 GeVz) where Q2 is large enough to escape the
main effects of the exclusion principle yet small enough so that the result is
insensitive to the axial form factor. Quasi-elastic events in this region, there-
fore, give the absolute flux if they can be identified with a nuclear target.

While on the subject of targets, we might remark that while counter exper-
iments can use enormous targets and may be preferable for examining particular
reactions, bubble chambers can more easily reveal possible surprises in high-
energy neutrino reactions, such as violations of selection rules (but it may be
necessary to employ them in conjunction with other devices to determine all the
energy in the final state if a broad spectrum is used). In either case the advantages
of using targets containing complex nucleii (better stopping power in bubble chambers
as well as higher target mass) must be weighed against the difficulties of interpreta-
tion due to nuclear reabsorption and other effects at small q2. It would be rash to
dwell further on this subject in view of the many studies of experimental techniques

now in progress.

3.2. Neutrino Lepton Interactions

The neutrino lepton interactions which are allowed in the usual theory and

might be observed directly are

VM+e_-——~>I.L—+ve (3.3)
Ve+e"_>ve+e' (3.4)
7{3+e_—»'p"e+e' (3.5)
Fe+e_—>iz‘” +u- (3.6)
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In addition, leptonic interactions can take place in the electromagnetic field

of a target nucleus, e.g.:

1889A59

A. Interactions with electron targets

The existence of p decay implies the existence of the processes (3.3) and
(3.6). The limits for (3.4) and (3.5) were given on page 19 ; on the basis of the
conventional theory, we shall conclude that there is little chance of measuring
the cross sections for these processes directfy in the near future. However, the
conventional theory may be totally misleading at high energies.

An essential point is that even at NAL energies the center-of-mass energy
is very low: s = 2me Ev < 0.5 GeVz, Sav. ~ 0,01 GeVZ. Therefore, the cross
sections are very small since dimensionally o ~ st and Gr2 Sav. ~ 10_39 cmz. In
fact, assuming a 200-GeV proton beam, a target of 70 m3 of liquid hydrogen (the
).

hypothetical 25' chamber) and a "typical experiment' Nezrick calculated(N6

v”e — by, 215 events
V.8 —>v,e 2.5 events
ve —T. e 0.8 events
e e

Te —ou 0.02 events
€ [

The low rates for v, / v, processes are due to the relatively feeble v / "V_e

flux. The reactions (3.4) and(3.5) will be hard to detect positively because of
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background problems. For these reasons, we shall only discuss reaction (3.3)
in detail here. Cross sections for the other processes are related as s — o0 by:
lim U<Vﬂe —_— Veu )= lim o(vee — vee )

S—w S—x

(3.7)

=3 X lim U(’ifpe——»ﬁlu‘)=3xlim 0‘(—1;08_-—-)—1)7,[1_)
s—o0 L S—o0 =

in the usual theory.

Let us examine the extra information which can be obtained by observing
the reaction (3.3) which cannot be obtained from p decay.(J4) Agsuming a point
interaction without derivative couplings we may write quite generally:

H = \/_15‘717’7\(1"7’5) ey, Y\ (8y “8BaY5)Y ThrCFA! (3.8)

1 decay can be used to eliminate .s#', which confains e and ¢ in different combina-
tions, but it obviously cannot determine gA / gy as long as the neutrinos are not
observed. (73) (The usual theory has gA/ gy =1, in which case (3.8) reduces im-
mediately to the usual Jfé £ by a Fierz transformation provided s#' = 0.) Although
the limits on &' are not very good, we shall assume #' = 0. In this case(J4):

s

d a(v e v u”)

gcose - 32#53 (lgV‘2+‘gAl2)(A+B_?\(A—B)>
A = [(s+mi) - (s —mi)cos 9} [(s+m5>\~ (s—mj)cos 9]
B = 45’ (3.9)
_, 2Be(ey 8y

+ 5 5 (= 1 in the conventional theory)
‘gvl * )gA\
where ¢ is the angle between the incident v“ and the 4~ in the center of mass. The 6

distribution clearly determines A, the most striking A dependence being

2
dg(6 =0) s>»mg 1
do(6=m) e 2(1+}\) (3.10)
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a result which can be derived directly from the fact that the pe vertex conserves
helicity as s — o« . If a few hundred events are obtained at NAL, it will be pos-

sible to determine A approximately.

B. Interactions in the electromagnetic field of a nucleus

The cross sections for these processes can be calculated exactly to order
Gr2 az in terms of known quantities if ‘g’)eff is assumed for leptonic interactions
(the existence of an IVB would only alter the results by adding terms of order
Mﬁ/Mil). The dominant process is that in which the nucleus (of charge Ze) re-

coils coherently. The first detailed calculations were done by Czyz, Sheppey

and Walecka(czs) (approximate results having been obtained previously(BM’Kz’Klz’SB))
who found:
2 2 2 2E 2E B 2
- + 52 a G vy, 1 14 193 B
olv.Z—p e vZ = E B Qn(-——>+—!ln ) - - (3.11)
( i e ) E - w 72 ﬂr2 v )\ B 37 mﬁ 90 150 2
2 2 2 2E B 2
-t 4 332 2
G(VZ-ouuvZ) E_‘w,5Z S E 8 —3—£n( 4 )—45 . 32 (3.12)
K 72w m“ 75m
using a nuclear form factar
F(qz) = ‘——i—'——z— B=-—R2—(-)— = 1.2A1/3 fm .
(; _qz/Bz) 0

Results obtained with an exponential form factor are also given in C28 as are
the cross sections for processes with incident ve's (neither choice of form factor
gives a good fit to the observed charge distribution--see, e.g., Fig. 3 of L24--the
two forms were supposed to bracket the actual behavior as Q2 — ), The asymp-
totic formulae (3.11) and (3. 12) are compared with the exact cross section in Fig. 8.

Cross sections for various nuclei are given in Fig. 9.
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In order to distinguish these four fermion events from other processes which
yield a muon pair (v“ Pb—»u_ar+ (— u+v) +oieee VM Pb-—’u—W+ (—+u+v) + ...) the
distributions in the muon variables must be calculated. This has been done by

(F13) (whose results are quoted in H3) and by Lgvseth and Radomski. (24

Fujikawa
These calculations are of interest in their own right since the results can eventually
be confronted with experiment. Af present the most important results concern the
experimental signature of the four fermion processes.

Unfortunately it is the author's impression that Fujikawa's results disagree
with those of Lgvseth and Radomski (compare, e.g., Fig. 6 of L24 with Fig. 16 of
F13) but it is hard to pin this down since, except in a few cases, they plot different
distributions. There is agreement that the p~ tends to continue in the direction of
the v and take most of its energy. However, in Ref. H3 it is claimed, on the basis
of Fujikawa's calculations, that the muons have transverse momentum 0 - 50 MeV
(see Table 3). In contrast Lgvseth and Radomski find (e. g.) for v“Pb-ezﬁ u+u_ Pb
that <Pffj, ~ <P;3_> ~70 MeV at E, = 1.5 GeV increasing to <P:ﬁ> ~ 200 MeV
and (PZ?’_) ~ 290 MeV at EV = 40 GeV (their quantity Pt3 is almost the transverse
momentum at small angles). This apparent discrepancy is very serious since the
ability to distinguish the four fermion processes from other reactions in the ex-
periment to be performed at NAL(H3) hinges on the characteristics of the transverse
momentum distributions. The authors of this NAL proposal give the estimates in
Table 3 , on the basis of which they conclude that the four fermion cross sections
can be measured to £10% in 30 - 60 days running time. Lgvseth and Radomski
using their larger value of the transverse momentum are less optimistic. In view
of this apparent disagreement, we do not quote detailed results here. It is com-

forting that a third independent calculation is under way. (S11)

- 56 -



3.3. Quasi-elastic Neutrino Scattering (AY = 0)

A. General Remarks

The hadronic current describing the process
v(k1) +n(py) —>L (kg) +p (p2)

may be written

<P ®2) 75| 201> = cos 4T 0y) 1 u(pa)

ig, a’ ¢ Fo@@®)  q, Fo(a?)

_ 1 2
Iy = mFy @)+ 2 M + B

2 S
9y, 75 ¥, (@) Y5 (p1+p2;>\ Fp (@)

M + M

2
Y Vg Fp (@) F

(3.13)

‘ 2
(M +M )EFZ q F3 (p1+p2) sFV
_ ply 172055 ) Dty A
A \Fy 2 M M T oM

' 3 v 3
. _— (Mz—Ml) FA s 0')\1) q FA . qx'}/5 Fp
"AY5\*A M 175 M M
M1+M2
- q=k1—k2=p1—p2’ M='—2—'

The relation to the form factors used by some other authors is given in
the appendix (we keep M, # M, for convenience in going to the AY # 0 case and
introduce § = /J.p -k, 80 that F\2[ (0) = 1 if the isotriplet current hypothesis is
correct). Experimental results for 8 decay at q2 ~ ( agree with Eq. (3.15) below
within the errors and give FA(O) =-1,23 +0,01.

For the process:

7(ky) +p (1) — L (kg) +n(pg)
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the current is

() |95 |peD> = cos 4,8 a) [ uipy) = (0 1) |7 [n G2
(3.14)

~ +
I (P1>Po) = vy I (P2,P1) 7,

The various hypotheses about J 3 discussed in Chapter 1 restrict the form
factors as follows:
(1) T invariance — All form factors real (apart from an arbitrary

overall phase factor which we take to be real henceforth).

1,2 3 . .
(2) Charge symmetry—» FV R FA and FP real. FV, A imaginary.

(3) No second-class currents —» F% A" 0 (=T invariance + charge

symmetry).

(4) CVC—> Ff, = 0.

(5) Isotriplet current

F%f (qz) = LF? @?) - Flll (qz)] = Dirac electromagnetic isovector
form factor.

(3.15)

£ = up - yn=3. 71 (4 = anomalous magnetic moment)

2
5 o B Foa) -p Fyad)
FV (99) = T = Pauli electromagnetic
P 'n

isovector form factor.

In terms of the Sachs form factors

-1
1,9 2 vV, 9 2V .2
Fy@®) =(1-—4%) |GR@?)-—35 G (q)}
v < 4M) [E am? M

(3.16)

-1
2
¢F2 (o) - (1 ﬁ) [G}\’4 (@®) - Gy <q2>]
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Experimentally, the G's are described to within + 10% by:

1
G\E]) (q2) = 5 )
<1 ___q____._)
0.71 GeV?>
(3.17)

l+p  -p
Gy, (a?) = i

0.71 GeV?>

Important points to notice about the quasi-elastic process are:

(1) If polarizations are not measured, only 3 combinations of the 6 complex
form factors can be determined according to the general theorems in

Section 2.1. We have

- 2 2 2
do (un—»ﬂ p>= M G cos 0

7p—Ln

871 E M
v

(s -u=4ME_ -q2 -m?)

The relation between v and ¥ experiments follows from Eq. (2.8) and (2.11). To

(B6)

derive this relation directly , note that if electromagnetic corrections are

neglected T = " for these processes (see Chapter 2.3) so that

12 2
2 :!Mvn—dl'p‘ - 2:!Mﬁ"p—+vn' (3.19)

spins spins
Because of CPT invariance, the spin averaged lepton tensors (2. 3) satisfy:

m,, (27 (kg) —v (k1)) =mw(E(kl)_.z”(kg))[:mw(V(—kl)—.f(-kz))] .

Hence
do(s,t,u) = dog(u,t,s)
. (3.21)

vn—l p '17p~*!2+ n
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e [A(qz)rrB(qz) (s";)+c(q2)f“ﬁ} (3.18)
M
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In terms of the form factors in (3. 13) (putting M1 = M2 now) the functions A,

B and C (3.18) are given explicitly by (see, e.g., M4, P4 or A2):

2 2 2

) 2 2
A= (m®-92) (4_3_)iFA\2_ (4+ ﬂ_)
4M M M

‘Fz‘z - —‘12 élez (1+—q-2—>

2 1%, 2
4q° Re F, §F 2 2 2
i} vy o9, _d 3\
T3 (4‘ 2) ‘F

M2 M M A
(3.22)
2 2 2 9
m {1 2 ( <|3| 2)
N I T A oy e SRR | A5 +‘F|
2 \[V IA P\ 2 v P
2 *
2 2 2 * F
q 1 2\ m 1 2\ .3 4 ¥p 3]
B=+———ReF*<F +€F)+— Re(F + 3 tF ) B R, + F
2 2
iy A\VTYT SRy V4M2VVA2M2AJ
o 12
c=1 IF \2+ Fllz__q?‘_ Rl ]F3sz
z\|*A v 2 |2 2 A

(2) Unless some of the form factors behave very differently from the others,
A, B and C (3.18) will be of the same order of magnitude. Since A, B and C pre-
sumably fall off rapidly with Qz, only C is measured as s —» ». To obtain the
maximum information neutrinos of ~ 1 GeV are required.

(3) The contributions of the form factors Fy, and F;B'/. ~ m2 (J Ay~ 9 FP/ 7o ;
dy j}‘ ~ ) and are therefore hard to detect unless these form factors are unex-
pectedly large.

(4) In the approximation m = 0 the only contribution of second-class currents
~ \Fz\ . The absence of interference terms between the two classes of currents

means that it would be hard to detect second-class currents with small form

factors.
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B. Cross Sections in the Conventional Theory and Theoretical Ideas about the

Axial Form Factors

In the conventional theory,in which the hypotheses listed on page 58 are

satisfied,there are two unknown form factors in elastic neutrino scattering: F A

and FP‘ F A can be determined rather directly by measuring d o -dd” which,
because of the assumption of charge symmetry (page 39), depends only on the
V-A interference term:

- — + 2
dgv n—{ p davp—»ﬂ n G cos 0

- - C eyl \'
af e PR (s-wa F3 Gy

(3.23)

Up to now extensive v experiments have not been performed, nor are the v
experiments nearly accurate enough to allow F A (q2) and F P (q2) to be deter-
mined. The usual procedure is to assume the functional form

0
F, (@) = -1.23/ 1 - =5 (3.24)
A
and to use a model for FP or neglect its contribution (~ mz). The results of
model calculations withxn = 2 are shown in Fig. 10 - 13 (cross sections are given
in M4 for a wide range of %orm factors).

Experiments have not even been able to determine the best value of n up to
now but n = 2 ig usually assumed by analogy to the electromagnetic case. This
is very unsatisfactory. The remarkable scaling law GE(qz)/GM(qz) ~ const. sug-
gests that GE and GM describe the same distribution of "stuff" inside the nucleon
and we might therefore be tempted to assume that the axial form factor is similar.

In the absence of a dynamical understanding of the scaling law, however, we have

no criterion to decide which combination (if any) of the axial form factors should
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behave like GE and GM (an unusual choice of form factors which has some ad-

vantages has been discussed by Ketley). (K7) On the other hand, the experimental

discovery of such a combination might shed light on the scaling law.

There is one piece of evidence in favor of taking n = 2 in Eq. (3.24). FA(qZ)

can be calculated in terms of single pion electroproduction data near threshold

using PCAC and current algebra.
and give M

F15) find different results.

The results of one calculation rule outn =1

A" 1.34 £0.05 GeV withn=2, (Ns)However, other authors (e.g.

The data is probably not good enough to make a re-

liable determination of F A by this method at present. (When the processes

ep—>ep 7° and ep——»enw+ have been separated it will be possible to ‘check

the reliability of the method by using it to calculate a combination of the known

form factors GM and GE.)

Near q2 =0 we expect F

p to be dominated by the pion pole:

F (%)  ~N2 gy, !
PM = — T, (@@= 0. (3. 25)
qg -M
PCAC gives
2
2M° F, (0) F, (92)
. A 1 A
F (@) =~ — = - T e =0 (3.26)
P . q 1-q°/M A
3 T

which agrees with Eq.

1 5Fa
F, (0) 2
A od q2=0

<

(3. 25) provided

A
MZ
T

which is presumably the case. According to these formulae FP(qz) is much

larger than F A (qz) near q2 = 0 and this is borne out by experiments on i capture.

There is no reason to believe Eq. (3.25) or (3.26) away from q2 =~ (0, However,

if we believed that the axial current would be conserved if MW were zero, then

Fp(qz) = (2M2 F A(qz))/ (M727— qz) might be a reasonable approxi.matibn for all q2.
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. 9 _ 2 2 _
Some authors have normalized Fp(q ) to J2 NN T fvr/Mw at q 0 and

given it the same q2 dependence as Fi or G;; for q2 < 0. This implies an

abrupt change of behavior at qz = 0. With Fp oc F& (e.g.) it gives
oF F_(0)
___g_ = - .___12____2_
0Q q2=-¢ 0.71 GeV

while the assumption that the pion pole dominates in 0 < q2 < M12r , which is

implicit in this choice of normalization, yields

F F (0
9_13_ _ __pfz_)_ ,
0Q 1g2=+e M

This procedure of normalizing near the pole certainly overestimates Fp for
small Q2 (the contribution of Fp to the cross section from large Q2 is negligible
if F_ falls off like 1/Q2 or faster as Q2 — o).

With this dubious choice of q2 dependence Fp can make a substantial con-
tribution to the cross section, although it enters multiplied by —Il\%, because
F (0) = -90F, (0). Thus with Fp(qz) = F,(0) F‘lr(qz) Yamaguchi found ¥2) that
it contributed ~ 20% to the cross section for Ev ~ M, although its contribution
was negligible for Ev > M and EV <« M. We believe that this is like to be a
gross exaggeration of the effeqt of Fpo

We conclude that the contribution of FP is probably not more than a few per-
cent. Inthe absence of more compelling theoretical arguments it is probably
best to ignore Fp until the experiments are accurate enough to check any model
or parameterization adopted for it.

The results expected from a v or 7 experiment at Argonne are shown in

Table 4 where the errors expected in the determination of various parameters
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are shown. The v experiment can measure M A (Eq. 3.24) but it is very insen-
sitive if other parameters are allowed to vary. The ¥ experiment is able to
determine M A and any large derivations from CVC, although there are many
fewer events. However, if a good fit cannot be achieved with CVC, it would

perhaps be more natural to keep CVC but abandon the assumption Fz = 0.

C. Polarization Measurements

The quasi-elastic cross section when both the final lepton and baryon polar-
izations are measured has been given by Adler(Az) for AY=0and AY = +1 re-
actions (see also E2, K7 and P4--the relation between our form factors and those
used by these authors is given in the appendix). Here we will make some simplifying
assumption and try to pick out the leading terms.

In the approximation m = 0 the lepton vertex conserves helicity. Interesting

lepton polarization effects are therefore proportional to m and hard to measure.

The polarizations may be obtained directly from Eq. (2. 12) using

w, =26(2 +q%) o,

) 2 2
oy = o= ral" - g (fryf e [y 53]

2
]

s 2
= powed I> " —
wh = wy = |Fy|” + IF] 2

1 = =1 * '
Wy Wg 2ReFAFV

=4w, +w, -2w =—iF;I_‘2— ‘FA+2FP|2+(4—332-)(!F3|\2+ iFP‘2> (3.27)

w'
4 4 72 5 M
wl=w_-w,=Re 2 2* 2 *
5 "5 T2 q éF q FP
9 - v F3_ F.o+ F3
2 v A 2 A
w'=w6=lm 2M 2M



The w ; occur naturally if the hadron tensor WIJ« y is expanded in terms of
p + p' and q rather than p and q. They are much more convenient than the
w3 for many purposes in the quasi-elastic case.*

The unpolarized cross section essentially determines wl’ 2,3 (dropping terms
of order mz). Polarization effects are, therefore, only of interest insofar as
they contain information about w 4,5,6" Note that the contributions of w 4,5,6
vanish as q2 —> 0 (6—>0). Since most of the events presumably occur at small
q2 , it will therefore be hard to obtain useful information from lepton polarization
measurements. The deviation of the longitudinal lepton (antilepton) polarization
from -1 (+1) is hardly amenable to measurement being of order m2 (unless the
V-A lepton current gives an incorrect description at high energies). The per-
pendicular polarization is proportional to msin § but we note that the extra
structure function which it determines (w5) enters multiplied by E' and, unfortu-

nately, as 0 and Q2 increase, -

b 3
E.g., in terms of the w{ the coefficients A, B and C (Eq. 3.18 and 3.22) have

the simple form(P4):

4M2A = (mz—q2)<8 M2 w'l - (41\/[2 -qz)w'2+m2w}4)

2 2 2
= - + !
2M™B qwgmw5

—_ 1
4C—w2

- - +
Note that wivn—m b wiyp_’“ n
. (i#5)
2 ST ST
“s Wy

w '5 vanishes if there are no second-class currents.

- 65 -



E' decreases. We conclude that longitudinal and perpendicular lepton polarizations
are not very useful tools in practice. We will discuss the transverse polarization
in the next section.

It is hard to measure the baryon polarization unless the apparatus is designed

with that purpose in mind. Jovanic and Block(J6) have considered surrounding a
deuterium target with AL spark chambers; the transverse and perpendicular polar-
izations are measured when the nucleon rescatters from the A¢ plates. Alternatively
this could be achieved by inserting Af plates in a bubble chamber. This might be
worth while at NAL energies at which the unpolarized quasi-elastic cross section
depends only on C (qz) in Eq. (3.22) which contains little information on its own. We
shall see below that the polarizations depend on quite different combinations of form
factors than C (qz).

Before giving detailed formulae we consider some general properties. When
0“ , =T (Qz = Qrzna.x =4M Ez/‘(M+2 E)y+ 0 (m?f)) it follows from angular momentum
conservation that in the approximation m = 0 the final baryon is 100% longitudinally
polarized (with negative helicity in the center of mass and laboratory) because the
conventional lepton vertex conserves helicity. As 6” V—->O (Qz —0 (mz)) angular
momentum conservatioﬁ requires that in the center of mass the transverse and per-
pendicular polarizations va.mish; the longitudinal polarization is, of course, known
and is almost 100% (with negative helicity) because gA/ g, ~- 1 (this polarization
is completely perpendicular in the laboratory because  =p ' is essentially perpen-
dicular to K for infinitesimal Qz)., Interesting polarization effects, therefore,
occur at intermediate Q2 .

In the conventional theory the cross section when the final baryon is per-

pendicularly polarized may be written(B?’z) :
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tx X Gzcosze sin 2
do _ _do“ = c ¢p -2F. F' -9 _ F &FZ
2‘ 2‘ 27 A>Ty
dlq diq
(3.28)

2
+ 5F3(F{7+FA)>}

2M
M 2 ¢ M
—_ 1 1 —
* Fv (Fv+ €FV+FA)]+ 2 E

2
33
E 16 M v

sing. = /4M2E2+q2(M2+2ME) +0<m2>
P (4 M2 -g2) E? o

where 1x (1X) indicates laboratory polarization 1 (anti Il ) to x defined by:

——

k

y P asones
Equation (3.28) provides another way to determine F A If this were incon-
gistent with the result obtained from the differential cross section, we would have
to turn to the general case with all form factors retained which is given, e.g., in
A2 and P4. Here we give -only the limit of the polarization as E —» on with Q2 fixed, -

which is the interesting part for experiments at NAL:

1. ¢° 2\ 2 1,2\ 3

5 |2Re|F +5 ¢F F, -4 Re[F +¢F° | F

X v 2 v] A 2 v v] A
P (perp)=- 4;“ > 5 AM 5 o M R—— > +0<
#M7-q lFA| +|F§,-l - |$F2’ 73 Fi
4M il m

1
'E) . (3. 29)

Longitudinal polarization cannot be measured by rescattering the baryon. It

is therefore inaccessible unless the apparatus is in a magnetic field so that the
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direction of the polarization is different at the production point and the point of
rescattering. Here we give the leading terms in the general case as E —» o0,

with Q2 fixed:

QF' + V F -Re (F +EF )
pY (long) = 2 / 2 M +0 (%)
I

A 1

A

The polarizations with incident autineutrinos are given, e.g., in (A2) and
(P4) (they can be deduced from Eq. (3.42) and (3.43) below in the conventional
theory). The general arguments above still apply except that the helicity is now
positive when 0M , =T in the approximation m = 0. The results of a model cal-

culation with incident autineutrinos are shown in Fig. 25 and 26.
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D. T Violating Effects

In Section 2.3 we discussed the fact that, in the absence of electromagnetic
corrections, transverse polarizations (out of the reaction plane) would indicate
T violation. The transverse lepton polarization is given by Eq. (3.27) and (2. 12).

The cross section when the final baryon is polarized along —S’frans ~ KXK' is given
by(Az’P4):

\

do(*Sirans)  99(Sirans) 2 V-t lanPER +q?) + o2 (oM E+ M)
2 2 = 5
dla l a|q?| final 8T M° E
baryon
polarized
2 2, 2
X I (4ME+ 2) F! +§F2*.€_F.z. F* F3)+2M2F* F,_'_E_f_Fl
m q v v 2 T TATA Aly PR
M
*
+ g FZ (F{,+ EF3> (3.31)
(B15,F12)

These effects can be estimated in the theory of T violation due to
Cabibbo(cz) who introduced second-class currents with form factors comparable
to the first-class form factors but 90° out of phase (second-class currents must
be introduced if we wish to have T violation without abandoning the charge sym-
metry condition). Using the limit on Ff” from u capture it turns out that it gives

(B15)

a very small contribution and we shall ignore it (unless we abandon CVC,

A

dipole fit for the other form factors are shown in Fig. 14c. The baryon polariza-

F?, = 0 in any case). Results obtained with F3 = 1(5 F‘zr/ 2) and the conventional

tion is insensitive to Fpn However, the muon polarization is proportional to the
divergence of the axial current (Wg vanishes if By AM = 0) and this is sensitive to

the choice of Fp“ The results in Fig. 14 were obtained using Eq. (3.26). Berman

- 69 -



and Veltman(B15)

obtained much larger results following essentially the same
prescription as Yamaguchi which probably greatly exaggerates Fp, as we argued
in Section 3.3B.

If substantial transverse polarization is found, sceptics might attribute it to
electromagnetic corrections (although we would expect them to be of order a).
This loophole has been closed for baryon polarizations of the magnitude given by

(D4) who have bounded

taking Fi = i(f F‘zr/z ) , however, by De Rafael and de Rujula
the electromagnetic effects which simulate T violation by using the Schwartz in-
equality to bound the contribution of each half of the diagram on page 46 interms
of known data. The bound is shown in Fig. 14; it is presumably comfortably satis-

fied since much information is lost in the use of the Schwartz inequality.

E. Nuclear Effects

Up to now all neutrino experiments have used complex nuclei as targets.

This complicates the analysis since the nuclear effects turn out to be quite model
dependent. Eventually the quasi-elastic form factors will be accurately measured
by experiments on hydrogen and deuterium (we return to the nuclear effects in the
latter case at the end of this section) and the experiments on nuclei will give inter-
esting information about nuclear structure.

Even to speak of quasi-elastic neutrino scattering on nucleons bound in nuclei
is to picture the nucleus as a collection of almost free nucleons and we shall neglect
many body terms, off-mass shell effects, etc. The most important nuclear effects
are due to

1. The Fermi motion
2, The Pauli principle

3. Rescattering and absorption of recoiling hadrons
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The last effect obscures the interpretation because it allows processes such
as v N — u N7 to be mistaken for the quasi-elastic process when the pion is re-
absorbed. This effect is discussed in (L23) and (B45). The Fermi motion spreads
out the quasi-elastic peak in qz—v space. We neglect it here referring to (L23, L22,
Y5) for discussion and references.

The most important nuclear effect is due to the Pauli 'principlec In a simple
Fermi gas model the quasi-elastic process is only allowed if the momentum of the
recoiling proton (neutron) lies outside the Fermi sphere of protons (neutrons)present

initially. A simple calculation gives the result that in this model the cross section

per neutron is equal to the cross section on a free neutron multiplied by(Gz’BH)
-1
1-N"D (3.32)
where
D =12 . . for 2x < u-v
3 2
_ 1 3x (2,.2),% _ 3 (2 2 i
—2A 1—4(u+v)+3—32X (u —v)} foru-v<x <cutv (3.33)
=0 forx > u+v
_ =l (xR (2z)
X 79k, “\& » VEA
f
(N, Z, A) = (neutron, proton, nucleon) number

kp is the Fermi momentum and !?ﬂ = \/(q2+m2) /4 M2 —q2 is the three-
momentum transfer to a stationary target neutron (the same formula holds for
the process Fp—>u+n with N« 7Z). The function 1 —N_lD is plotted in Fig. 15
and 16 for two cases.

We have recently carried out extensive calculations using shell model wave

functions and the kinematics which would obtain if the target were a single stationary
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nucleon(Bll) (this paper contains many references to previous work on this sub-
ject and on the related problem of u capture). In this approach spin is important

and it is necessary to distinguish three exclusion factors:

iqe(x_-x_) _
DS,T,L:_ 1] Z e (n m)T + (1,0’ O _,0_C )d’ (3.34)

-
n m xn xm’ “znzm
n#m

where _)?n are the coordinates of the nucleons, Ten the x component of the spin
operator for the nth nucleon, T;: the isospin raising (lowering) operators, Y the
ground state wave function and q is taken to be along the z axis. The cross

section per neutron in the conventional theory in the approximation m = 0 is given

by
2
do _ 1 (E') (Ialz (1 -1 ) (I 2 2 -1
do . o _ (= ~-N"'D_)+{|8x|“+|8y|°)[1-N""D (3.35)
dQ 647r2M2 E ) s ‘ I T,
2 72 :
1
1-q“/4 Vo am?|
o 1.2 .2 o ([EeEn?  al[-® 2% 2(1 -o2/4
Iﬁxl +'By‘ =8G  cos ec > -QJ 4 |F{7+ éFv| +\FA\ (l—q /4
1-q /4
2 2
+2<F",+ EFV) Fy 4 (E+E)

The exclusion factors DS,T, L obtained using harmonic oscillator wave functions
are plotted in Fig. 15 and 16 for two cases.
The main differences between the shell model and the Fermi gas model are:
1. Spin effects are important in the shell model near q2 = 0, as evidenced
by the fact that Dg # D, # D, and do/d q2 9 # 0 for symmetric

q =0
(N=7) nuclei except in the case of closed shells. These effects are
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very sensitive to configuration-mixing and are probably greatly ex-
aggerated in Fig. 15 and 16 where only the simplest configurations
were used. However, for Q2 S 0,02 GeV2 the three shell model
exclusion factors are approximately equal and the choice of wave
function is presumably not very important.

2. The shell model is much more dilute than the Fermi gas model (which
is based on central, and not average, nuclear densities) and the ex-
clusion effect is therefore less.

In the absence of detailed electromagnetic experiments on the quasi-elastic
peak in nuclei we have no real reason to prefer one particular model and it is
distressing that the models discussed here differ by ~ 20% for Q2 ~ 0.05 - .1 GeVz.
We recommend trying both models and assigning errors to cover the difference.

Equations (3. 34)7 and (3.35) can be applied to a deuterium target. A simple

calculation gives

= = 0.39 (3.36)

independent of the choice of space wave function (at =0 the vector current does
not contribute since it does nothing but turn a neutron <« proton leading to a
state which is forbidden by the Pauli principle; the axial current flips the spin in
addition but its contribution is reduced since some states are forbidden). Block(B33)
has calculated the exclusion factors in the closure approximation using a Hulthen
wave function; he found that to ~ #* 1% the deuterium/neutron cross section ratio

is not sensitive to EV or to the choice of form factors. The ratio is shown in Fig. 17.

Corrections to the closure approximation have not been studied.
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The problem of neutrino scattering on deuterium (and nuclei) has recently

(B4)

been studied by Belavin and Gurvits who suggest that in certain configurations
(a(v d)/o(v n)) should be equal to (0(7r+d —>pp 7r0)/g(7r+n—~> p7r0>) to a good ap-
proximation. However, they do not take account of the vital spin effects which

are different in the v and 7 cases.

F. Experimental Results

Information about the quasi-elastic process has been obtained in both the

(B45)

bubble chamber and the spark chamber experiments(HS) at CERN and in a

spark chamber experiment at ANL. (K15) )

In the latter experiment obvious multiparticle evenfs were eliminated but
otherwise inelastic events could not be distinguished. After imposing various
cuts to reduce the remaining inelastic background, it was allowed for by making
a 10% overall subtraction (estimated assuming N* dominance and using the model
of Berman and Veltman). * (B16) The results are shown in Fig. 18 and 19; the
theoretical curve for free neutrons was obtained using CVC, F\sf, A
a dipole fit for F A with Mi =0.71 GeVz. The experiment is notable for the con-

=F =0 and
p

spicuous absence of the exclusion effect which is especially surprising in view of
its established effect in p capture; this might be attributed to an incorrect allowance

for inelastic events.

*The Berman-Veltman cross section agrees approximately with the available
data but this may be fortuitous since they overestimated the vector couplings by
a factor m due to a misinterpretation of a previous paper. With the correct
vector couplings, their cross section is unchanged at Q2= 0 but reduced at

large Q2 .
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The CERN spark chamber group analyzed the events initiated in the AL plates
in essentially the same way. A dipole form was used for Fy and M, = 0.65 fgi‘%
GeV was obtained from fitting the q2 distribution of events with Ev > 1.4 GeV
which is shown in Fig. 20 (this method is insensitive to the spectrum since
o(EV )--Fig. 10--is approximately constant at this energy) and the angular dis-
tribution of all events.

In the CERN bubble chamber experiment it was easier to isolate the quasi-
elastic process, background being estimated using Monte Carlo programs. Again

3

CVC was used with Fp = FV, AT 0 and a dipole form adopted for FA. M A

was obtained by fitting both g, (Ev )--Fig. 21--and the differential cross section

=0.7+0.2 GeV

(using 2 Fermi gas model)--Fig. 22. Exactly the same result was also obtained
by taking the cross section for events with Q2 > 0.3 GreV2 where nuclear effects
should be unimportant; in this case EV 3 1 GeV and the shape of the spectrum is

not important.

3.4. Quasi-elastic Neutrino Scattering (AY =+1)

The most general forms of the currents in the processes v (v) N-+£—(!Z+)Y
are the same as in the AY = 0 reactions [Egs. (3.13) and (3.14)] except that
cos Bc — sin 90 . T invariance again implies that all the form factors are relatively
real. Unless the conventional theory fails badly at high energies it will be a long
time before accurate measurements of AY = 1 cross sections are available and we
shall therefore work in the approximation m = 0 in this section (the general case

is given, e.g., in A2, P4). In this approximation the differential cross section
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