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1. Introduction

An unsolved puzzle of the low energy dynamics of the strongrattion concerns the rela-
tion between the short distance degrees of freedom (DOF)a @nd the long distance hadron
structure. A direct link between these two regimes is givaprinciple by matrix elements of quark
operators evaluated over the wave function of hadrons. Ossilgility for accessing the quark con-
tribution to non-perturbative hadron properties like fdiantors, anomalous magnetic moments or
charge radii is given by flavour decompaosition, i.e. tryingseparate the contributions of single
quark flavours.

Looking at the valence sector though, e.g. at the u and d ftawnthe nucleons, one might be
sensitive to some sort of effective DOF, i.e. constituerarks, which could have little to do with
the QCD-quarks, as we learn from chiral quark models [1]. §de-quarks instead can maybe be
identified with the DOF of the QCD lagrangian, motivating thierest for strange quark effects on
the nucleon structure.

This contribution concentrates on the strange quark vextoent operatosy”'s, which con-
tributes to the vector coupling of the nucleons and thusristaince to the electromagnetic form
factors. It is accessible in neutral current experimergraposed in [2]. In sec. 2 the definition
of flavour form factors and their separation through neuwtatent observables are recalled. The
experimental technique of parity-violating electron se@ng is reviewed in sec. 3, together with
the data which are available so far. A more detailed desonpif the A4 experiment at Mainz is
given in sec. 4 and the latest A4 results are reported in sec. 5

2. Flavour form factor s and the weak neutral current

The coupling of the electromagnetic field to the hadrons &dieed in QCD by the elemen-
tary vector coupling to the quark fields through the vectaramnt operatorsf_y“f (quark field
operators are denoted by their flavd)r Thus the electromagnetic current of the nucleon should
emerge as a combination of matrix elements of such quarlemuaperatorgN| fy# f |N) and at
low momentum transfers only the light flavouirs= u,d, s need to be considered. On the other end
the the same nucleon electromagnetic current can be parsedefor the elastic scattering ampli-
tude under the assumption of Lorentz invariance, paritgriance and current conservation via the
elastic electromagnetic form factdes andF:

.oMvqy

()= 5 —ieQi(N[fyfIN) = —ieN(p) [v“Fl(quI oM

f=u,d,s

a(qﬂ Np) . (21)

This equation offers a link between fundamental QCD matexnents and measurable quantities
like the form factors. Furthermore one can define flavour ftaobors by means of (2.1):

= = .ghv
N4 IN) = ) |16 ()41 ) i) @2
which are related to the nucleon form factors by
Fa@)= 3 QFL@)  Gem@ = S QiGLu(@), (2.3)
f=u,d.s f=u,d.s



Parity-violating electron scattering and strangenessridactors of the nucleon Luigi Capozza

where the Sachs form factoG(Ef}\,I are defined aﬁ(Ef> = 1“) - TFZ(f) and G,(VP = 1(f) + Fzm
(T = —2/4M3) andQ is the electric charge of the-quark.

There are six flavour form factors for each nucleon where&gs taro electromagnetic form
factors can be measured. In order to reduce the number obumigione can make use of isospin
symmetry. This implies that the-quark in the proton “behaves” like theequark in the neutron
and vice versa, while thequark matrix elements are the same in both nucleons. Fgrova can
write:

up _ ~dn _ ~u dp _ ~Uun _ ~d SP _ SN _ s
Gem =CeEm =Cem Gem =Cem =Cegm GeEm=CEm=Cgm- (2.4)

The effects of isospin symmetry violation have been esthamn [3] to be about one order of

magnitude smaller than the typical experimental errorshefihvolved observables and can be
safely neglected. Thanks to isospin symmetry both nucleamsbe described by a total of six

independent flavour form factoﬁ;E"d,\’,lS . Still there are only four measurable form fact@g},.

The missing constraints for iysolating the single flavourtdbations to the nucleon vector
coupling can be found in weak neutral current observabkeppmted out by Kaplan and Manohar
[2]. The nucleon coupling to the®boson can be written as

() = > N(p) [P (P) 1 T L)+ YHysGa( @) | N(P) = (VE) + (AE) . (25)
2sin By M
where(V/}') and(AY ) are the vector and the axial part of the current, respegtifr each nucleon
three new, in principle measurable form factdfs, ¢ andGa) appear in (2.5). In analogy to (2.1)
the vector part of 3 ) can be written as

—ie

(Vz) = 2 ey O NN (2.6)

where the matrix elementd| fy* f [N) are the same of those in (2.1), because of the universality
of the quark vector current operators, aQyf = 2I3 — 4Qy sir? By is the standard model weak
charge of the quark. As a result the weak vector form factbthe nucleon can be written as a
linear combination of the same flavour form factor appeaiin@.3):

Fa@) = 5 QfFL@)  Gem(@ = Y Q¥GLy(). (2.7)
f=u,d.s f=ud.s

An extensive review of this formalism can be found in [4].

3. Parity-violating electron scattering

The weak vector form factors can be accessed experimentathygh electroweak elastic
scattering. The electron-proton elastic scattering ceesgion at the tree level in the standard
model contains the contributions

2

i
|
. l ' 7 = | Myt M|,



Parity-violating electron scattering and strangenessridactors of the nucleon Luigi Capozza

where
jz- (Jz)
MZ
In the last equationg, and jz represent the electron electromagnetic and neutral weakrtu
respectively. The last one possesses a vector and an axliajgpa v +aH. The parity non-
conservation of the weak interaction can be exploited ireotd distinguish phenomenologically
between the two amplitudes in (3.1). In the scattering ofiturdinally polarised electrons the cross
sectionor has a parity-violating asymmetAy’Y = (or—01)/(0or+ 01) which is sensitive to the
interference between theand the 2 exchange diagram and reads

My=— by {Jy) , My =— + O(F/M32) . (3.1)

PV 2 1M 1212
A"V = _M_§ jy-<Jy> + O ((a°/M2)7) , (3.2)
Atthe energies of interest here one has typicaffy < 1 (GeV/c)? and thus higher orders af /M2
need not to be considered.
Considering (2.3) and (2.7) the asymmetry (3.2) dependb@nix independent vector flavour
form factors and on the axial nucleon form facty. It can be written in terms of the four nucleon
electromagnetic and the strangeness vector form faGipis:

Ao
——
APV = Ay + Ax + As :
. eGEGR + TGP G
AV — _ap/ 1_4K/ A _ E E M M ,
oo (1 4®) ~ Scprrohy?
Ad (1-48)vV1—-¢€2,/1(1+1)G),GY
a £(GR)?+1(Gy)? ’
P s P s
e(Gg)?+1(Gy)

wherea = —G,0?/4na/2 ande = [1+2(1+ 1)tar?(8/2)]~ (G, is the Fermi constant from
the muon decayy the fine structure constant afdthe scattering angle in the laboratory frame).
Electroweak radiative corrections evaluated within i@ renormalisation scheme are contained
in p{aq andk{eq, while £ is the sine squared of the weak mixing angle atzHgoson mass [5]. The
electromagnetic form factors are measured @adan be calculated using the weak proton charge
from B decay measurements and a dipole form forghdependence. Radiative corrections of the
axial proton coupling are included in the value@f ([6] and references therein). MeasuriAg’

and subtractind\y gives a linear combination of the electric and magnetimgaess form factors
G andG§,. These in turn can be separated through a Rosenbluth-tyfi@cdey performing the
measurement at the samyebut different scattering angles.

Four collaborations have performed measurements of tamgdness vector form factors:
SAMPLE at MIT-BATES, Happex and GO at TINAF and A4 at MAMI. Arsay of the data from
these experiments is shown in fig. 1. || of about 0.1(GeV/c)? the data set is fairly complete.
The separation o6y, andGg is possible and also a direct measuremer®gin agreement with
theoretical estimations is available.
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Figure 1: (a) SAMPLE backward angle measurements gnaHd D, [8]. The purple ellipse is the com-
bination of the two measurements, the yellow one resulis fitte H, measurement together with tiGa
estimation of [6]. (b) Available data at 0(IGeV/c)? come from the Happex collaboration [9] (forward,
H> and He targets), from A4 [10] (forward,dHand SAMPLE [8] (backward, ). The SAMPLE band
is calculated usin@a from [6]. (c) Results of the GO experiment with & lthrget [11]. The setup was
designed for measuring simultaneously at differgntalues. The Happex points at QGeV/c)? [9] and
0.477(GeV/c)? [12] are also shown.

For measuring the helicity asymmetry, a longitudinallygrigded electron beam is scattered on
a hydrogen, deuterium or helium target and the rate of (e)adastic scattering events is measured
for each helicity state. In the case of the A4 experimentlsiegents are counted and the number
Nr, of detected events is used for calculating the asymmgthy= (Nr— NL)/(Nr+ N_).

The order of magnitude oV is fixed by the ratic)?/M2. At |g?| ~ 0.1( GeV/c)? one has
APV <1075, The smallness of this quantity strictly dictates the ekpental design. For a counting
experiment the statistical error of the asymmetrgMg = 1/v/N (with N = Nr+N.). Willing
to achievedAgiat~ 107 one needs to detebt ~ 104 events. Assuming a beam time of e.g. 1000
hours, this requires the capability of registering eventa eate of 10 MHz. A setup with high
luminosity, large angle acceptance and a suitably fasttietbas to be devised.

On the systematics side, even very small helicity corrdlltectuations of the beam parame-
ters can bias the measurement. Such fluctuations have t@b&ke monitored, and their impact
on the measured asymmetry has to be carefully estimatedst&racial topic is the measurement
of the degree of polarisation of the beam. Its uncertaintyidates the systematic error in the case
of the A4 experiment, although it can not be discussed here.

A review of the experimental solutions for these measurasneam be found in [7].

4. The A4 experiment at Mainz

The A4 experiment takes place at the MAMI accelerator figcidit Mainz. The MAMI po-
larised electron beam is struck on a liquid hydrogen or dautetarget and the scattered particles
are detected by an electromagnetic calorimeter, plachéredt forward or backward scattering
angles. The beam polarisation is measured and monitorédouit different polarimeters.

Polarised electrons are obtained by irradiating a supcdaGaAs photocathode with circu-
larly polarised laser light. The achieved polarisationgsally between 70% and 80% with a beam
intensity of 20uA. A Pockels cell is used for switching the polarisation sigyery 20 ms and
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Figure 2: Left: Technical drawing of the A4 detector setup. Right: Eyespectra measured at forward
(top) and backward (bottom) angles.

on the same time basis the beam parameters are measurectaithnbonitors placed at different
locations along the beam line. &2 waveplate can be put into or out of the laser beam, changing
the sign of the polarisation. This offers a systematic ctafdcke measured asymmetry which has
to change in sign but not in magnitude by moving the waveplatee electrons are extracted by
the source and injected by a 4 MeV linac into the accelerafthis consists of three race track
microtrons in cascade and a double sided microtron, givingagaimum energy of 1.5 GeV and
working in continuous wave [15].

An absolute measurement of the beam polarisation is peeidromce a week with a Mgller
polarimeter and online with a Compton backscatter polaemeA Mott polarimeter before the
injector is calibrated using the Mgller measurement andgja/polarisation value every two days.
The interpolation between these measurements is madéelgobygia transmission Compton po-
larimeter placed before the beam dump.

The liquid hydrogen target is kept at 14 K by a high power heligfrigeration system, ab-
sorbing 100 W of heat at a beam current of 2. The temperature fluctuations are smaller than
103. The target cell is 10 cm (23.4 cm) long for the forward (baakdy measurement. Fluctu-
ations of the target density are monitored by 8 water Chereletectors integrating the flux of
particles scattered betweenhand 10 of polar angle and over the whole azimuthal angle range.

The detector system of the A4 experiment is shown in fig. 2. Jdrécle detection happens in
a fully absorbing electromagnetic calorimeter made of 1BBB crystals. This material is a pure
Cherenkov radiator and thus intrinsically fast, allowirmuot rates up to 100 MHz. The energy
resolution AE/E ~ 4%//E/GeV) is sufficient for separating elastic from inelasticrgge The
crystals are arranged in rings, symmetrically around tharbexis and covering a solid angle of
0.6 sr. The calorimeter is mounted on a rotatable platforneHi@nging the setup between forward
and backward angle measurements. The polar angle accepsaB@ to 40° for the forward and
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Table 1: I. Helicity correlated differenceAX; in the mean value of the beam parameters and resulting
instrumental asymmetries. 1. Corrections applied to the asymmetry. Besides the beam polarisdtion
and the instrumental asymmetrgalso the random coincidences between scintillator araticaéte?, the
pollution due to scattering off the aluminium nuclei of tkeeget celt and the subtraction of the converted
y-backgrounéd are taken into account.

I. Instrumental asymmetries I1. Corrections

Parameter X; aX; [ppm] Factor Error
Current asymmetry —0.30 ppm  —0.25 'Polarisation 0.68 0.04
Horiz. position diff. —86.97 nm +0.61 Corr. (ppm) Error (ppm)
Vert. position diff. ~ —23.84 nm —0.86 2Hel. corr. asym. +0.14 0.39
Horiz. angle diff. —-853 nrad —0.09 3Random coinc. —-0.19 0.02
Vert. angle diff. —2.40 nrad +0.10 4Al windows +0.29 0.04
Energy diff. -0.41 eV +0.16 SBackground subtr.  —1.49 0.28

140 to 150 for the backward setup.

In the backward configuration there is a strogpackground from the® decay which can
not be separated by the calorimetric energy measuremensuppressing such a background the
detector was equipped with a total of 72 plastic scintilatwhich distinguish between charged and
neutral particles.

Example of energy spectra, measured with the calorimeterstzown on the right in fig. 2.
Every five minutes two such spectra, corresponding to eaamlolarisation state, are obtained
from each of the 1022 calorimeter modules. The peak of elastttering events is clearly visible
and the numbeg | of these events can be extracted from it. These numbers araliged to the
mean targepr | density measured during each polarisation state and fremegulting asymmetry
AMe3sthe parity-violating asymmetr"V is extracted according to

pmeas_ e/ =N/

= =PAV+ S a0x, 4.1
Nr/pr+NL/pL ,za % @

whereP is the beam polarisation and the terms in the sum are instiiaasymmetries due to
systematic shiftdX; of some beam paramet&y between the two polarisation states (see table 1).
TheseAX; are measured and the coefficieatare determined through a multilinear regression.

5. Latest results

The backward angle measurement-af = 0.22(GeV/c)? is summarised in table 1, where
the applied corrections and a budget of the systematiceis@iven. In fig. 3 the systematic check
of inverting the beam polarisation at the source by/2 waveplate is shown. The final result for
the parity-violating asymmetry is

APV — (—17.23+ 0.82stat+ 0.8%ysy) ppm

The expected asymmetry setting the strange vector forroriaegual to zero iy = (—15.87+
1.22) ppm, being the error due to the uncertainty of the other faotoirs involved. The resulting
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Figure 3: Result of the systematic check of inverting the polarisatip aA /2 wave plate.
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Figure 4. A4 forward and backward angle results at 0(Z2V/c)? [13, 14]. The bands, like the filled
ellipse, show to the one-standard-deviation uncertaifitye empty ellipse corresponds to two standard
deviations.

linear combination ofc§ and Gy, is Gy +0.26G¢ = —0.12+ 0.11exp & 0.11 [14], where the
last error is the theoretical error due to the other formdict Combining it with the forward A4
result [13] G + 0.224G}, = —0.020+ 0.029%p £+ 0.016=r, Oon can separate the two strangeness
form factors:Gyy = —0.1440.11eyp £ 0.11rF andGE = —0.0504- 0.038:p +0.01%F. In fig. 4 the
two A4 measurements at thig are shown.

6. Conclusions

A number of parity-violating electron scattering measueata have been carried out success-
fully at three different facilities. The helicity asymmies have been measured with the planned
accuracy and the strangeness vector form factors have kraoted. They are, at least at lay
values, compatible with zero. This rules out a broad varidttheoretical approaches and model
calculations giving large values for these quantities.

The experimental programme is still ongoing and furthea@ae upcoming. Backward angle
data at 0.22 (Ge)t)? on H, from the GO Collaboration as well as on, from A4 are being
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analysed and will settle the situation at tls Two forward measurements orp Ht largerg?
(~ 0.6 (GeV/c)?) are being performed by the Happex and A4 collaborations.
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