
SLAC-PUB-670 
November 19 69 
W-9 

INELASTIC SCATTERING OF POLARIZED LEPTONS 

h 
.  I  FROM POLARIZED NUCLEONS 

J. D. Bjorken 
Stanford Linear Accelerator Center 

Stanford University, Stanford, California 94305 

ABSTRACT 

A previously derived sum rule) based on U(6) (8 U(6) 

equal-time commutation relations for the space-components 

of the electromagnetic current, implies mean polarization asym- 

metries of greater than 20% throughout most of the inelastic con- 

tinuum. - - 
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I. INTRODUCTION 

. 
Sometime ago, a high energy sum rule involving electromagnetic scattering 

of longitudinally polarized leptons from polarized protons and neutrons was de- 

rived’ and then dismissed as *‘worthless. It However, iL turns oyt ,to be interest- 

ing-to reconsider that negative conclusion in the light of the present experimental 

and theoretical situation. 2,3 We find that given “naive” quark-model equal-time 

commutation relations for the space-components of the electromagnetic current4 

and reasonable estimates for the convergence of the related sum rule, there 

must be parallel-antiparallel asymmetry effects of greater than 20% over a large - 

region of the “deep inelastic” continuum. It appears that the relevant experiments 

with electrons - or even muons - may be feasible. 

In Section II we reviewthe kinematics of polarized lepton scattering from a 

polarized target5 and make contact with the sum rule previously derived. Our 

main result is Eq. (2.10) and its consequences. In Section III, we estimate the 

magnitude of the asymmetry effects, given the present data. The Appendix pro- 

v-ides more details of the kinematics and a simplified derivation of the sum rule. - - 

II. KINEMATICS 

The differential cross section for electroproduction of a hadron system r 

from a left-handed incident lepton5 can be written at high Q2 and v (specifically 

v >> M; ZJ 2 >> Q2 ) as follows: 

daL d*L 47~~~ E’ 
dQ2dv dr 

=$m=-- 
’ c Q4 E nmdf 

I .leptO 
I JIPs> 2 (271)~6~(P, -P-q) 1 <n 

(2.1) 
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where 
E = energy of incident lepton 

I E1 = energy of scattered lepton 

e,.= angle of scattered lepton relative to incident lepton 

q = four-momentum of incident virtual photen - 
_ 

Q2= -q2 = 4EE’ sin’ e/2 

V =E-E’ 

P, s = proton four-momentum and spin 

The polarization of the virtual photon is determined in terms of the lepton 

current,which can be computed explicitly;- For v>>M, v 2>>Q2 it is especially 

(2.2) 

Theei ti=+l, Ci= CL=-1 are normalized polarization vectors for 

longitudinal (s) right-handed (R), and left-handed (L) virtual photon helicity states. 

If the final hadron system which is detected is rotated rigidly about the direction 

of q by angle $ (in- laboratory-frame) and if the.initial hadron is polarized along the mw 
direction of 3. the cross section is modified only by the replacement. in (2.2) 

Upon averaging over $, the interference terms between amplitudes of differing 

helicity vanish6 and the cross section becomes 

+ E d”L +E’, doR 
2E’ dT_ ,2E’ dr 

I 

(2.4) 
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where we use the Hand-Berkelman7 notation 

do. 
- = 4& 1 

df Q2 
nG&nici l J(pD/2P@3 64pn-p-q) 

V-2M 

(2.5) 

For the present application, we sum over all f but doflotaver%ge over the 

initial polarization S. For fixed v and Q2 and for E+ 00 , polarization effects 

vanish and 

lim d”L 2 

E+oo dQ2dv = Q ~q W2 (Q2t v) (2.6) 

Comparison with Eq. (2.4) yields (for v 2>> Q 3 

(2.7) 

(2.8) 
with 

2aT= aL+ OR 

and we can rewrite the integrated version of (2.4) as 

. . _ d*L 4ncV2 =- g 
dQ2dv Q4 

V aR 1 v>>M; v2>>Q2 - ?E aL+41+20s 
. 

(2.9) 
With this form for the cross section, we can make contact with the sum rule 

I .- 
derived in Ref. 1. Using subscripts P and A (instead of R and L) to denote 

parallel and antiparallel configurations of virtual-photon spin with respect 

to nucleon spin, we see that the sum rule (6.16) of Ref. 1 may be written 

00 

lim 
QC+ 

dv W2(v ,QT ; /dlx <PI[J&$‘% JyP)] lP> 

.qiiark algebra; proton target 
ZZ 

quark algebra; neutron target (2.10) 
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Here gAkv 1 I % 1.2 is the ratio of p-decay coupling constants and z is 

an isotopic-scalar contribution which depends upon the model of the nucleon. 

Equation (2.10) is our principal result. In Appendix I, we produce a simplified 

derivation of the-result, along with more general kinematical considerations. 

- III. A LOWER BOUND FOR POLARIZATION EFFECTS 

Most theoretical models 8-12 anticipate a near equality between Wzn and W 
2P’ 

If they are significantly different, this in itself would most likely imply a “partonf’ 

interpretation 819 of the deep-inelastic experiments and consequently nonvanishing 

polarization effects of the type exhibited in (2.10). If it turns out experimentally that 

w2n 2p’ =W it will be harder to decide -between the two classes of theories -those 

based on a parton interpretation and those based on a diffraction mechanism 
10,ll 12 

- (Pomeranchuk exchange, vector dominance, etc.) - on the basis of un- 

polarized data alone. Depending upon the sign of % the magnitude of the right- 

hand side of (2.10) must be greater than 0.2 for either proton or neutron target. 

Because the integral over W 
?P 

experimentally is rather small, the polarization 

.effects must be large. Let us suppose that the sum rule (2.10) converges at some 

&lie Mv0/Q2= WO . Then,using the premise’ oT>> as and lim v-a ‘v W2(v, Q2)=0. 33 

we find from the data2 
__ 

Q2Wo 

/ 
dv W2p(v,Q2) = 0.33 logWo-0.2 

I 
0 (3.1) 

cy) > 2) 

- 
: 
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We define the mean asymmetry Fp as 

zp = 

Q2Wo 

{ dv ‘Q$J, Q2, 
OA-OP 

“A’ op+2”s_ 
Q2Wo 

* 
s dv W&v , Q2) 
0 

(3.2) 

2 + ; jg& 

Z’z’ + 
0.6 = 

log wo-0. 2 

Thus either /Fp 1 or 1 s/ I 

-1 
must be greater than 0.6 log Wo-0. 2 . The predicted 

value of T , assuming Z’ = 0, is plotted in Fig. 1. 

Notice that for given E, E’, 0 (and ZJ 2 >> Q 2, the experimental asymmetry A is 

A= 
@aA/dv dQ7 - (dop/dv dQ2, 

(daA/dV dQ2, + <dyJdv dQ2, 

.^ .- 

(3.3) 

The most advantageous case for observing an experimental asymmetry occurs for 

large scattering angles, for which E1 <I E. Then, from (3.3)) A becomes 

AZ uA - % 
CT +/- A P 

and aorn (3.2) and Fig. 1, for either proton or neutron 

(3.4) 

provided W. _< 30. 
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That large scattering angles are most favorable follows simply from  the fact 

that this situation corresponds to backward scattering in the center-of-mass 

frame of electron and nucleon. . Under this circumstance the virtual photon 

helicity must be the same as that of the incident lepton. 

i 

It appears to be possible to produce 13 electron or muon polarized beams 
- 

which have nearly 100% longitudinal polarization. Polarized targets of - 4% 

polarization per nucleon are at present in use. 14 Therefore, nearly 1% raw 

asymmetries are predicted; this may well be within range of muon-scattering 

as well as electron-scattering experiments in the future. 

The use of “naive” commutation relations of space-components of currents 

has been criticized. 
15-18 

It has been shown that, given the validity of the per- 

turbation expansion of a renormalizable field theory, such equal-time commutators 

- are modified from  their naive (canonical) values by the effects of the interactions. 

It can also be argued that, since the perturbation expansion gives unreliable results 

for asymptotic behavior of matrix elements of currents (e. g. elastic form  factors), 

this may also be the case for the commutators. But in any case, the commutator 

[J,, Jy] in question is an observable and this polarization experiment measures 

its matrix element between nucleons. Any reasonable nonvanishing value should 

-- _^ .- be detectable experimentally, 

We thank J. Ballam for discussions on the feasibility of high-intensity fully 

polarized electron beams. We also thank H. Burkhardt and W . Cottingham  for a 

very helpful conversation. 

- 
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APPENDIX 

KINEMATICAL DETAILS AND THE SUM RULE 

The approximation v 2>> Q2 used in the text is valid provided v >> M, because 

from kinematics 

which implies 

c - 

Q2 “>2M 

Likewise, because the sum rule (2.10) is valid only as Q2+a, , the inequality - 

v 7> M will be satisfied in that limit as a consequence of (Al). Therefore, in 

principle the formulae quoted in the text should suffice. However, in practice 

the neglected terms may contribute and we here present the correct formulae, 

which are somewhat more opaque. Instead of (2.2), the correct expression 

(neglecting only lepton mass) is 

.^ .- 
. Equations (2.4)-(2.6) remain correct, but (2. 7) is replaced by 

W) 

Also the important equation (2.9) becomes 

- d”L 4KLy2 2X- 
dQ2dv Q4 

$! W2(Q2, 2 v) 1 - & + v 2+cj2 
4EE’ -- 2EE’ 

W) 
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The ‘experimental asymmetry A defined in (3.3) becomes 
i 

To derive the sum rule we observe that 

JW = x l<n IcL* JlP~>l~(274~6~(P~-P-q)-~ <nleR*JIPs>12(2n)3 d4(Pn-P-s) 
n n 

i 
= - 2n J d4x eiq’x<Ps( [Jx(x), S(O)] - py(x), J,(O)] /PS> 

i =- 
/ d4x eiq’ x -< Ps 7r I[ 

Jx(x) , J,(O) 
II 

Ps > 

where in the last line, a 90’ rotation about the z-axis was used to relate the two 

commutators. The z-axis is taken along & which is also the .direction off s , rl*y 
From (2.5) and (2.7)) and in the laboratory frame, 

Under a Lorentz-transformation in the z-direction, - 
M Jxy 

remains invariant. 

Let 4 = 0, Pz+~, go?-, PO/q0 = - w = - Mu /Q2 fixed. In that limit, 19 
.^ .- letting 

M* 
7= Pot 

lim i 
P -00 d3x dt emiwr <Ps 1 

Z 
Ir 

lim 2Mv 2 

= PZ” &2 

w 

. . -. 
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As in Ref. 19, v W2 (times the cross section ratio in parentheses) becomes a 

function of 0 alone. Integrating over all 0, we get 

= pz 2,Jd3x CPs( p,BO), Jy(0)] IPs>s4Z 
Z 

This reproduces the sum rule (6.16) of Ref. 1. The tt justificationt* of the equality 

of the limit for timelike and spacelike Q2- ca can be done along the lines used in 

deriving general asymptotic sum rules. 
19- But it must be said that the derivation 

used in Ref. 1 remains the most reliable. 

- 
: ._ -. 
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FIGURE CAPTION 
_ 

1. Mean asymmetry r for polarized electron~nucleonscattering as function of 

W. = Mvo/Q2, where v. is the energy at which the sum rule (2.10) converges. 
. . .- 

T is given by (3.2) with Zt = 0. 
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