CEBAF-PR-86-015

p{€e)p

S. J. Pollock
Continuous Eleclron Beam Accelerator Factlily
12070 Jefferson Avenue
Newport News, Virginia 23606



gt W ﬂki}

CEBAF~PR-86—-015 VWC3
S.J. Pollock
e,
E( )P 020592000094202

|

BAITERA

p(é,e)p

5. J. Pollock

Stanford University, Stanford, California, 94305

presented at
CEBAF
for the
Parity Violation Workshop
December 11-12, 1986

ABSTRACT

We present calculations of the parity violating asymmetry in elastic electron
proton scattering . Our goal is to find means to measure the nucleon weak form
factors. Such measurements will provide interesting tests of the standard model
in a strongly bound regime, as well as revealing details of the proton’s weak
structure. In addition, by assuming the standard model, we produce numerical

predictions for the asymmetry.
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1. Introduction

Motivated by the possibility of a high precision measurement at CEBAF of
the elastic asymmetry between left and right handed polarized electrons scat-
tering from a free nucleon, we have considered some of the details required in a

theoretical analysis. We have two primary goals:

1. To find means to accurately measure the electroweak structure of single

nucleons.

2. To find means to test the standard model™ in the strongly bound, non-

perturbative regime of the free nucleon.

To do this, we first consider the formula for the asymmetry in some gene-
rality,” in order to see how one extracts the nucleon weak form factors in a
relatively model independent fashion. Next, we discuss some predictions in the
standard model of relations between various form factors. Finally, assuming
the standard model, and making a few simplifying approximations, we already
have enough information from electron elastic nucleon form factors and charge
changing neutrino cross sections to make some detailed numerical predictions. In
this way we can, for example, look for kinematics which optimize the contribution

of the various form factors, or the dependence on the Weinberg angle.

2. Nucleon Form Factors

The caleulation of the asymmetry requires the hadronic response functions"
which in turn can be expressed entirely in terms of combinations of the elec-
tromagnetic and weak neutral form factors. Assuming Lorentz invariance to
determine the most general possible form for the matrix elements of the cur-
rents, ignoring possible second-class currents and intrinsic parity violation in the

nucleon wave functions, and using the Dirac equation and the conservation of the

i46



vector current to eliminate some terms, we write down
{
(P 72(0) |9} = @)} + F]opq.)u(p) (1)
Here, all form factors are assumed to have the general structure;

F=1{F(¢") + nF" ()

where the superscript S and V indicate isoscalar or isovector, respectively. 7, is

just the usual nucleon isospin operator. Similarly for the weak neutral current:

(7|7 Ip) =

i .
S0 JIFO, + F{¥,.q + FO% — iFOwq,)u(p) (1)

3. Results- asymmetry in p(&,e)p

Given these definitions of the form factors, it is now a straightforward calcu-
lation to find the parity violation in elastic electron scattering. We compute only
the lowest order contribution (1-Z, 1-y interference, which means we are correct

to O(a)). We also employ the standard model for the lepton current:

Jj(lO) (lepton) = i['ll;G”ll(l + ’75)11,' - 48.'1112 awlﬁg’)’“',bgl

This can be generalized quite easily, but we are especially interested in testing
the standard model in the strongly bound, hadronic sector. The asymmetry is

then given by :



A= g% = —G¢/(4ra)V3 (2)
2c08”(8/2)(F" F} + ¢ F{" F})
+45in*(0/2) A cOacy,
_% sin?(0/2)(e; + €2) Gl (1 — 4sin” 6, )FY
’ cos?(8/2)[F7” + ¢*F7"] + 25in’(6/2) J\;, G’

Where Gy = F, + 2MF,, and ¢, and e, are incident and final lepton energies.
We note that by fixing ¢?, and varying laboratory angle (and thus energy, of
course, as this is elastic scattering), we can in principle separate the three lines
in the braces above.(e; has an angular dependence to it, allowing the third line
with its axial form factor, to be separated, at least in principle) The first two
lines involve independent linear combinations of F{*) and F{%: since we know the
electromagnetic form factors quite well we can easily extract the nucleon weak
form factors. If one could make the equivalent measurement on the neutron, then

F(©)8 and F}V¥ could be immediately separated.

Within the standard model, there are some simplifications in this formula.

We write the hadronic electroweak currents in this model:
g1, - 1, T 1_
Jl= t[i(uq,,u — dv,d) + E(uq,u + dvy,.d) — 35S + ]

JO = [(1 — 28in* 8,)%(1?1,.11 — dv,d) + (—2sin’ 0,)%(&1,.11 + d,d) )

1 -

+ E(ﬁﬁfp'fsu - d'Tu’hd)
3 . 1_ 1_

- (5 — 2sin’ Bw)gsqf,,s ~ 58N + ]

8o, for instance
F2Y = (1—2sin*0,) Fy

This relation is true at all g2, independent of the details of the nucleon’s structure,
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even in the presence of heavy (s,c,...) quarks. In addition,

FyJ = ~2sin’ 0, F7;

2
FOs

0

These are both true at all g%, but they are in fact modified slightly by the presence
of heavier quarks. As we shall discuss later, we expect the axial isoscalar deviation

from its expected value above to be much greater than that of the vector isoscalar.

Given these relations, we can rewrite the proton asymmetry as:
AT = - G¢/(am)V/(2)

r cos?(9/2) | FF [(1 — 4sin® 0w ) F'F — F7N) \
+@F}((1 - 4sin® 0) FJ'F — F7¥]

1 +2sin’(0/2)(¢* /AM®)GLT[(1 — 4sin’ 04, )GLT — GLY) ¢ “

—(2/M)=in*(8/2)(ey + €;)GLT (1 — 4sin® 85 ) FOP
X = )

usual E.M. denominator

Note that although we have assumed the nuclear domain in the vector form
factors, we have left the axial piece general. To the extent that strange quarks
do not contribute, Fff’" =0, so Ff.f’)’P = }FS{’)'V, and is thus known (to perhaps
10%) from charge-changing neutrino experiments. We therefore know &1l the form
factors in this expression (the rest are all just the familiar electromagnetic ones),
and can numerically evaluate it. Since the axial form factor is the least well known
above, we may want to try to find kinematics which suppress its contribution
when trying to measure the Weinberg angle. For example, in the small angle,
small q* regime the first line in eqn {4) dominates, allowing a measurement of
the Weinberg angle which would be fairly insensitive to uncertainties in F,. Note
that for small ¢, F"" = 0. Since sin® f = 1, it turns out that the asymmetry
is “accidentally” quite small in this regime.
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Another way of demonstrating the relations between the form factors which
the standard model implies is to use them to relate experimental quantities. e.g.

{see Appendix A)
AP0l — AVOY = ei(of — o)) +ealo) — o) — (07 — 7)) (5)

Here 0,(.0) is just the elastic electron (neutrino, antineutrino) scattering cross
section, and ¢, and ¢, are just q? dependent constants determined in the standard
model. This relation, and the others like it, are ezact, at all ¢*. Like the relations
between the form factors themselves, they are invalid only to the extent that

isospin is broken, and heavy quarks contribute.

4. Numerical Predictions

We have used eqn (4) to generate numerical predictions for the asymmetry
in a wide range of kinematic conditions. One of the more interesting results is
the figure of merit. This is defined as A’N,,, where

N1-N|

A
Niat

]

and in order to have statistically valid measurements, one requires
AN >1

In figures (1} and (2) we show the figure of merit on a 3-d plot, versus the two
independent kinematic variables ¢}, and 6. Although one might naively expect
a constant figure of merit (since A ~ q?, and N;»x ~ q7*), in fact it has a strong
peak at q? #v .3 —.5 GeV2. The figure of merit is dropping at larger q? because of
the form factor dependence. At small %, the “accidental” value of the Weinberg
angle brings us down to near 0. The remaining figures are the parity violation
under various kinematically interesting regions. We have shown, for example, the
sensitivity of the asymmetry to the Weinberg angle, and the various weak form
factors. At small angles, the asymmetry is dominated by the F, piece, whereas

at larger angles it is in fact dominated by the weak magnetic piece, Fs.
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5. Corrections and complications

As stated, the simplified eqn (4)(used to generate the plots) is not exact.
One source of inaccuracy is our assumption of good isospin for the nucleons. For
instance, matrix elements of the pure isovector quark current, (Gvy,u — d.d),
can contribute a small amount to F9#>, This is because we have defined F* =
FF+F¥,but the proton and neutron are not exact isospin eigenstates. The extent
of this contribution is extremely difficult to predict, however, and certainly must
be investigated further. Similarly, parity is not exact; however, it is possible that
the q* dependence of the measured asymmetry caused by the nucleon’s intrinsic
wrong parity component may be completely different, and so in principle can be

separated.’

As mentioned earlier, heavy quarks also make corrections to eqn (4). Note
that this only modifies isoscalar weak form factor relations . The correction
for the Lorentz vector -isoscalar form factors should certainly be small, but the
exact value is again extremely difficult to predict. However, it turns out that
the correction for the axial vector - isoscalar form factor may not be so small.
This is due to the presence of anomalous strong correction graphs which induce
an effective axial isoscalar vertex.” A crude estimate gives this effective vertex
a strength of about 10% of the axial-isovector vertex. Thus, for example, the
form factor F{"F may differ from the one found in charge-changing neutrino
scattering, %FR’)'V, by 10%. Careful measurements of the proton and neutron

axial form factor would give an experimental measure of the interesting quantity
FOS,

Finally, an important correction we have left out is higher order graphs (ra-
diative corrections). These are exactly calculable in the standard model," and
should contribute at O(a). To the extent that these calculations dominate the

corrections at this level, we would have a test of the renormalizability of the

standard model, a critical feature and one which is not trivial to check.
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6. Summary

The proton is a complicated, confined, strongly interacting many quark /anti-
quark system. A priori, predictions for the weak form factors, and the parity-
violating asymmetry in electron scattering are extremely difficult. However, the
standard model predicts remarkable relations between the weak and electromag-
netic forin factors as a consequence of the unification of these forces. By measur-
ing parity violation on the proton, we have a fairly clean means to measure the
weak form factors. Since parity violation is an interference effect, we basically
gain a factor of G over pure elastic p(v,v)p scattering. Careful measurements of
these weak form factors allows us to test the predicted relations; in particular,we
can test CVC and the simple relations for the different isospin components as
functions of momentum transfer. In addition, assuming the standard model al-
lows us to make precise measurements of the Weinberg angle, the weak magnetic
structure the weak charge distribution in the proton, and the axial structure as

well,
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APPENDIX A
Relations in the Standard Model

We first write out the general formulae for all the basic electroweak single

nucleon cross sections:

(E)' - (:la’e:r) [ Leos®(8/2) [(F* + 7Y + (57 + B2V )]
.t _+%25in’(0/2) [(q’liM’)(G},’ +G;}v)’]

(E)N - (44 [ $eos?(9/2) [(F2* ~ FEV) + (5 - FVY])
/. | +12sin*(6/2) [(¢*/4M?)(GL" - GL'Y]

. L cos?(0/2) [( FOM 3 FOVYs 4 @(FPM 4 FOVY 4 ( FO5 4 F..(.o)'v)’]
(%), = (SZ) | +izssern [w/ame + G277 + @ + epae)(FO? + BV
220/ + ) M (7 4 EO) (G + 6]

N L cos?(6/2) [(F(o)s FOY)s 4 (FOE _ FOW ) 4 (RO _ F(a]v)] ]
(g';—) o = (!G’e;r) +‘28m’(0/2) [(q’/uuﬂ)((;(o)i G(o)v)z +(+ q’/4M’)(F(°) .8 F(o) v),]
| % 320i0%(0/2) e + ea)/M [(FO — FO7) (G - G)]

, [ § coe?(8/2)(-2) [(F‘” ® o+ FOVY R + F7Y) 4 @(FO + FOY) (R + F;’"’)] ]
AF (%) = (9-‘-’5-‘-%1) +12sin’(8/2)(~2) [(q=/4M=)(G<°’ ? + GOVNGI + G} ")]
| +325in*(0/2) (1 + €5)(1 — 42)/M [(Fm * 4 FOYY)GL + G v)]

[ §c0n’(0/2)(-2) [(FOF ~ FOV)(IT7 - Fp¥) + (B - V) (B - )]

(%) = (C2) | vizentorni-a [(@raarye” - o yier - G|
- | +226in(0/2)(ex + ea)(1 — 42)/M [(FO* - FOV (6L - 63

cos*(9/2) [F* + @ FF + FE]

(&) - (5% [“’i’"(‘/’) [(@/aarIGE + 5+ /am)es
F2sin’(0/2)(ey + €a) /M FiGx
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We next define some temporary variables:

E(?) = (4c:’c’r) (%)

E* =2(E® + EV)

C = (—233—) (0u1- + op1+}/(2co8® Bc)

) (oF — o = (o7 — o) /(22)

|

G
o) vl +@E + o) /)

ledr

[ 2o
3

»

(

v = (G) (@ +o — (oF +1) /(21
(
(

: ) (oF — o + (oF o)) /(22) (22 — 1)z

Q

tedr

ee'

i) = (2202) 4ol

and finally:
T =v3--42’E* — (1 —42)C

(Note the essential feature that all the above are directly determined from exper-
imental quantities!) Now, as discussed in section (3) (assuming nuclear domain
and good isospin) the relations between form factors given by the standard model
are:

FQ® = -2z

FY =(1-22)Fyy
F!:l.zv =F, :z/ cos ¢
F}‘o)'v =F}:/COS 00

F* =0



which immediately yield exact relations between the experimental quantities
defined above. For example:

2
(o2~ o55) = (22502 [of 4ot = (oF + o]

8a’x? 1
=)= (e ) (aemy) € — o8 + (- o)
A" = —(1 —42)E" — 1(C — LE* — T/4z) + il“;;"’l(m +v2)
AP — AN = —(1 ~ 4z)(va + Lv1)

= —(1—-4z)(E® ~ E¥ + Lv1)  (this is equation (5))
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Fig.1

Figure of merit versus q} and 8,,,. We assume a target density x leminosity
of 7.8 * 10** nuclef — electrons/sec, and a fixed solid amgle of detection of lar.

This is only reasonable experimentally for Backward scattering.
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Fig of Merit A

2
NTr:-T

N

20 t.5 q.,%

Fig.2

Same as fig{1), but now for forward scattering. We assume a spectrometer

with a fixed bite of Aq*/q® =~ 2.
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parity violation
El= 0.6000000 Gel

9.0 (20 (M) (-6t)

Fig.3

Perity violating asymmetry veraus lab angle, with 2 fixed beam energy of .6
GeV. (q° values st several angles are indicated below the axis)
3 Qifferent valyes of sin?dy are shown for comparison.

199



parity violation
E1= 0.8000000 GeV

B L] | 1 ) I | L) ¥ ) l 1 ) ] 1 l 1 T
5-—
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wy - =
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1 |—
0 Tl i
e: 0

Fig.4

Parity violating asymmetry versus lab angle, with a fixed beam energy of
8 GeV. Shown separately are the contributions to the asymmetry from terms
proportional to F{?, F{*), and FO.
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parity violation
~ El= 4.000000 GV
<0 T T ' T ' ' ' ! !

Fig.5
Same as fig{4), but with incident beam energy of 4 GeV.
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