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Chapter 1

Intro duction

\What doesmatter consistof?" is one of the most anciert and fundamenal ques-
tions. It is more than just a mere curiosity; one hopesthat the myriad phenomena
around us and thousands of empirical laws governing them can be reducedto a
few basic constituerts and the rules of their interaction. This was the basisof the
determinism of the XVI | certury { an attitude that claimed that ewverything was
calculableand predictable. The XX certury, with establishingof probabilistic na-
ture of the microscopicworld, with discovery of deterministic chaos, and with the
realization of the enormouscomputational ditculties that may arisein application
of simple theoriesto practice, has shattered this optimism. Still, there is no doubt
that understandingthe primary constituerts of matter will shedlight on the most
exciting and challenging puzzlesof the modern science.

During the last two certuries sciencehas made a lot of progressin this di-
rection. It hasbeenknown for more than a certury that ordinary matter is made

of atoms. It has also been known since Rutherford's famous experimert in 1911



that an atom consistsof a heary nucleus surrounded by light electrons. Further
experiments that followed in 1920-sand 1930-srevealedthat nuclei, in their turn,
are comprised of protons and neutrons, two particles similar in massand strong
interaction properties, but di®eringin electric charge and magnetic momert. And
“nally, vast experimertal evidencestarting with the hard scattering experimerts of
1960-shas corvinced the scieri ¢ comnunity that nucleons(as well as all other
strongly interacting particles) consist of point-lik e quarks interacting by meansof
gluon exchange,even though quarks have never beenobsened directly.

The answer to the next important question, how matter is made, i.e. how
the elemenary constituerts interact strongly with ead other, is to be given by
guantum chromodynamics (QCD). Even though the QCD Lagrangianis known, it
is very hard to solwe it becauseof the extreme nonlinearity of the problem!. The
only method which allows model-independeri QCD calculationsto be made from
“rst principles, so-calledlattice QCD, hasonly recerily producedpromising results.
A more practical approad to the problems of physics of strong interactions is to
construct models that emphasizethe most important aspects of QCD, and to test
them by confrorting them with the data.

Much about the electromagneticstructure of the nucleonscan be learned by

probing them with virtual photonsin electron-rucleon scattering. In particular, it

1At high momertum transfers the asymptotic freedom of QCD (i.e. weakening of the strong
interaction due to screeningof the color charge at Q2 ! 1) allows to solve it perturbativ ely.
Theseresults are often accurate only to logarithmic correctionsand it is not always clear at what
Q? the asymptotic behavior setsin.



givesaccesdgo electromagneticform factors of the nucleon (EMFFN). Theseform
factors not only provide a testing ground for QCD-inspired models, but also are
important in many areasof particle and nuclear physics, including nuclear charge
radii, parity-violating experimerts, and many others.

Of the four elastic form factors of the nucleon, the charge form factor of the
neutron G is perhapsthe mostintriguing one. If the SU(6) spin-°avor symmetry of
QCD were exact, this quartity would vanish at all momertum transfers. Therefore
the non-zeroexperimertal valuesof G{ are a clear signature of dynamical SU(6)-
breaking e®ect$, and thus by studying G2 we can achieve a better understanding
of spin-dependert interactions betweenthe quarks.

At the sametime, GE has provento be the most elusive form factor to mea-
sure. The reasonfor that is fourfold: rst, sincethere is no free neutron target,
experimerts on neutron form factors inevitably involve model-dependert nuclear
corrections. Second,since neutrons do not carry electric charge, they are much
harder to detect than the protons. Third, time-of-°ight momertum measuremets
for the neutron are usually lessaccuratethe magnetic spectrometer measuremets
for the proton. Fourth, dueto its small magnitude, the electric form factor is com-
pletely overshadaved by a much larger cortribution from the magnetic form factor
in the crosssection, at least at experimertally accessibleQ?.

Therefore, the large theoretical demand for the accurate information on G

2Recertly it has beenshawn [1] that kinematic SU(6) breaking via Melosh rotations can be
important, too. However, the value of GE cannot be explained by relativistic e®ectsalone.



(especially at high Q?) is far from being satis'ed. A number of new-generation
experimerts on GE employing spin degreesof freedomare currertly underway, re-
certly completed,or expectedto run in near future. Theseexperimerts, being less
susceptibleto the model dependenceand various systematicerrorsthan traditional

cross-sectiormeasuremets, are bringing our knowledgeof GE to a new level. The
experiment descrited hereis a part of this experimertal program.

The rest of the dissertationis organizedasfollows: in the next chapter (Chap-
ter 2) we will presen the de nition and interpretation of the elasticform factors. In
Chapter 3 we will discusspreviousmeasuremets of the neutron chargeform factor.
As the last preparation for the discussionof the experimert, we introducethe basics
of polarized electron-deuteronscattering in Chapter 4. Chapters5-10deal with the
experimental details; Chapter 5 descrikes the experimertal setup, Chapter 6 de-
scribesthe software usedin the data analysis,and Chapter 7 is dewted to the data
analysisitself and its results. In Chapter 8 we will review varioustheoretical models
and calculations on the subject. Chapter 9 discusseghe implications of our and
other recert experimertal results for the electromagneticstructure of the nucleon.

The summary and the outlook are givenin the Chapter 10.



Chapter 2

Basic concepts and de nitions

2.1 Nucleon form factors

Let us considerelectron-rucleon scattering. Sincethe electromagneticinteraction
is relatively weak (the electromagneticcoupling constart ® ¢, 1), it can be treated
perturbatively. In terms of Feynmandiagrams, rapid convergenceof the perturba-
tion seriesmeansthat the cortribution of the one-virtual-photon-exdangediagram
(seeFigure 2.1) dominates. In this appraximation, the invariant matrix elemen
becomeqd?2]

4Y®

M = me,fjjsjki,iihﬂfsfjlejﬁSii (2.1)

where® = 1=137is the "ne structure constart, Q> = j q.q is the four-momertum
transfer squared, kit and , i are the momertum and helicity of the initial and

the nal state of the electron, piy and s;; denote the initial and nal spin and

1The discrepancy between GE =G{’,, measuremets via Roserbluth separation and with recoil
polarimetry have causedsome concern with about validity of this approximation. Seealso the
footnote on page 157.



Figure 2.1: One-photon-exbangediagram for electron-rucleonscattering.

momertum of the struck nucleon, and j£ is the current operator for the particle

A = fe;Ng. It is corveniert to introducelepton and nucleonresponsetensorsas
& = NahAMi (2.2)

whereN, is a constart normalization factor (2m32 for the electronand 1=(2m3) for
the nucleon)and anglebradkets denoteaveragingover the initial statesand summing
over the nal states.

For the electronthe unpolarized currert is given by
Ry, ¢jjciKi, i = Ui (2.3)

Using (2.3), spinor normalization relations and trace theoremsit is straightforward



to calculatethe leptonic tensor for unobsened helicities to be
&= 2(ki1 Kio + ki Ko | Kiks Cro ); (24)

wherethe electron masshas beenneglected.

Let us now turn to the electromagneticcurrent of the nucleon. If the nucleon
were a point-lik e particle then we would obtain (2.3) for the nucleon current and
evertually the famousMott formula (2.7) for the scattering cross-section.Howewer,
asindicated by anomalousmagneticmomerts of the neutron and the proton, the nu-
cleonhasadditional electromagneticstructure. This structure can be parametrized
in terms of form factors F; (Q?) sud that

iN

J1 = e&l(pf )[01 Fl + (': 2mN )F2i3/40 qo + G F3

+ %1 %F4+ g °sFs Ju(p); (2.5)

where- and my arethe anomalousmagneticmomert and the massof the nucleon,
correspndingly. Parity and current consenation rule out terms with F3, F4 and Fs,
and the remaining terms result in the following expressionfor the electron-rucleon

scattering cross-section:

1
. 2Q2F2 N QZ
amZ 2 2mi

!

d3a
— = Ymonfrec F12+

d- lab

(Fy+ F 2)Ztan%1 . (2.6)




where

®?cog(U=2)

Wnot = —ggro-
Yot T 4EZSin' (1=2)

(2.7)

is the cross-sectiorof scattering from a point-lik e particle, p is the scattering angle,
Ei¢ is the initial and nal energyof the electron, and f,.c = E¢=E; is a recaoil
factor.

The functions F1(Q?) and F,(Q?) are known asDirac and Pauli form factors of
the nucleon. For practical purposest is more corveniert to uselinear combinations
of F1(Q?) and F,(Q?) (so called Sads form factors), which do not give rise to an

interferenceterm in the expressionfor the cross-section:

Ge(Q%) = Fi(Q?) i ¢F 2(Q?) (2.8)

Gum (Q%) = F1(Q%) + F 2(Q%); (2.9)

where¢, = Q%=4my is a kinematic factor. Rewritten in terms of Sads form factors

formula (2.6) becomeghe famousRosemluth formula:

' G2(QY) + ¢GE (QY)
1+ ¢

d%

d_- - 3/M ottfrec E .

+ 26} (Q)tan?]

(2.10)



Finally, one often usesisotopic form factors of the nucleon:

1

Gem = E(GE;M + Ggm) (2.11)
1

G:E\{M = E(GE;M [ GE;M); (2-12)

whereGY,, and G5, arethe isovector and isoscalarform factors, correspndingly.

2.2 Charge and magnetization densities

In order to understandthe physical meaningof the EMFFN, let us considerclassical
electromagnetism.For instance,the di®raction pattern from an object with a non-
trivial shape di®ersfrom that for a point-lik e obstacleby a factor which describes
the shape or form of the object (a form-factor). The classicalform-factor is just
the Fourier transform of the optical density of the object (one often says that the
di®raction pattern is a spatial Fourier transform of the object).

As we shall presettly see,in quarntum medanics there exists a very similar
relation betweenthe charge form factor and the spatial charge density. Howeer,
in the relativistic case,in generalthere is more than one form factor: for example,
for the nucleons,as we have already seen,there are two. This is due to the purely
relativistic phenomenorof spin. In general,the electromagneticstructure of a spin4
object hasto be described by 2] + 1 form factors assaiated with it.

To clarify the meaningof the EMFFN let us considerelectron-rucleonscatter-



ing in the so-calledBreit (or \bric k wall") frame, de ned by the requiremern that
the momena of the incident and the scatteredelectron have equal magnitudesand
opposite directions. In this frame, there is no energytransfer and thereforeQ? = ¢.
With this, the matrix elemeits of the electromagneticcurrent in the Breit frame

simplify to [3]:

heE2; st jidii 62 sii = 2M Ge(P)s, s, ;

M2 s iNj i 62 sii = 2M Gy (o) AYi%E 6A; (2.13)

whereA;; areinitial and nal state spinorsof the nucleon. Equations 2.13 can be

usedto show that Gg is related to a closeanalogof the classicalchargedensity “r)

by [4] .
1 —_ d3q i i M .
/éf-) - (21/;3e qF-E(Q) Ge (qZ)’ (214)

where E(§) is the neutron energyin the Breit frame de ned by & A similar rela-
tionship can be written for the magnetizationdensity and the magneticform factor.
One should be cautioned, howeer, that the interpretation of the chargeform
factor of the neutron asa measureof the chargedensity distribution is non-relativistic.
In reality the physical meaningof the Gt is obscuredby relativistic e®ectsbecause
oneneedsto boostthe chargedensity (2.14) from the Breit frameto the restframe of
the neutron, and the boost is interaction-dependert in the instant form formulation.

Somedizculties canbe circumverted by usinglight-cone or point-form formu-

10
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Figure 2.2: Nucleoncharge and magnetization densities.

lations, whereboost generatorsare kinematical. Howewer, on the fundamenal level,
the problem in the interpretation of form factors is due to the fact that EMFFN
are de ned via transition matrix elemens betweenstateswith di®eretn momerta,
and therefore are related to transition (rather than rest frame) charge and mag-
netization densities. Kelly [5] has studied various relativistic prescriptions for the
density extraction recerily usedin the literature. He found that all of them can be

represered in the form:

Yan(K) = Ge(Q?)(1 + ¢)F (2.15)

140(k) = Gu (QH)(A + ¢)-; (2.16)

wherethe intrinsic form factors %4k) are related to the densitiesby a usual Fourier

11



transform

2 Z 1

%K) = 7, dr r?jo(kr)%r); (2.17)
40

and k is the intrinsic spatial frequencyde ned as

k2= Q2 .
1+ ¢

(2.18)

The choice of parameters, ¢ and , y is determined by the model: soliton models
of Ji [6] and Holzwarth [7] use, g = 0 and ,y = 1, and the cluster models of
Licht and Pignamena [8] and that of Mitra and Kumari [ use, ¢ = ,» = 1 and
JE = ,m = 2, correspndingly. The form factor data were tted using complete
setsof functions. Two expansionswere considered,Fourier-Bessekexpansion(FBE)

and Laguerre-Gaussiarexpansion(LGE). The paper is focusedon the case, g =

.m = 2 (which ensurescorrect asymptotic behaviour of the ts), but other choices
of parameterswere also studied. As expected, it has beenfound that the results
are practically independent of the choice of the expansionbasis. The choice of
parameters, ¢ and , yy only a®ectedthe details of the density distributions, while
all essetial featureswere independern of the model. The results of this study are
showvn in Figure 2.2. The extracted densitiesare rather \soft", in cortrast to the
resultsof non-relativistic inversions,which producean unphysical cuspat the origin.

Suppressiorof the cuspis a result of a high k constrairt %k) . %k, )ki # to getthe

normalization right.

12



2.3 Charge radius of the neutron

If one starts with the Fourier integral represetation of the neutron charge form
factor
Z
Ge(Q) = drigne '
and then expandsboth sidesinto a Taylor seriesaroundq! 0 (sincewe areworking

in the Breit frame, Q2= ¢! 0):

dGe (Q? )— _ deGE(Q )—

+
sz Q2=0 sz Q2=0

Ge(Q%) = Ge(0) + Q°— >~

@' =1; igtr+ %(iq¢1=)2+

and calculatesresulting integrals, it is straightforward to seethat the rst two terms
on the right hand side vanish (‘rst onedue to zeronet charge and the secondone

due to parity considerations),whereasfor the remaining terms one has:
dGe—  _
dQ? 4.0

2 2, ,°
Jlan?cos un)dr = | 0 rivinar= i gQ,

QZ
(2.19)

: : R :
whererZ  is the neutron chargeradiusrZ , = r?%r)d®r. Cancellinga factor of Q2

and rearrangingthe terms we have for the neutron chargeradius

dGg —
2 . E_ .
FEn = i 6—0IQZ e (2.20)
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If oneusesEquation 2.9to expressthe rZ  in terms of Dirac and Pauli form factors,
onegetsfor Q% %0

Q2

. ”WF;; (2.21)

1
Gp Yaj érénQ2 =F]j
and further, remenbering that F;'(0) = 1 and - , = 1, and introducing the radius

r1, assaiated with the Dirac form factor r2. = j 6(‘%5;32),

2 _ .2, 3n.
ren = Fin + mz" (2.22)

The secondterm in Equation 2.22is known asthe Foldy term and takesits origin
in so-calledzitterbewagung (jitter motion) of the nucleon. The value of the Foldy
term (j 0:126fm? [10]) is very closeto the experimertal value of the charge radius
(i 0:1138 0:005fm?), which madesometheorists beliewve that G doesnot descrike
the rest frame charge distribution. Howewer, Isgur [1]1] has shown that if some
simplifying assumptionsare made, this Foldy terms exactly cancelsagainsta term
coming from the Dirac form factor. The discussionwhether the Foldy term is

dominating G¢ or it cancelsvia Isgur's cancellationmedanism, is still open.
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Chapter 3

Previous Gg experimen ts

3.1 Rosenbluth separation

One simple way of measuringnucleonform factors is suggestedoy the Roserbluth
formula (2.10): by measuringthe electron-rucleon scattering cross-sectiorfor two
di®eren kinematics with common Q? one obtains two linear equationsfor squares
of the form factors. This approat has a simple graphical interpretation, with the

help of so-calledreducedcross-section

3/,2 +
%zd_/4(1 ¢)

& e - Gu@)* (=9GeQ);

where2 = [1+ 2(1+ ¢)tan?=2] ! is the transverse polarization of the virtual
photon. If oneplots ¥ versus? for a xed Q? (and therefore¢), then the slope of
the line is proportional to GZ, while the intercept givesG2, (seeFigure 3.1).

This technique can be applied directly to protons by using a hydrogentarget.

For the neutron, the simplesttarget available is deuteron. In the caseof quasifree

15



7

backvard forward
scattering scattering

0 1

Figure 3.1: Longitudinal-transverseseparation.

scattering the cross-sectioris, to a good approximation, an incoheren sum of scat-
tering cross-sectiongrom individual nucleons. The proton cortribution hasto be
either subtracted or eliminated by experimertal means(for example,by making a
coincidencewith the knocked-out neutron or an anti -coincidencewith the knocked-
out proton), thus giving rise to additional systematicuncertainties.

Se\eral sudh measuremets weredonein 1960'sand 1970's(see[2] for areview),

following the pioneeringwork by Hofstadter and collaborators [12]. The results are

1A discussionof validity of the impulse approximation with application to polarized electron-
deuteron scattering can be found in 4.2.
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inconclusive and in most of the works the authors had obtained negative values of
(GR)? for one or more data points. In 1992the Rosemluth approad was again
applied to neutron form factors by Lung et al. [13. Despite improvemerns in
the beamtechnology their results su®erfrom very large uncertainties, and for the
higher-Q? points the measuredvaluesof (G2 )? were again found to be negative.

The reasonfor failure of the Roserbluth method for the neutron is unfavorable
error propagation due to the dominanceof the Gy, term in the cross-section.The
dixculties of the method are illustrated in Figure 3.1. Since(G},)?> A (G2)? (at
least for experimertally accessiblekinematics), the 2=¢(G{)? term does not con-
tribute more than a few percen to ¥ (e.g. about 4% at Q? = 1 (GeV=9d?). The
slope of the Roserbluth t, beingalmostparallel to the abscissareceiwesa very large
error magni cation factor (a few percen error in the crosssectionwill translate into
a 200%uncertainty in (GR2)?).

Under theseconditions, an exact measuremen of the slope of the Roserbluth
plot requiresnot only high accuracyof the cross-sectiormeasuremetfor aswidely
separated? aspossible,but alsoa very tight cortrol over cortributions from many-
body currents.

A plot of bestRosemluth resultsfor Gt is givenin Figure 3.2. For comparison
with other data we will later presen in this chapter, a commonly used Galster

parametrization is also plotted.
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Figure 3.2: Best Roserbluth data for GE. Symbolsare: Tled squareq14], [15. The
solid line is the standard Galster t [16].

3.2 Unp olarized elastic ej d scattering

Sincethe deuteronis a spin-1 particle, the most generalform of consered current
without parity and time-reversal violating terms involves three form factors: Gg
(electric), Gq (quadrupole) and Gy (magnetic). By introducing structure functions
A(Q?) and B(Q?) onecan bring the expressiorfor the ej d scattering cross-section
into a form resenbling the Roserbluth formula:

d3,

o = m ot frec/A(Q%) + B(Q?)tan?(Le=2)]: (3.1)

18



The deuteron structure functions can be expressedn terms of the form factors of

the deuteron, as follows:

AWQ) = GE(Q) + PGA(Q) + 2¢Gh (@) 32)

B(Q?) = 51+ 97Gh (@) 33)

where¢, is a kinematic factor, ¢ = Q?=4Mp. In the non-relativistic impulse approx-
imation the deuteron quadrupole and charge form factors becomedirectly propor-
tional to the isoscalarcharge form factor G¢ with the proportionality factors Cg

and Cq known as"b ody form factors" or \structure integrals":

R

Ce = o [U2(r) + w?(r)]jo(3ar)dz (3.4)
R h , i

Co= 5 o u(mw(r) i %52 ja(lar)dr: (3.5)

Thesedependon the deuteronS- and D -wave functions u(r) and w(r) and therefore
introduce model-dependenceinto the method.  The procedure for determining

Gg from the elasticej d cross-sectiorconsistsof a few steps:
2 determining structure function A(Q?) using Roserbluth separation
2 subtracting from it the small cortribution comingfrom Gy,
2 calculating the 1A value of A(Q?) asAexp(Q%) i ¢ Auec(Q?) i ¢ Aa(Q?)

2 picking an N j N interaction potential and calculating structure integrals
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Figure 3.3: Elastic measuremets of Gg, (a) { 1960-1980'sdata: triangles [16)],
diamonds [17], stars [18], circles[19], squares[20], the solid line is the standard
Galster parametrization; (b) { 1990data of Platchkov et al. [21] extracted with the
Paris potertial. Lines are ts to the samedata extracted with Paris (solid), RSC
(dotted), Argonne (dash-dotted), Nijmegen (dash-dotted) potertials.
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2 calculating the nucleonisoscalarform factor:

Gis(Q%) = A(Q*)=(CE(Q%) + C4(Q?%)

2 choosing a parametrization for Gg, and subtracting it from the isoscalarnu-

cleonform factor to get G¢.

First elasticmeasuremets of G wereperformedin 1960'sat Q2 < 0:2 (GeV=0)?
at SLAC [17] and Orsay [1§], [19. In 1971the elasticdata on GE hasbeenextended
to higher Q? by a measuremeh at DESY by Galster et al. [16]. In a later work
by Simonet al. [20] the data were analyzedwith the inclusion of the e®ectsfrom
mesonexdangecurrerts and isobar con gurations.

The most recert measuremen of GE using the above approad was carried
out by Platchkov et al. for Q2 up to 0:7 (GeV=0? [21]. The relativistic and MEC
e®ectsfor the kinematics covered were estimated to be of order of 10%, and were
correctedfor, with the systematic uncertainty due to this correction of about 5%.
Theseuncertainties resultedin an uncertainty of about 20%for the extracted value
of GE. The results extracted with di®erenn N j N interaction potertials are shovn
in Figure 3.3(b). The open circles correspnd to the Paris potential. For clarity,
for the other potertials only the ts to the extracted data points (not data points
themseles) are shovn. As one can see,the model-dependenceof the results is of

order of 30j 40%.
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3.3 Hybrid analysis of the elastic ej d data

The extraction of G} as descrited in the previous sectionrelieson the charge and
the quadrupole form factors of the deuteron (after removing a small cortribution
from the magnetic form factor to the crosssection). Recenly it has beenshowvn
that of the two form factors the quadrupole one has less sensitivity to two-body
currents and the choiceof the N | N potential [22]. Sdiavilla and Sik have used
this fact to extract GE using the quadrupole form factor Go and the polarized
obsenable t,o (we call their approad a hybrid one since it usesboth polarized
and unpolarized data). In their analysis,they rst 't the world data onthe ej d
elastic cross-sectionwith °exible parameterizationsfor the deuteron form factors,
and then extract G by comparing the theoretical predictions of the quadrupole
form factor with the experimertal values. The theoretical prediction is the average
of v e di®eren theoretical calculations performedwith di®eret N j N interaction
potentials. For the proton form factors, the Hoehler parametrization [23] is used,
and G is takenin the Galster [16] form 2. A deviation of the theoretical prediction
from the experimertal data is taken as an indication of deviation of the GE from
the adopted parametrization, and the value of G is adjusted sud that a perfect
agreemeh betweenthe theoretical and the experimertal valuesof Gq is readed.
The extracted G valuesare shown in Figure 3.4. The error bars included

the spreadin theoretical predictionson Go. One can seethat Sik and Sdiavilla's

2To be more accurate, they useboth Galster and Hoehler parameterizations for G2 . However,
in the Q2 range of interest the two are very closeto ead other.
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data roughly follow the Galster parameterization, although the error bars are fairly
large (since the points are correlated, they really represen an error band rather

than independent errors).

0.1

0.05- % %

\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\
® 02 04 06 08 1 12 14 16 18 2

Q? (GeVic)?

Figure 3.4: Sidk and Sdiavilla's extraction of G". The solid line is the standard
Galster parametrization.

3.4 Polarized measuremen ts

To use spin degreesof freedom for determination of GE was rst suggestedby
Dombey [24] in late 1960's. The idea is that various polarization obsenables (es-
pecially beam-targetasymmetry and the recolil polarization) in ej d scattering are

sensitive to G. For instance, in plane wave impulse approximation (PWIA) the
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polarization transfer to the recoil nucleonis given by:

| O
X _ . 2.2(1i ?)
en = i Ps ¢m ¢Ge G (3.6)
Py =0 (3.7)
NS Ty (3.8)
eN — B ZGE + (’JG%A 1 .

wherePg is the beampolarization. A similar set of equationscan be written down
for the componerts of the spin-correlationvector in scattering from a polarized nu-
cleor?. Howewer, it should be mertioned that the formalism of polarization transfer
and polarizedtarget scattering is only identical in one-photonappraximation. Two
photon exchangecortributions may in generala®ectthe results of the two methods
di®erertly.

Polarizedexperimerts o®erse\eralimportant advantagesover traditional cross-
section-basedneasuremets, including reducedsusceptibility to experimertal sys-
tematic errors (lik e neutron detector exciencies,etc.) and lower sensitivity to two-
body currents. Sincepolarized scattering experimerts require high intensity polar-
ized beamsin combination with either a polarizedtarget or a recoil polarimeter, the
“rst sudh experimerts did not occur until early 1990's,whentechnologicaladvances
madethem possible.

The rst recoil polarization measuremehof GE wasperformedin early 1990's

at MIT-Bates [25 with a neutron polarimeter calibrated at Indiana University Cy-

3Scattering from a polarized deuterium target will be consideredin detail in Section 4.
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clotron Facility. Despite low statistical accuracy (due to low 0.8% duty factor of
the accelerator)that experimernt was an important demonstration of feasibilty of
the method. Another measuremenwith this technique was performedat MAMI at
Q? = 0:15and Q? = 0:34[26]. The mostrecert polarization transfer G2 experimert
was conductedat the Je®ersorLab at Q? up to 1:45[27]. Thesedata provide the
most accurate high-Q? data on G! to date.

Early GE experimerts employing the beam-targetasymmetry were performed
with the polarized 3H e target. In a 3H e nucleus, about 86% of the nuclear polar-
ization is carried by a neutron, and thereforeit can be usedas an e®ectie neutron
target, as originally suggestedoy Blankleider and Wolostyn [28]. From the exper-
imental point of view, 3H e is very corveniert (high luminosity and small dilution
a®orda very good “gure-of-merit). On the other hand, sincea *H e nucleusis more
complicatedthan a deuteron,unfolding nucleare®ectdecomesa moreditcult task.

The analysisof the Tst measuremets with the *H e polarizedtarget neglected
“nal state interactions and thusresultedin Gg valuessigni cantly lower than other
polarized data [29],[30]. A later reanalysisof the data of [30]in [31] with inclusion
of the FSI has brought this data point into a better agreemeh with the results
obtainedwith other measuremets. Another recer reanalysisof PWIA resultsfrom
[32] performedby Bermuth et al. [33] has also somewhatimproved the agreemen
with the phenomenologicalGalster parametrization which is roughly followed by

other experimertal points at this region.
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Sincethe polarizeddeuterontarget is usedin the experimert presenied in this
dissertation, we shall dewote the next chapter to explorethis method in detail. Only
two measuremets have beentakenwith this method in the past, one of them being
the 1998run of the presen experimert [34], which yielded an accuratemeasuremen
of G at this kinematics (Q? = 0:5) at that time. In an earlier experimert at

NIKHEF [35 the technique was successfullytested for the st time at Q% = 0:21.

0,1\\\ T T [ T T T [ T T T [ T T T [ T T T [ T TT

G0z 04 06 08 1 12z 14 16 18 2
Q% MGeV? N

Figure 3.5: Polarized measuremets of GE. Recoil polarimetry data: open circles

[27], open square[25] and open stars [26]. Polarized *He data: Tled square[31],

Tled circle [33 and lled triangle [29]. Polarized d target: cross-hair[35 and
asterisk[34]. The solid line is the standard Galster parametrization.
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Chapter 4

Exp erimen tal technique

4.1 Polarized scattering from a free nucleon

In Section2.1 we have already consideredthe caseof unpolarized electron-rucleon

scattering. In the polarized casethe Rosemluth cross-section(2.10) is modi ed to:

3 3
(9= (7970 1+ Wiy ¢Pr); (4.)

whereh is the beam helicity, Pt is the target polarization, A.y is the beam-target
asymmetry with componerts

P M8, Ge G

AN = 1 34(Ge)? + % (Gu ) “2
AL =0 (4.3)

T % (Ge)?+ % (G )’
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and ¥, A (® = L; T;LT) are elemetts of the virtual photon density matrix
which only depend on the kinematics and the target polarization angles p°, A°
(seeFigure 4.1). As rst pointed by Dombey [24], the sensitivity of the asymmetry
(4.2)-(4.4) to the electric form factor can be usedfor experimerntal determination of
Gg. This sensitivity is maximizied for the caseof in-plane target polarization per-
pendicular to the momerium transfer, i.e. A° = 0 and * = ¥#2. The beam-target

asymmetry then simpli es to:

P
i 2 1+ ¢)tan(pe=2) Ge G

Aen = (Ge)7+ 2L+ 21+ &) an(=2)](Gu )7

(4.5)

On the other hand, from the de nition (4.1) the asymmetry can be expressedn

terms of cross-sectiongor di®eren helicities, % (for h = +1) and % (for h = j 1):

AV = 1374i3711_
" PgPr ¥ + %’

(4.6)

wherewe addedbeampolarization Pg to the denominatorto accourt for possibility
of Pg < 100%. In the experimert, the cross-sections¥s ., are proportional to
detector yields N. ., , with proportionality factors that carry little or no helicity

dependence,.e.
1 N:j N,

AY = :
" PgPr N, + N,

4.7)

Equations4.5and 4.7 cortain all information necessaryor experimertal determina-
tion of G by scattering polarized electronbeamo®a free polarized nucleontarget.
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Figure 4.1: Polarized electron-rucleonscattering.

4.2 Deuteron target

The formalism of the previous sectionis self-suxciernt in caseof a proton. For the
neutron, howewer, the problemis the lack of a free neutron target (unbound neutron
decgs into a proton, an electron and an anti-neutrino with the lifetime of about
15 minutes). The best surrogatefor the neutron target is the deuteron.

In the impulse approximation (i.e. neglecting interactions between the nu-
cleons), the electron-deuteronscattering asymmetry AY, is equal to that of a free
neutron, AY,, (up to a correction factor ° dueto the D-state admixture). However,
the relationship of the spin-dependernt scattering cross-sectionto the asymmetry

becomesamore complicated, sincedeuteron possessetensor asymmetry [36]:

d. d3. £ a
(G = () 1+ hA+ PYAY + PTAT + h(PYAYL+ PTAL) i (4.8)

wherePy 1y is the vector (tensor) polarization, A is the single-spinbeamasymme-
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try, A} is the single-spintensortarget asymmetry, and A/ is the tensorbeam-target
asymmetry Fortunately, in the experimert, the events are normally sampledsym-
metrically in the azimuthal angle,and for this casethe cortributions from A, AY
and Al vanish. The remaining A} term is suppressedy low tensor polarization of
the deuteron.

Sincethe deuteronis a weakly bound system,the impulse approximation is a
reasonablerst guess.Howewer, for a precisemeasuremenof GE oneneedsto take

into accourt reaction medanismslisted below.

Meson exchange currents (MEC) are due to the fact that the nucleonsin
the deuteron are interacting by mesonexcange. Thus, apart from the quasifree
scattering amplitude, there will be cortributions from direct coupling to the elec-
tromagnetic current of the exchangedmeson. A few basicMEC diagramsare given

on the Fig.4.2.

Isobar currents (IC) arisefrom intermediate excitation of nucleonresonances
and from the resonancecomponert of the deuteron wavefunction. Unlike the free
case the scattering from a resonan state cannot be discriminated versusscattering
from the ground-state con guration sincethe pion, emitted in the resonancedecy

may be reabsorked by the other nucleon.

Final state interactions (FSI) may beimportant sincethe nal stateis asystem
of two interacting nucleonsrather than two plane waves. To the leading order FSI
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Figure 4.2: Mesonexdangecurrents: a) corntact diagram, b) pion-in-°ight diagram,
c) pair diagram.

A
"""" o

a) b)

Figure 4.3: Isobar currents: a) couplingto the resonancecomponert of the deuteron
wavefunction, b) excitation of the struck nucleonto anintermediateresonancestate.
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can be consideredas rescattering of the struck nucleonby the residual nucleus (or
nucleon,in caseof the deuteron).

For this experimert relativistic calculationsincluding all these corntributions
wereperformedby H. Arenhdvel [37] following formalism dewveloped by him and other
collaborators in [36], [38], [39. The calculationswere carried out over a kinematic
grid represeting our experimertal acceptance(see Section 6.5.2) for six di®eren
models: PWBA, N + MEC, N + MEC + IC, N + REL, PWBA + REL, N+ MEC
+ IC + REL, where PWBA meansplane wave Born (or impulse) approximation,
N = PWBA + FSI, and REL means\relativistic e®ects".

In Figure 4.4 one can seethe sensitivity of the AY, to the charge form fac-
tor of the neutron (a) and interaction e®ectsand relativistic corrections(b). The
asymmetry is plotted versusthe angle betweenthe n i p relative momertum and
the momertum transfer ¢ in the deuteron certer-of-massframe, LS. The caseof
Wep = 180 correspndsto the quasifreekinematics, i.e. the struck neutron emitted
alongthe direction of the momertum transfer. The vertical linesin the Figure 4.4(b)
roughly correspnd to the experimertal acceptance.

As onecansee,at the quasifreekinematicsthe vector beam-targetasymmetry
is both sensitiveto GE andinsensitiveto many-body currerts and relativistic e®ects,
which makesit ideal for measuringG}. In order to accoun for the variation of AY,
within the kinematical acceptancejt is necessaryto perform acceptanceaveraging

of the theoretical calculationsusing Monte Carlo simulations (seeSection6.5).
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Figure 4.4: The vector beam-targetasymmetry AY, versusn j p breakup anglein
the deuteron certer-of-masssystem'. The casey;) = 180 correspndsto the

guasifreekinematics.
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Chapter 5

Exp erimen tal setup

The experimental setup of the 2001 run of E93-026was very similar to that of
the 1998run, descrited in referenced4(] and [41]. The key elemens of the setup
were the same: the High Momertum Spectrometer of Hall C, the UVa polarized
target, the custom built neutron detector and data acquisition (DAQ) electronics.

Important hardware changessince1998included:

2 redesignof the neutron detector (added new scirtillators, changedthe layout,

addedvertical sticks for position calibration)
2 minor upgradesof the target
2 removal of the chicanemagnetB Z, that was causinghigh badkgroundin 1998
2 DAQ systemwasrecon guredto take data in an open-trigger mode.

In the remainder of this chapter we will brie°y review the main ingredierts of the

experimertal apparatus.

34



5.1 Polarized electron beam

In this sectionwe will descrike the elemeits responsiblefor producing, accelerating
and steeringthe polarizedelectronbeamaswell asbasicdevicesusedfor measuring

its properties.

5.1.1 Accelerator

The Je®ersorLab acceleratorwasdesignedo provide a highly polarized cortinuous
wave electronbeamto three experimertal halls simultaneously Polarized electrons
are producedby photo-emissiorfrom a strained gallium arsenidecathode. To ensure
simultaneousdelivery of the beamto the three physics halls, the photo-cathode is
illuminated by three separatelaser systems. The electronsemitted by the three
lasersoperating at 499 MHz pulse frequencyare combined in a 1497 MHz beam,
from which beamsto individual halls are extracted after acceleration.

The initial accelerationto 45 MeV takes placesin the injector area. The
orientation of the electron spin in the injector (\injection angle") determinesthe
degreeof longitudinalit y of the electronpolarization after spin precessionn magnetic
elemerts of arcsand beamlinesof the experimertal halls. For ead con guration of
polarization and energyin the three halls the injection angleneedsto be calculated
separately[42).

From the injector the beamis deliveredto the north linac, whereit is acceler-
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Figure 5.1: Schematic view of the JLab accelerator(Figure by J. Grames).

ated in radio frequency(RF) cavities by 400 MeV . Then the beam goesthrough

the eastrecirculation arc to the south linac to be further acceleratedby 400 MeV.

Finally, the beam readhesthe switchyard, whereit can be either extracted to any

of the three experimertal halls or steeredthrough the west arc for another passof

acceleration(up to v e passesn total).

The helicity of the beamwas pseudo-randomly®ipp ed with the frequencyof

30 Hz. The beam current asymmetry (BCA) was minimized with the use of an

asymmetry feedba& system. The BCA wastypically belov 1000ppm. Other basic

properties of the CEBAF beamdeliveredto the E93-026are listed in Table 5.1.

1This is the nominal value. For E93-026the linac gain was set to 569 MeV.
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Table 5.1: Basic beam properties (for E93-026)

energy 3481 MeV
relative energyspread < 10
current 100nA
polarization 75%
repetition rate 499 MHz/hall
bunch time width 330fsec
transversesize 100*m
emittance <10 °mrad

5.1.2 Hall C beamline

Superharps

A superharp (a wire scanner)is a devicewhich provides a beampro le measure-
mert with a high precision(» 10*m). It consistsof a movable frame, two vertical
wires and one horizortal wire. The signalsfrom the wiresin conbination with the
position encaler readouts provide suxcient information for determination of the
beampro le. Superharpspermit the measuremenof the beamenergyby using the
relation betweenthe eld integral (calculated usingthe magnetic eld map) and the
de°ection angle (measuredwith superharps). The accuracyof this method is 10 4
for relative energymeasuremets and 10 3 for absolute ones. Detailed information

on Hall C superharpscan be found in referenceq443 and [44].

Beam position monitors

The beamposition andincident angleweredeterminedby a seriesof beamposition
monitors (BPMs) located in Hall C arc and beamline. A BPM consistsof four
antennas rotated by 45 with respect to the vertical direction. When the beam
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Figure 5.2: Hall C beamlineelemerts [40].

passeghrough the beamline,ead of the antennaspicks up the beam'sfundamertal
frequency The digitized signalsfrom the antennas are then usedto calculate the
certer of gravity in the BPM coordinates, from which the relative beam position in
the beamlineis calculated. The absolute position of BPMs was calibrated against
survey measuremets. Details on BPM operation can be found in [45].

The beam position near the target was determined by a secondaryemission
monitor (SEM) [41]. SEM readingswere also usedto calibrate the beam position
versusthe slow raster current. The SEM and the BPMs provided an accuracy of

about 1 mm.

Beam curren t monitors

Beam current and total charge passingthrough the target were measuredwith
the use of beam current monitors (BCMs). Hall C is equipped with two BCMs.
The BCMs are RF cavities positioned coaxially with the beamline. The RF cavities
sene ascylindrical waveguideswhosetransversemagneticmode TM 4 is excited by
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the beam'sfundamertal frequency (1497 MHz). The signalis then downcornverted
in frequencyand sen to an rms-DC converter whoseoutput is proportional to the
beamcurrert.

During data taking, the performanceof BCM1 was unstable, and thus all
calculationsinvolving beamchargewerebasedon readingsfrom BCM2. Both BCMs
read 10; 15nA above zeroin the absenceof the beam. A software cut on the beam
current wasusedto prevert overestimation of the charge passingthrough the target
dueto thesezeroreadings(seeSection6.2 for details). The calibration of BCMs was

performedusingthe injector Faraday cup. The accuracyof the BCMs wasestimated

to be 5% [46].

M¢ller polarimeter
The Hall C M¢ller polarimeter [47] provided high-precisionmeasuremen of the
beam polarization. A sthematic view of the polarimeter is shaovn in Figure 5.3.
target  colimator Q2

laser g
system \1 /
g D D beam
\ detectors

‘<1.0m‘<— 3.20m—~| 7.85m |

solenoid Q1
\

Figure 5.3: Layout of the Hall C M¢ ller polarimeter [47].

The 10t m iron target waspolarizedto 8% with a4 T superconductingsolenoid. A

systemof movable collimators in combination with a two-quadrupole optical system
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was usedto suppressMott badkground, providing a signal-to-noiseratio of 1000:1.
Recoiland scatteredelectronsweredetectedin two lead-glasscounters. A statistical

accuracyof about 1% could be obtained in about 20 minutes of measurementime.

5.1.3 Raster magnets

The electron beam was rastered over a 2.2 cm diameter with the Hall C raster
system. The purposeof beamrasteringwasto ensureuniform distribution of target
polarization over the target faceto improve the accuracyof the NMR measuremen
The raster systemconsistsof the slow raster and the fast raster. Eadc raster sub-
system consistsof two magnetsdriving the beamin x and y directions, a power
resonancedoop and a raster pattern generator. The fast raster smearedthe beam
over a spot of dimensionsof 1 mm£ 1 mm while the slow raster generateda pseudo-
spiral pattern with the radius of 1.1 cm (seeFigure). The amplitude of slow raster
currents wasmodulated at 0.95Hz. To minimize induced experimertal asymmetries
the frequencyof the modulation was syndronizedwith the beam helicity °ip. The
shape of the amplitude modulation waschosento approximate the A(t) = P R &
dependencefor which the beam charge deposited at raster radius r approximately
constart (seeFigure 5.4). The details of the Hall C raster systemcan be found in

referenceq4(0 and [48].
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Figure 5.4: Rasteredbeam: (a) distribution over the target face, (b) radial pro le.

The straight line tted to the radial distribution shaws that the latter is approxi-
mately linear, i.e. the beam charge deposited per unit areais roughly constart.

5.1.4 Chicane magnets

The polarizedtarget requiresa 5 Teslamagnetic eld for its normal operation. This
“eld bendsincident electronsdown. To ensurenormal incidence of the electron
beamonto the target surfacea systemof two chicane magnetswas used(seeFigure

5.5). A detailed description of the chicane systemis givenin [492.

5.2 Hall C High Momen tum Spectrometer

The High Momertum Spectrometer (HMS) is a standard piece of equipmen of

TINAF Hall C. The spectrometercanbe rotated about the target, providing a wide

2This description includes the BZ2 magnet which was not usedin the 2001 run of E93-026.
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. Solenoid

1@.

Figure 5.5: Chicanemagnets. The dimensionsand anglesshovn on the picture are:
l; = 4:84m, 1, = 1387m, Ay = 2:35, A, = 0:8, A, = 3:1.

range of measurablescattering angles. The basic subsystemsof the HMS include
the collimator system,the magneto-opticalsystemand the detector padkagelocated
in a shieldedhut.

Two di®eren collimators can be installed in the HMS entrance: the octagonal
pion collimator was usedfor normal data taking, while the siewe slit was usedfor
spectrometer optics chedkout. Three quadrupole magnetsand one dipole magnet
comprisedthe magneto-opticalsystemof the spectrometer. Quadrupole magnetsQ1
and Q3 focusedrays in the dispersiwve direction, Q2 focusedtransverserays and the
dipole magnet provided a vertical bend of 25* into the detector hut. The detector
padkageconsistedof two drift chambersfor tracking, two setsof x-y hodoscopesfor

timing and forming the primary trigger, a gas Cerenlov detector and a lead glass
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Figure 5.6: Hall C High Momertum Spectrometer: (a) { ertire spectrometer,(b) {
contents of the detector hut. Note that the calorimeteris tilted in orderto prevent
lossof particles in gapsbetweenthe blocks.

shower courter for particle identi cation. The basic characteristics of the HMS are

listed in Table5.2.
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Table 5.2: HMS characteristics.

Maximum certral momertum 7.4 GeV/c

Momertum resolution 0.04%
Solid angle acceptance 5.9 msr
Scattering angleresolution 0.8 mrad

Out-of-plane angleresolution | 1.0 mrad
Extended target acceptance 15cm

Vertex reconstructionaccuracy | 5 mm?®

? Minimum value. In generalmomertum dependen.

5.3 Polarized target

The UVa cryogenicpolarizedtarget hasbeenusedin SLAC experimerts E143,E155
and E155x prior to being usedin E93-026and is documerted in referenceg4d],
[41], [50], [51]. The target was polarized using the dynamic nuclear polarization
(DNP) medanism (seeAppendix A.1). This technique requiresthe target material
(*>’N D3) to be placedat a low temperature (about 1K) in a strong magnetic eld
(5 Tesla). To transfer the electron polarization to the nuclei, the material must be
additionally radiated by the microwave power. Further, the target polarization must
be cortinuously monitored. The main componerts of the target systemare shown
in Figure 5.7.

In the remainder of the sectionwe will descrike ead of thesecomponernts.

5.3.1 Magnet

The 5 Teslasuperconductingmagnetwas provided by Oxford Instruments. It con-

sistedof two setsof coils, approximately 50 cm in outer diameter and appraoximately
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Figure 5.7: Main componerts of the UVa polarizedtarget.

8 cm apart at the core (Figure 5.8). The shape of magnetwas sud that its parts
did not interfere with the acceptanceof the spectrometerand allowed taking data
in two orientations, perpendicular and parallel to the magnetic eld. The magnet
produceda 5 T magnetic eld uniform to 1£ 10 # over the target cell volume and

stableto 1£ 10 & per hour.

5.3.2 Refrigerator

The “He evaporation refrigerator was installed vertically along the certer of the

magnet. Liquid helium for refrigerator operation was supplied from the magnet
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Figure 5.8: Target cryostat and magnet.
dewar through a short transfer line into a separator. The function of the separator
was to separatethe liquid and the gas phasesof helium and feed the liquid into
the target chamber either directly or through a systemof heat exchangers. Three

medianical pumpsremoved up to 1:5; 2 Watts of heat depositedin target by beam

and microwave radiation.
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5.3.3 Insert

The insert carrying targets cells, microwave guidesand horns, NMR instrumenta-
tion, anneal heater and temperature sensorswas set along the certral bore of the
target (seeFigure 5.9). The targets weretwo 1°N D3 targets (\top" and \b ottom"),
carbon, empty cup and two holes,8 mm and 10 mm in diameter. A stepper motor
was usedto move the insert in the vertical direction so that any target could be
placedin the beampath. Having two 1°N D3 targets in the sameinsert reducedex-
perimert downtime dueto restoration of material polarization properties after beam
radiation damage(\target anneal"”). The hole targets were usedfor target align-
mert. Data taken with empty and carbon targets was usedto calibrate inclusive

simulations (seeSection6.4).

5.3.4 Micro waves

The microwave systemprovided photonsdriving the polarization-enhancingtransi-
tions. The microwave power was generatedby an Extended Interaction Oscillator
(EIO) tube at frequenciesaround the electron spin resonancerequency (140 GHz)
and could be tuned in a range of 2 GHz. The exact choice of the frequencywas
determinedby the desiredsign of the polarization of the material. The microwaves
weredeliveredfrom the generatorto the microwave horn in the target insert through
a waveguide. A horn switch allowed oneto choosewhich of the two N D3 targets to

polarize. A changein the helium boil-o®wasusedto estimatethat about 1 Watt of
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Figure 5.9: Targetladdercarrying target cells. The targetsare (from top to bottom):
top ®N D3 (the purple spot is due to the radiation damage), 10 mm hole, 8 mm
hole (partially obscuredby the microwave horn of the bottom °N D3 cell), bottom
N D3, carbon and empty.

microwave out of 20 Watts generatedreaded the target cell.

5.3.5 NMR and data acquisition

The target polarization was cortinuously measuredby the NMR technique (see
Appendix A.2). The NMR systemusedtwo copper-nidkel coils, onefor the bottom
target and onefor the top target. The signalfrom coilswassert through a ,=2 cable

to the Liverpool Q-meter. Calibration constarts for the NMR signal were provided
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by a seriesof thermal equilibrium (TE) measuremets. A target data acquisition
computerusedLabview interfaceto display online valuesof the target polarization as
well asother critical parametersof the target system(temperature, helium pressure,
microwave frequencyand power etc.). The online target polarizations sened mostly
for data taking guidance(the gure of merit of the experimert dictates a minimum
polarization belonv which targets should be switched or annealed)and for a quick
online analysis. The actual target polarization numbers usedin calculation of the

AY, wereobtainedin a full o%ine analysis(seeSection7.3 for details).

5.3.6 Target material

As the sourceof polarized deuteronsfrozen deuterated ammonia was chosen. This
choicewas determined by high maximum polarization (up to 40%) and high radia-
tion damageresistanceof this material. Additionally, **N D3, than the usual**N D3
ammonia, was used, sincein N both unpaired nucleon spins cortribute to the
experimertal asymmetries,whereasin ®N only the proton asymmetry is cortami-
nated and needsa correction. The purities of the target material were 98% for the
nitrogen and 99%for the deuterium.

The target material was fabricated by shattering frozenammonia and sifting
the crystals to obtain the fragmerts of the desiredsize (1-3 mm). Free paramag-
netic radicals neededby dynamic nuclear polarization were introduced by means

of irradiation in an electron beam. Of the sewen batches of material used during
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Table 5.3: Averagepolarizations and total radiation dosesfor various targets.

positive polarization negative polarization
H:)ti’ % Qt0t7 C rPti7 % QtOta C

stick 3 top +23.7 2:39¢10° -21.3 1:25¢10 2
stick 3 bottom +21.5 1:73¢102 -19.3 1:94¢10 2
stick 4 top +28.7 9:77¢10 3 -24 .4 1:90¢10 2

stick 4 bottom +28.1 1:60¢102 -24.2 1:81¢10 2

the experimert, two were obtained by in situ cold (1.5 K) irradiation while the re-
maining v e were\temp ered" (i.e. let warm until disappearanceof the purple color
createdby irradiation). It wasfound that the \temp ered" loadsof the material had
higher averagepolarization. [52].

Averagepolarization breakup by cell and material load is givenin Table 5.3.
All four material batches given in the table have been prepared by \temp ering".
The overall averagewas+24.9% for positive polarization and -22.4%for the negative
one. An averageradiation dosebetweenannealswas about 200£ 10 ** electrons
(0.32mC), which correspndsto about 9 hours of the beamtime with the nominal
current (100 nA). A typical annealtook about 1 hour and the temperatures were
about 100K. The details on the target material performanceand preparation can

be found in [52) and [53).

5.4 Neutron detector

The neutron detector was asserbled from plastic scirtillators arrangedin vertical

planes. The designof the neutron detector wasdeterminedby optimizing the gure-
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of-merit (FOM) within experimertal constraints (number of available scirtillators
and slots for neutron detector signals). The simulation for optimizing the neutron
detector FOM useddetector excienciescalculatedby KSUVAX program and verti-
cal distributions generatedby the customizedversionof MCEEP (seeSection6.5).
The detector layout as determined from these simulations is shovn in Figure 5.10

and descriled below.

5.4.1 Con guration and position

The front two layersconsistedof 1 cm thick scirtillators (called paddes) for tagging
charged particles. The bulk of the neutron detector was made up by three kinds
of scirtillators called bars (seeTable 5.5(a)). The placemen of bars was dictated
by considerationsof rates. Front planesand top courters tend to have higher rate,
therefore they were lled with narrower bars. To improve the detection and iden-
ti cation of protons, the rst paddle plane and the rst bar plane were extended
vertically. In addition to paddlesand bars, two plastic scirtillators (called sticks)
wereincluded in the detector betweenthe third and fourth bar planesfor calibrat-
ing the horizortal position. A detailed description of the neutron detector layout is
givenin Table 5.5(b).

Eadh scirtillator had a photomultiplier tube (PMT) attached to ead end.
The scirtillator and the PMTs were connectedthrough BC-800 lightguides. The

mean of the left and right PMT TDC signals provided the time of the hit while
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Figure 5.10: The neutron detector.

the di®erencewas usedfor estimating the horizontal hit position. The two typesof
PMT tubesusedwere?2 inch Phillips 2262(paddlesand 10 cm bars) and Hamamatsu
R1250(15 cm bars). The scirtillators with the attached PMTs were held by frames
mounted on a movable platform. From the direction of target the neutron detector
was protected from low-energy badkground by a lead shielding (with total lead
thicknessof 25 mm beforecounters 1-14in paddleplanel and 15mm beforecouners
15-27,courting from the bottom). Protection from the badkground comingfrom the

beamlinewas provided by concretewalls built around the neutron detector.

52



Table 5.4: Neutron detector scirtillators (a) and their layout (b).

type material | crosssection | length phototube gty
paddles BC-408 | 11cm£ 1cm | 160cm Phillips 2262 44
10cmbars| BC-408 | 10cm£ 10cm | 160cm Phillips 2262 48
15cm bars | BC-408 trapezoid 160cm | HamamatsuR1250| 28
20cm bars | BC-408 | trapezoid™ 160cm | HamamatsuR1250| 28
sticks BC-408 | 2cm£ 2cm | 200cm Phillips 2262 2

“Top width 12 cm, bottom width 15.4cm, height 15 cm.

““Top width 7.2 cm, bottom width 11.4cm, height 20 cm.

plane | typeof courters | # of courters pading” heigh
1 paddles 27 0.5cmoverlap | 61.2cm
2 paddles 17 0.5cmoverlap | 61.2cm
3 10 cm bars 26 0.6cm 66.7cm
4 10cm bars 16 0.6cm 67.7cm
5 20 cm bars 18 0.6cm 65.7cm
6 10cm & 15cm bars 10+4 0.6 cm™ 73.8cm
7 15cm bars 12 0.6cm 66.6cm
8 15cm bars 12 0.6cm 66.6cm

“ Vertical distancebetweenadjacen courters.
°% 1.6 cm betweenthe 15 cm and 20 cm bars.

The neutron detector was positioned so that the momertum transfer vector
pointed appraximately into its certer. That allowedto emphasizequasielasticeverts
and improve the dilution factor. The front plane of the detector was placedat the
distance of 595 cm from the target to allow a comfortable time-of-°ight separation

of 8 nanosecondbetweengammasfrom delta electropraduction and nucleons.
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5.4.2 Gain monitoring

It is possiblefor the gainsof the PMTs to changeduring the experimert. They may
drift over a long period of time or they may sagdue to high ratesin the detector.
It is thereforedesirableto monitor gainsof PMTs. The experimert E93-026useda
laser pulser for that purpose.

The nitrogen laserwaslocated in a specially designatedroom in the courting
house. The 337 nm UV light generatedby the laserwas transformed by the scin-
tillator radiator into visible blue light (, » 400nm). This light was transported
by an 80 m long 1 mm diameter silica b er to the primary distribution box in the
experimertal hall, wherethe signalwassplit 1:25. Outputs from this box were con-
nectedto a 1:64 splitter via a 10 m long 1 mm diameter silica b er. Outputs from
the splitter werethen sert to both endsof the bars. The light output wasmonitored
by a PIN diode.

By comparingthe ADC of the lasersignalto its known intensity (3001J per
pulse)it is possibleto monitor photomultiplier gainsand perform energycalibrations
of the neutron detector.

The laserpulserlogic for E93-026is described in the next section. The details
on the designand implemertation of the Hall C gain monitoring system can be

found in [54].
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5.4.3 Gain matc hing

The gains of bar PMTs were matched using cosmicsdata. A cosmicstrigger was
de ned as (OR of top detectors) AND (OR of bottom detectors). Additionally, in

the o%ine analysisthe vertical acceptancewas restricted by requiring hits in four

consecutiwe bars. The gain matching procedureconsistedof taking cosmicsdata at

three di®eren high voltage (HV) settingsfor each PMT and then tting the cosmics
peakversusHV. The new HV was chosensud that the cosmicspeak was obsened
in ADC channel 11008 100.

The paddles were gain matched using the beam. The bottom part of the
detector was calibrated with the target eld turned o® becauseotherwiseit does
not have enoughstatistics. The proton peakwasplacedin ADC channel12008 100.
The details of the gain matching procedurecan be found in [55].

The thresholds were set to 45 mV for bars and 60 mV for paddles. These
valueswere obtained by examination of ADC spectra (they were chosensothat the

low energybadkground did not exceedthe height of the proton peak).

5.5 Electronics and data acquisition

In this sectionwe will considerthe data acquisition systemof the experimert. We
will start by overviewingthe electronicsfor various componerts of the experimertal

setup. Then we will describke how the signalsfrom thesecomponerts are combined
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together to form triggers. The sectionwill be concludedwith a brief description of

the event building procedure.

5.5.1 Electronics

HMS electronics

The HMS logic wasa standard one (see[56] for a detailed description). The electron
trigger was red by hodoscopes(a hit in 3 of 4 planeswasrequiredfor that). There
was no hardware pion rejection. The standard software cut required three or more

Cerenlov photoelectrons. The signal from the shawer courter was not used.

Neutron detector electronics

The neutron detector electronicssetup is shovn in Figure 5.12. The PMT signals
were ampli ed by £ 10 Phillips 776 ampli ers. The ampli ers are 16 channel units
with individual o®setadjustmerts and two outputs. The o®setswere setto a neg-
ative value of 1-3mV. It hasbeenexperimenrtally con rmed that inclusion of these
ampli ers did not degradethe timing resolution.

The linear signalsfrom the ampli ers were sert to the courting houseelec-
tronics room wherethey were split 2/3 and 1/3. The 1/3 signalwas sert to ADCs
through a delay unit while the 1/3 signal was fed to LeCroy leading edgediscrim-
inators. One of the two outputs of the discriminator wernt to a custom built logic

delay unit and then further to scalersand TDCs. The other output of the discrim-
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Figure 5.11: HMS trigger electronics. SCIN and STOF are elemenary electron
triggers formed by hodoscog signals. ELLO, ELHI and ELREAL are advanced
electrontriggers formed from SCIN, STOF, pion rejection and calorimeter signals.
In E93-0260nly SCIN electrontrigger was used.

inator was sert to a LeCroy 4516logic unit where coincidencebetweenPMT pairs
was formed. The OR output of the LeCroy 4516 module was red whene\er there
was a coincidencein one (or more) out of 16 pairs of PMTs. The signal from the
OR output suppliedasinput to a JLab custom built coincidencemodule to form a

coincidencewith the HMS PRETRIG (seethe next sectionfor data acquisition and
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Figure 5.12: Neutron detector electronics. \PP" means\P atch Panel”, \S" stands
for \splitter". Multiple identical elemens on the drawing are denotedwith a tilted
bar with a number of elemens below.

trigger details).

The cosmicdriggers wereformedby signalsfrom the top and bottom detectors

of eath plane. The signalswere OR'd separatelyfor top and bottom detectors. A

Level 1 cosmicstrigger was formed by an OR betweenthesetwo signals, while an

AND resultedin a Level 2 cosmicstrigger.
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Laser electronics

The lasertrigger was formed by a coincidencebetweena photo diode and a photo-

tube (seeFigure 5.13).

w ADC
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N11
21,1,4(1) piIsc—— TDC
DISC
21,1,11(3) 2/2 LASER
DISC ’— (to 8LM)
Laser PM

21,1,6(4)

S: Splitter

Figure 5.13: Lasertrigger

Scalers

There werethree di®eren scalertypesusedin this experimert: asyndironousscaler,
helicity scalerand event scaler.

Asyndhronous scalerswere mostly used for courting single rates of the de-
tectors. They were read out ewvery two secondsand were not syndironized to the
helicity °ip frequency (thus the name asynchonous). The singlesrates from the
scalersweredisplayed online using the scalersener and a Tcl graphic userinterface
(GUI), which allowed oneto detect phototube problemsin a timely manner.

There werethree helicity gatedscalers:h+ for positive helicity, h- for negative

helicity and hboth for both helicity states (for consistencyched). These scalers
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Figure 5.14: Helicity scalerelectronics. SclStr is the scalerclock signal issuedby
the helicity circuit during the PHT.

were generatedduring ead period of helicity transition (PHT) by a signal from
the helicity electronics. Helicity gated scalerskept track of charge and deadtime
separatelyfor the two di®eren helicity statesfor a proper normalization of the event
courts.

The event by evert scalerwasread out ead event (except for scalerewers)

and courted only clock and charge.

5.5.2 Triggers and events

In the 2001 run of E93-026the data was taken in an open trigger mode. The

neutron detector signalswere read out and digitized for eady HMS trigger, and all

coincidencesvere made in software. Hardware coincidenceelectronicsonly sened
as a badkup in caseof failure of the data acquisition systemto run in a bu®ered
mode (which was necessaryfor open-trigger running). Since the bu®eredmode
running was successfulthe hardware coincidencetriggers were never used during

the experimert.

For atypical beamcurrent of 100nA the HMS pretrigger rate wasabout 400Hz
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with a computer dead-time of 4.5 %. The electronicsdead-time was negligible (see

Subsection7.7.3).

Trigger logic

Pretriggers’ and triggers were formed by two Octal Logic Matrix elemens (see
Figure 5.15) based on signals from experimertal subsystems(HMS and neutron
detector electronics) and DAQ signals generatedby the Trigger Supervisor (TS).
The DAQ signalsare GO (indicates active DAQ system), EN1 (physics triggers
enabledafter taking pedestals)and BUSY (DAQ is processinga trigger and is not
opento any other triggers).

In addition to the two physicstriggers usedin this experimert (hms and cos-
mics), there was a number of auxiliary triggers generatedby DAQ, e.g. pedestal
triggers generatedin the beginning of ead runs to determine ADC pedestals.*

A pretrigger was red by a signal from electronicsof the relevant subsystem

if the following conditions were ful Tled:

1. DAQ was active (GO signal high)

2. pedestalshave already beentaken (EN1 signal high)®

3. helicity transition is not occurring (PHT signal low).

3The di®erencebetween pretriggers and triggers is due to the busy status of DAQ only. A
pretrigger makesa trigger if the BUSY signal is not presert

4Other trigger types, such as laser, sos, coin (coincidence between SOS and HMS) or e*B
(coincidence between HMS and the neutron detector) were not usedin the experiment and will
not be discussedhere.

SFor a pedestalpretrigger the casemust be exactly the opposite, i.e. EN1 hasto be low.
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Table 5.5: Outputs of 8LM #1 and #2.

8LM #1 output

Signal

Logic

Qo0 HMS-pretrigger | HMS&EN1&GO&(IPHT)
Q1 SOS-pretrigger | SOS&EN1&GO&('PHT)
Q2 COIN-pretrigger | HMS&SOS&EN1&GO&(IPHT)
Q3 PED-pretrigger | PED&GO&('EN1)
Q4 HMS-trigger HMS&EN1&GO&(IPHT)&('BUSY)
Q5 SOS-trigger SOS&EN1&GO&(IPHT)&(IBUSY)
Q6 COIN-trigger HMS&SOS&EN1&GO&(IPHT)&('BUSY )
Q7 PED-trigger PED&GO&('EN1)&('BUSY)
8LM output #2 | Signal Logic
Qo0 e?B-pretrigger eB &EN1&GO&(!PHT)
Q1 LASER-pretrigger LASER&EN1&GO&(IPHT)
Q2 COSMICS-pretrigger| COSMICS&EN1&GO&('PHT)
Q3 e?B-trigger eB &EN1&GO&('PHT)&(BUSY)
Q4 LASER-trigger LASER&EN1&GO&('PHT)&(!BUSY)
Q5 COSMICS-trigger COSMICS&EN1&GO&(IPHT)&('BUSY)
Q6 SCALER-trigger SCALER&EN1&GO&(PHT)&
Q7 | |
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Figure 5.15: Trigger setup.
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—— SADC gates (HMS Sh)
2 STDC gates (HMS Sh)

\—— CADC

Qs
Q9 \—— ADC gates (N-det)
Q7—‘ TDC gates (N-det)

Forming a trigger required ful Ting the sameconditions plus DAQ not being busy

processingthe previoussignal (BUSY signal low).

The outputs of the 8LM modules were fed to the TS. The TS was usedto

determinethe trigger con guration (enabledtriggers and prescalefactors) depending

on the run type (main, cosmicshmsonly or scalers). Trigger con gurations for this

experimert are showvn in Table 5.6.

Table 5.6: TS input and con guration. Enabledtriggers are indicated with cheds.

TS input Trigger | main | cosmics| hms | scalers
1 HMS P L ¥
2 SOS
3 COIN
4 e?B P
5 LASER | P b
6 COSMICS b
7 |
8 PED P P P
9-12 |
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EPICS

The important experimertal quartities (magnet currents, target polarization etc.)
were monitored by the EPICS (for Experimerntal Physics and Industrial Control
Systems)system. The DAQ queriedthe EPICS databasefor thesevalues,formed
an EPICS ewert and injected the event into the data stream. This occurred on two
time scalesdepending on expectedstability of queriedvariables: eadh 2 secondgor

\fast" EPICS variablesand ead 30 seconddor \slow" EPICS variables.

Event formation

The DAQ systemwas cortrolled by CODA software [57]. When TS accepteda
trigger, it sert asignalto read-outcortrollers (ROCs)which causedeadoutof ADCs
and TDCs. The ADC and TDC data werecollectedby ROCsand storedin a bu®er,
from wherethey later forwardedto the Event Builder (EB). The EB asserbled the
ewvert fragmerts togetherand syndironizedthem by cheding their numbers. In case
of a mismatdch an error °ag was inserted into the data stream, which allowed the
analysissoftware to skip bad syndironization everts (seeSection6.2). Finally, the
evert waswritten to a hard drive. A badkground processcopiedcompletedruns to

atape.
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Chapter 6

Analysis software

This chapter descriles software tools used in data analysis. It starts with an
overview of the software componerts and their interaction with ead other. The next
sectioncortains a description of the data-streampreprocessorn(sync lter). Then we
give an overview of the evert analyzet, focusingmainly on HMS and neutron de-
tector evert reconstruction. The chapter is concludedwith two sectionsdewted to

inclusive and coincidencesimulation padkages.

6.1 Overview

The interaction of the software analysistools with ead other is showvn in Figure 6.1.
The CODA data les are analyzedwith the evert analyzer. In order to remove
synchronization errors from the data, the CODA e is piped through the sync lter.
Additionally, sync Iter reports provide dead-time corrected charge for both helici-

ties. The event analyzerwrites reconstructedeverts into a PAW-compatible ntuple

1Termsevent analyzer (or simply analyzer) and analysis engine (or simply engine) refer to the
samecode.
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Figure 6.1: Data analysissoftware.
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‘Te. The experimertal asymmetriesare calculatedby the cut processorwhosefunc-
tion is to court quasi-elasticneutron everts for both helicities from the ntuples,
calculate run-by-run asymmetriesand then asymmetry averages(by target mate-
rial, beamand target polarization sign etc.). Calculating asymmetriesrequiresthe
knowledgeof the dilution factor, which is supplied by the coincidenceMonte Carlo.
The pading fraction for the dilution factor calculation is obtained using inclusive

simulations.

6.2 Sync lter

Historically, a needfor a data stream preprocessorcameabout due to the FastBus
synchronization problem (hence the name sync Iter). Later, a number of other
issues,sudr as non-zeroBCM readings,analysiscrashesdue to missing end-of-run
ewverns, and computer dead-time correction, have comeup, and sync Iter proved to
be the most corveniert tool for solving them. Let us review di®eren aspects of

sync lter usagein more detail.

Synchronization errors During E-93026the DAQ systemusedse\eral autonomous
crates for data processing,ead of them having an independen internal event
courter. Matching of di®eren courters was chedked every time a synchionization
event was generated(about ewery two seconds). In caseof a mismatch an error

evert was generated,which indicated that all data during the last syndironization
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interval would have to be discarded. The error evert followed the questionablepiece
of data in the data stream. Howeer, the analyzerdoesnot have evert memory, and
therefore cannot make use of an error warning issuedpost-factum. This problem
was solved using a data stream preprocessor,which accunulated input data in a
bu®er, and inverted the relative order of the error evert and the data to which it
referred. In practice, syndronization errors occurred only in a few runs, and even

there the fraction of bad sync everts did not exceedone percen.

Missing end-of-run events In caseof a ROC crashduring a run, the end-of-
run ewert is normally not inserted into the raw data Te, which in its turn made
replay enginecrashwithout producing any meaningfulresults. To preven the loss
of thesedata (which arein most casegerfectly usable),sync Tter wasusedto insert

“ctitious end-of-runevernts whenencourering an unexpectedend of the input data.

Low beam current The beamcurrent wasnot always stable. Low beamcurrent
often correlated with low beam quality. Additionally, the beam current monitors
exhibit signi cant non-linearity for Igeav < 50nA. Therefore,it hasbeendecided

to discardthe low current (Igeam < 50 nA) data with the useof the sync lter.

Computer dead-time Oncethe DAQ receiwes an even, it becomesunable to
processanother onefor a short period of time (normally, a few nanoseconds)Since
scalersaccumnulate beamchargeregardlesgo whetheror not the DAQ wasready for
taking data, event rates (and therefore measuredasymmetries)require a dead-time
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correction. In E93-026we usedsync lter to take care of this issueby ignoring the
beam charge accunulated during the busy status of the DAQ.

A detailed description of the sync Iter can be found in [5§].

6.3 Hall C replay engine

The evert analyzerfor E93-026was basedon standard CSOFT padkage of Hall C.
This software padageincludesa number of C libraries for processingCODA les
and Fortran utilities for event reconstruction in Hall C spectrometers, HMS and
SOS.Hall C replay enginehas a run-time programming medanism called CEBAF
TestPadkage(CTP) [59 to dynamically (i.e. without making changesto the source

code) modify:
2 parametersusedby engine,such asdetector con guration, particle massetc.
2 cuts on both raw and analyzedewens
2 output histograms(conditioned by cuts)

2 format of output scaler les

The sourcecode of the analysisenginecan be broken down asfollows:

Initialization  section resetsthe courters, registers CTP variables, reads the

con guration le, readsin detector decaling map, parametersdatabaseand TBPM
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thresholds from correspnding Tes and opensthe input data stream from a raw

CODA le either directly or piped through the sync Tter.

Non-ph ysics events pro cessing section extracts information storedin cortrol
ewerts, including spectrometer settings, target number, detector high voltages,run

start time etc., and cheds syndronization status for sync evens.

Physics events analysis section doesmost of the actual analysisjob. It begins
with calculating beam-relatedquartities (socalled\b eamreconstruction™) and then
depending on the ewvent type doesor skips HMS, neutron detector and coincidence

reconstructions.

Shut-do wn section saves epics, scaler, statistics and other output Tes, closes
ntuples, writes out pedestal values, calculatesnew TDC o®setfrom laser pulser

ewerts and writes the nal summary

6.3.1 HMS event reconstruction

HMS event reconstructioninvolved two steps: focal plane reconstructionand target
guartities reconstruction. Focal plane reconstruction determinesthe coordinates
and slopes of the particle track in the spectrometer focal plane and passesthem

to the target reconstruction routine, which calculatestarget track quartities sud
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as vertex coordinates, track slopesat the target and the relative deviation of the

particle momertium from the certral momenum of the spectrometer, v s.

Focal plane reconstruction

Focal plane reconstruction decales detector hits and calculatesfocal plane track
coordinates and slopes. All proceduresinvolved in this step are standard onesand
did not undergo any customization during E93-026(an outline of standard HMS
reconstruction as well as further referencescan be found at [40]). If a valid focal

plane track was found, then the algorithm proceedsto the next step:

Target quantities reconstruction

SinceHMS optics is very well known, a standard reconstruction(i.e. no target eld,
no beamrastering) can be doneby simply applying a non-linear matrix transforma-
tion to the four focal plane quartities (coordinatesx, y and slopesx® y9 [60]. For
our experimert, however, the situation is more complicatedbecauseof curvature of
charged particle tracks by the target eld and a large vertical beam o®setdue to
beamrastering. To correctly accourt for these,a doubly nestediterativ e approadh
was adopted.

Reconstructionwith a beam o®setbut without the target eld can be done

through the following steps:

1. Do the standard reconstruction assumingno vertical o®set(X = 0) to get a
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“rst guessof the target quartities.

2. Apply forward transport transformation to the target quartities assuming
X = 0. Repeatthe forward transport transformation with the actual vertical
beamo®setX = Xgeam and calculate the changein focal planesquartities

due to the beam o®set.

3. Apply the focal plane correctionscalculated in the previous step and repeat
the badkward reconstruction to get the next iteration values of the target

coordinates.

4. Repeat steps2-4 until di®erencebetweentwo consecutie iterations in 4y s

is lessthan a pre-de ned value.

With the use of this procedureit is now possibleto correct for the e®ectof

the magnetic eld asfollows:

1. Apply the reconstruction procedure described above to the measuredfocal
plane quartities to obtain a rst guessestimate of the virtual target coordi-

nate<.

2. Drift the electronto a “eld-free region, then track it bad? into the magnetic
“eld to the intersection point with the incident beam. That givesthe rst

guessof the real target coordinates.

2Virtual target coordinates are de ned as a set of target coordinate that would result in the
samefocal plane quartities asthe measuredonesif there were no magnetic eld preser.

3Tracking through the target “eld was done by solving the di®erertial equations of motion in a
magnetic eld using Runge-Kutta method.
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3. Calculate the correction for the virtual beam o®setand apply it.

4. Apply the beam-o®setreconstruction procedureto the correctedfocal plane

guartities to get a better estimate for the virtual target coordinates

5. Drift the electronto the eld-free region,then track it bad to the intersection
point with the incident beam to get a better estimate for the real target

coordinates.

6. Repeat steps3-5until the reconstructedvertical position in the beamplaneis

equalto the actual onewithin a predeterminederror.

Normally, the algorithm corvergedwithin 5 iterations. The ewens where conver-

genceis not achieved (which happenedin lessthan 0.1% of cases)were discarded.

6.3.2 Neutron detector event reconstruction

The neutron detector reconstruction can be structured as follows:

1. Singlehit analysis

2. Tracking

3. Particle identi cation.

All code pertaining to the neutron detector side analysis was conmbined into one
subroutine named n_reconstruction . The subroutine beginswith clearing all old
event data by calling n_reset _event. Then it nds all hits with acceptableTDC
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valuesand calculatesraw TDC di®erences.After that, the event type is cheked
and in caseof a laser pulser ewvert the cortrol is passedto special subroutines
(n_analyze _pindiode and n_analyze laser _event). If the ewvert is a physicsone,
the algorithm proceedsto proceduren_time _correct . This proceduresappliestim-

ing corrections, including evernt-to event path length, velocity di®erenceand pulse
height (walk) corrections. Having thus concludedanalyzing single hits, the subrou-
tine then calculatesquartities neededby coincidencereconstruction (layer averages,
coincidencetime, and electronmomenium transfer in neutron detector coordinates)
and nally doesthe tracking (ndet_tracking ) and particle identi cation (ndet pid)

asdescribed below.

Tracking
The neutron detector tracking routine ndet _tracking conbines single hits into
oneor seweral tracks. In order to be assignedto the sametrack single hits needto
have similar meartimes (within 8§ 10 ns) and match the kinematic acceptance.
The main part of the routine consistsof two nestedloops: the outer oneloops
over all barsin all planes,looking for an unused hit to start a track with. The
inner loop cheds unusedhits in subsequenlayers;if a hit falls within the meartime
window and the line connectingthe tested hit with the last one on the track falls
within the kinematic acceptancethe hit is addedto the track and labeled as used.
After hits have beensortedinto tracks, line regressiorroutines are calledto t the

tracks to straight line. Finally, the routine calculatestrack slopesand cheds for a
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Figure 6.2: A proton event in the neutron detector

‘red paddle on the track with energydeposited above minimum. Paddle hits play

a key role in the particle identi cation processoutlined in the next paragraph.

Individual track PID

The neutron detectortracking subroutinendet tracking starts by testing minimum
track energyand track coincidencetime requiremerts. If both tests are passedthe

routine determinesthe individual track PID by looking at paddle hits and at the
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Table 6.1: Evert PID

PID code | description | frequency(%)
No track or bad track(s)

0 no track 7.9

-1 single bad track 0.2

-2 one proton and one neutron track, neither used 54

-3 multiple tracks, all bad/non-proton 0.0
Good proton

1 one proton track { alsousedfor individual tracks 11.9

2 only reasonabletrack is proton 0.02

3 better of 2 proton tracks { basedon p,q probability 1.9

4 better of 2 proton tracks { other hasbad A? 0.02

5 better of 2 proton tracks { other hasbad time 0

8 best track of seweral is proton { p,q probability 0
Paddle track

9 | paddle track | 57.7
Good neutron

11 one neutron 12.8

12 only reasonabletrack is neutron 0.1

13 better of 2 neutron tracks { basedon ,q probability 15

14 better of 2 neutron tracks { other hasbad A2 0.1

15 better of 2 neutron tracks { other hasbad time 0

initial hit of the track (the onein the plane closestto the target). The scheme
of the PID algorithm is given in in Table 6.2. Most ewerts are identi ed by ab-
sence(neutron) or presence(proton) of a paddle hit, but there are two important

exceptions:

2 tracks started at the 1st bar plane* at courter 17 or above are always labeled

as protons;

2 tracks started at bar planes3-6 are always labeled as neutrons.

4i.e. 3rd detector plane (rst two planesare paddles)
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Table 6.2: Individual track PID

Track started at PID if
plane | courter | paddlehit | no paddle hit
1 17-27 proton proton
1 1-16 proton neutron
2 any proton neutron
3-7 any neutron neutron

Track selection and PID °ags

For two-track ewerts, the better track is found accordingto the algorithm descriked

below:

2 ched track PIDs; if samenucleons,proceed,otherwise,discard both tracks;

2 ched track A? (if exactly onetrack fails the A% ched, pick the remainingtrack;

otherwise, proceedwith other cheds)
2 ched track time (in the samefashion as above)

2 if still have two cortenders, pick the track with greater p,q probability.

Multiple (3 or more)track everts with heterogeneousucleonsor multi-neutron
tracks were discarded. For multi-proton ewerts, the track with the best p,q proba-
bility was chosen.

A casewhena track consistedof paddle hits only (so-calledpadde track) was

labeled with a special PID code. Although a signi cant part of paddle tracks are
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protons, their cortamination by electronicsnoise makes paddle everts essetially
unusable.

The PID codesare summarizedin the table 6.1.

6.3.3 Kinematic calculations

Oncethe tracking hasbeendone, the enginecalculateskinematic quartities. There
are two subroutinesresponsible for this task, h_physics (electron arm kinematics)
and c_physics (coincidencekinematics).

Thesecalculationsusetwo coordinate systems:the spectrometer(or transport)
oneand the beamone. The x axisin both coordinate systemsis pointing vertically
down, z is given by the beammomenrtum for the beamsystemand the spectrometer

for the spectrometersystem,andy = z£ .

Electron arm

The momertum of the incident electronin the beam coordinate systemis simply
given by

R = (0;0; Evx); (6.1)

whereE,x = E i E|qs is the vertex electron energywhich di®ersfrom the nominal

beamenergyE by pre-scatteringenergylossEq.ss. In the spectrometer coordinate
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systemthe scatteredelectron momertum is given by

P

P —
P 1+ (XC;>;+ (y()z(xo; yO; 1)1 Pux = E\%x i mez (62)

wherex®and y®arethe electrontrack slopes,P is the measuredelectronmomertum,
M, is the electronmass,E,x = Ej ¢ E s and P,y arevertex energyand momernum
correspndingly, and ¢ E s iS the post-scattering energy loss. The momertum
componerts in the beam coordinate systemare easily obtained by a rotation to the

spectrometerangle psp:

0
kO= E

=p Yo (y%z(xu, y0COS sp i SIN Pp; YOSIN Pep + COS Lsp): (6.3)

The analysis code usesthe componerts of this vector to calculate the scattering

angle e and the out-of-plane angle A.:

0
Pe = arccos% (6.4)
J
3 0
A. = arctan k—i;: (6.5)

The four-momertum transfer squared Q2 and the invariant massW are readily

obtained from the four-momerta k. and k?:

Q*=idqaq (6.6)
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q
W= (q+T)g+T); (6.7)

whereg = k. j k? is the four-momenum transfer and T. is the four-momertum of

the struck nucleonin the lab frame, T. = (M 0;0; 0).

Nucleon arm

The subroutine c_physics calculatespyy, the angle betweenthe momertum trans-
fer ¢ and the track of the nucleon, and 5", the angle between the relative n-p
momertum with respect to the momertum transfer in the n-p certer of masssys-
tem.

The rst stepin the calculation is forming the unit vector in the direction of

the momertum transfer, ¢ = e5¢j, and then transforming it to the neutron detector

frame,q! &
= (G Gy COS Mpeti G SiNPhpet; O SiNthpet + G COSHp et): (6.8)

The direction of the nucleontrack is characterizedby vector¢n = (¢ x; ¢ y;1),
where ¢ x and ¢ y are slopes of the nucleon track determined by the tracking
subroutine. Then p,q is simply the angle between¢ n and @°. For corveniert can-
cellations, @ is replacedwith a collinear vector ¢ gq= o=¢:

¢RCtg _ (CR)2+ (C2| (CRj ¢

= —— 1 = V1" 6.9
ML TS 2i¢ 1j ¢j¢ of ©.9)
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A Lorentz boost to the certer of masssystemgivesthen 7' [40):

H

1.
, °+ M E '
Wo = Y4 arctan sinpgg & q=n

COSthgi memm
Efr Ett Pn

(6.10)

where® and g are energyand momertum transfer, Mp is the massof the deuteron,

E, and P, arethe energyand the nucleonmomertum of the knocked out nucleonas

determinedfrom the time of °ight, and EZ!' = P (° + Mp)?j ?isthe total energy

in the certer of masssystem.

6.4 Inclusiv e simulations

Inclusive simulation software was designedfor calculating pading fraction of the
polarized target (seeSection7.5). The basic componerts of the software padkage
include the quasi-freescattering cross-sectiormodel, radiative correctionsand ac-
ceptancesimulation. The simulation was run separatelyfor ead target materials.
Contributions from ead target material wereaddedwith proper weights to represen

kinematic spectra of actual composite targets.

6.4.1 Cross-section model

Inclusive electron scattering cross-sectionsvere simulated using the QFS code by
J. W. Lightbody and J. S. O'Connel [6]]. The model assumedncoherer scattering

through following reaction medanisms:
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2 guasielasticscattering o®a bound nucleon

2 two-nucleonemission

2 ¢-resonanceelectropraduction

N

two higher resonancegW = 1.5 GeV and W = 1.7 GeV)

N

deepinelastic scattering (in the x-scalingregime)

The N (e;€") scattering crosssectionwas calculated from the Roserbluth for-
mula (seeEq.(2.10)). A standard dipole parametrization Gp = (1+ Q?=0:71) ? was
usedfor G5, GJ' and G)'. The chargeform-factor of the neutron was appraximated
by Galster parametrization Ggasier = 11+—¢b¢GD with b= 5:6.

The sumof elemertary quasielasticcrosssectionswasmultiplied by a Gaussian
in electron energy loss, certered at Q?=(2M) i 2s, and with a width proportional
to gkr =M, where?; is the meanseparationenergyand kg is the Fermi momertum
of the target nucleus. This Gaussiansmearingaccourted for the Fermi motion of
nucleonsinside the nucleus.

The two-nucleon emissionprocess,expected to be of signi cance in the dip
region betweenthe quasifreeand delta production peaks,was calculated as:

§ u

QO = an () + AN(5) Ran (Q%5°): 611)
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where u and © are electron scattering angle and energyloss, correspndingly. The

responsefunction Ry (Q?;°) was parametrizedas follows:

3 .
Ron ( 2.0y = K N Z=A)RG 2. o i Sy W? £
N (Q%5°) = an ( ) Gp (Q% 2 an) (Wi Wom )24 2, W2
h s
£ 1j exp j Ew) (6.12)

i thr

whereN = A Z, Z and A are the number of neutrons, protons, and all nu-
cleonsin the nucleus, correspndingly, K,y is the two-nucleon knockout strength,
Gp(Q? 8,y ) = (1+ Q%=w2,)" % is the dipoleform, W is the invariant mass,Wen =
(M + M¢)=2,%, = Q?=4M is the threshold energyloss,i o,n andj . arethe width
and the threshold scaleof the Lorentzian, both determinedfrom the data.

The resonancecortributions to the total crosssections,both for ¢ and the

higher resonancesalso had Lorentzian shape asin Equation (6.13):

3

Ye = Ke¢Ag*Gp(Q*ag) (WiWicE;/gfiéwz £
h 3 ,i
£ 1j exp j Cm) (643
with the width
q -
i = iR+igtii oD

determinedby the three componerts: natural resonanceavidth | r, Fermi broadening

componert j o and nuclear medium e®ectscomponert j a.

83



Finally, the deepinelastic scattering crosssectionwas approximated with the

following expression:

Y= i v¥a(°)(1 + 2R, )FZ(Q?); (6.15)

wherej , is the virtual photon °ux,

® E° 1 Q.

— 0 -

iv= ME—QZﬁ’ I o (6.16)

2 js the virtual photon polarization, F,(Q?) is a form factor, R, is the ratio of
longitudinal to transversecrosssections,and % (°) is the real photon crosssection.
Parametrization of ingredierts of the deepinelastic scattering crosssectionis given
below:

Ry = 0:56£ 1P(MeV=09=(Q?*+ M2); (6.17)

: % : (°i Ovo)zﬂ’
%)= Y+ o o, 1i exp iTﬁ ; (6.18)

F2(Q%) = arexp(i @Q% + biexp(i bQ?) + crexp(i 2(Qi c3)?); (6.19)

wherethe parametersa;, b and ¢ are de ned in the Table 6.3.

Table 6.3: Deepinelastic scattering form factor parameters
a a by o) G ) C3
055 2¢10° 045 045¢10° 0 0:1¢101? 4¢10°
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A [k (MeV) | 25(MeV)
4| 180 20
9| 200 20
12| 221 20
15| 240 20
27| 250 25
59| 260 35
64| 260 35

Table 6.4: Fermi momerta and separationenergiesof nuclei usedin simulation.

6.4.2 QFS parameters

The Fermi momerntum and the separationenergyof the nucleuswere looked up in
a special table. The lookup code and the table itself (seeTable 6.4) were addedto
QFS by C. Harris [41]. He alsoupdated someinternal parametersof QFS regulat-
ing widths and strengths of various resonancecortributions. A summary of these

changesis givenin Table 6.5.

6.4.3 Deuterium cross sections

The nucleus of deuterium, the deuteron, consistsof one neutron and one proton.
The QFS model of quasielasticscattering crosssectionis basedon the Fermi gas
model, i.e. is largely statistical. Therefore, it is not surprising that this model
breaksdown for a systemconsistingof just two constituens.

In order to overcomethis dixcult y, a special subroutine for electron-deuteron
scattering was designedby C. Harris. In this subroutine, the total cross-sectiorwas

calculated as a sum of a quasielasticpart basedon y-scaling model and the deep

85



Table 6.5: Updated internal parametersof QFS

physicsname

namein QFS

original value

modi ed value

description

I x

GAMO

650 MeV

610 MeV

width parameter for
the real photon cross-
section

AR

570MeV

550 MeV

dipole form param-
eter for the two-
nucleonknockout

AD

linear in A

774 MeV

dipole form parame-
ter for the ¢ electro-
production for 1 <
A<4

A
I thr

GAMPI

5 MeV

50 MeV

threshold scalefor ¢
electropraduction

GAMR

120 MeV

100 MeV

scalefactor for Fermi
broadening cortribu-
tion to ¢-resonance
width
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inelastic part. The latter was obtained from a t to the resonanceegion data.
The quasielasticcortribution to the cross section was calculated using the

Krautschneider momertum distribution [62):

#
Hl. 1ﬂ2

n(k):A C+ k2.|..1I k2+.2 ’

(6.20)

whereA, - ; and - , are empirical constaris and C is the term responsiblefor rescat-
tering. In our simulation the rescatteredterm was assumedo be zero.

The results of the simulations for deuterium comparedto experimertal data
can be found in Fig. 6.3. The agreemehn is better than 10% exceptfar from the

guasielasticpeak, which is adequatefor the needsof the experimernt.

6.4.4 Radiativ e e®ects

The code for calculating both internal and external radiative correctionswas pro-
vided by J. Arrington [56]. Unradiated cross-sectionsveretakenasinput from QFS.
The calculations were basedon a peaking appraximation formula derived by Stein
[64] for the particular caseof quasi-elasticscattering from a more generalformula

by Mo and Tsai [65]:

¥a= Yaort + 3/'[!)re + 3/'[!Jost;
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Figure 6.3: QFS versusNE4 data for transversescattering [63).
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Here Yo, Yre and ¥t are soft photon, hard photon pre- and post-radiation

cortributions to the total radiated crosssectioncorrespndingly,

_ Mg+ 2Esin?l
Ve 2E Osin? 4

is a kinematic factor, Mt is the target nucleusmass,t, and t, are the target thick-

nessedeforeand after the interaction point,

®' “Qzﬂ 5
tr:% log m_g i 1

is the equivalent radiator thicknessaccourting for internal bremsstrahlung. Other

ingredierts of Eq. 6.21are:
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and nally, ¢ E is the energy cuto® (determined by detector resolution or other

experimertal considerations)and

X

i logjli vij dy

e = 0 y

is the Spencefunction.

The numerical integration was performed using the Romberg technique. The
results were chedked by comparingto the cross-sectiordata from the SLAC experi-
mert NE3 (seeFig. 6.4). The agreemen is excellen for both radiatively corrected

and uncorrecteddata.
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Figure 6.4: Comparisonbetween SLAC NE3 [66] data and simulations. Carbon
target. Thickness(including equivalernt radiator) t = 3:26% of the radiation length.
Beam energyis 3595MeV, the scattering angleis 16".
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6.4.5 Acceptance e®ects

The HMS ezxciency is momerium depender. Therefore,whencomparingresults of
simulations to experimertal data one needsto accoun for acceptancee®ects.

For E93-026the HMS momenum acceptancewas calculated from data taken
with the samebeamenergyE = 2:06 GeV and spectrometerangle pyvs = 185%,
but two di®eren certral momerta, P}, s = 2:060 GeV and P3,,s = 1:.963 GeV.
In the E° region where the momertum acceptanceis °at for both data setsthe
di®erencen shape of their E°spectrais ertirely dueto acceptancee®ectgsincethe
kinematics are the same). This allows oneto decorvolute the cross-sectiorand the

acceptancefunction usingthe proceduredescrited below [67]. °

1. add together® E° spectra of the two data sets,C,(E9 and C,(E9, asthe rst
guessfor the cross-section,

w;C1(E9 + woCo(E9)

Yu(E®) =
»(E9) WLt W,

2. divide out the cross-sectiorfrom the E° spectra, changevariablesfrom E°to

+ and add the results, resulting in an estimate for the acceptanceunction '

i Ci(E9) ., _ Ci(E9 “i(4) = w1 1[Piu s+ D+ Wy [Py, (1 + 3]
YUUO%REY Y WEY T Wi + Wy

SFor a correct understanding of the procedureit is important to realize that the momertum
acceptanceis a function of the relative momertum + = ﬂ = E‘F’% whereascross-sections
are functions of EC. Therefore, if we expressthe acceptancefunctlon in terms of EY, its horizontal
scalewill depend on the certral momertum of the spectrometer Py v s.

6|f statistics are limited, proper statistical weights wy., are necessary
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Figure 6.5: HMS momertum acceptance.
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Figure 6.6: HMS acceptancee®ects:E° spectra for carbon runs 40466and 40655

(Phms = 206 GeV and Pyuws = 1:9627 GeV) before (a) and after (b) unfolding
acceptancee®ects.
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3. divide out the acceptancefunction obtained in the previous step from the
last iteration of the cross-sectiorand add the results together, resulting in an

improved result for the cross-section:

Cy(E9 al Cy(E9 3 = wa%h + wi%

%= = _ -
PTPE @+ 9] TR, @ D] T Wit wy

4. repeat steps 2-3 until cross-sectiongextracted from the two data sets agree

within a pre-de nedrange.

The acceptanceunction asobtained in the above procedureis shovn in Figure 6.5.
The asymmetry in the shape of the acceptancefunction is due to the target eld
and nite extensionof the target along the beamdirection.

Figure 6.6 shaws the results of the unfolding procedure for two runs taken
with di®eren HMS certral momera, Pyuys = 2:06 GeV and Pyus = 1:9627.
Good agreemeh betweenthe unfolded spectrafor the two runs shows that unfolding

procedurehas beendone correctly.

6.4.6 Comp osite target models

In experimert E93-026in addition to normal production data taken with the po-
larized >N D5 target, somedata were also taken with carbon and empty targets.
Empty and carbon data can be taken with target nose Illed with helium (\w et"

runs) or empty (\dry" runs), which givesfour combination of xed-thicknesstar-
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Table 6.6: Target material thicknesses

wet carbon | dry carbon | wet empty | dry empty | ®®°ND3" | "=t
Al 1.5mm 1.5mm 1.5mm 1.5mm | 1.5mm | 10.0
C 6.9 mm 6.9 mm { { { 18.83
He 31 mm { 40 mm { 25mm | 3.63
N { { { { 15mm | 5.07
D { { { { 15mm | 15.0
rad. length 6.1% 5.2% 2.6% 1.7% 5.8% | {

® Assuming 50% padking fraction
“® Luminosity per unit length (nA Cmig)

gets. Ead target hasa di®eren radiation length and thereforethe simulation for
the sametarget material usedin di®eren targets hasto be done separately The
cross-sectiondor eat target material were weighted with luminosities and then
added together. The luminosities were calculated basedon the table of material

thicknessesn electron'spath compiledby C. Harris [4]].

6.4.7 Comparison of simulation results to experimen tal data

The results of simulations are shovn in comparisonwith our experimertal data in
Figure 6.7. The comparisonis given for three typesof xed-thicknesstargets: dry
carbon target, carbon target with helium in the nose,and helium target. The results
of the simulation agreewith our experimertal data to 10%. This level of agreemen

is suzcient for the goalsof the experimert.

"The padking fraction, i.e. e®ectie thicknessfor 1°N D3 material, was not known a priori . See
Section 7.5 for details.
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Figure 6.7: Comparisonbetweensingle-armdata and simulation results.

6.5 Coincidence Mon te Carlo simulations

CoincidenceMonte Carlo simulations played an important role in the data analysis
of experiment E93-026. It was usedfor sud major tasks as cut optimization (see
Section 7.2), dilution factor calculation (see Section 7.6), radiative correctionson
AY, (seeSection 7.7.1), and a number of minor tasks. The simulation software
was basedon program MCEEP by Paul Ulmer. The original code was augmered
to adequatelytreat the e®ectsof the target magnetic eld. In addition, the code
was extendedwith interpolations of Arenhdvel's calculations of cross-sectionsand

asymmetries.
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6.5.1 Basics of MCEEP

The program allows a userto chooseone of the three options: elastic scattering,
bound nal state or unrestricted cortinuum. For the bound state casethe ejectile
momertum is calculated from the bound state missingmassspeci ed in the input
‘Te, whereasfor the cortinuum caseit is randomly sampledand the missingmassis

calculatedon an event-by-event basis.

Sampled quantities

The programsampleshe experimertal acceptanceuniformly, using calculatedcross-
sectionsas weighting factors when simulating realistic physical spectra. In a most
generalcase(continuum scattering) an evert is generatedby \thro wing" seen ran-
dom quartities: the in-plane and out-of plane anglesand momena for the electron
and the hadron, and the energyof the bremsstrahlungphoton, radiated either before
or after the main interaction depending on the \coin toss".

For the bound nal state, the hadron momertum is calculated from other
quartities. For elastic scattering, only electron anglesare sampled, and all other

guartities are calculated.

HMS spectrometer model

Simulation of evert detection in the HMS consistedof two major parts: forward

tracking of the incidert particle through the target magnetic eld and HMS magnets
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and reconstruction of the successfukewvert. To account for the e®ectof the beam
rastering, the vertex coordinates were randomly sampledwithin the raster spot.

The standard (i.e. without the target eld and beamraster corrections) part
of the algorithm consistedof the following basic steps:

1) projecting a particle to the magnet aperture, assumingmotion along a
straight line;

2) cheking the coordinates of the particle versusthe aperture of the magnet;
if they fall outside the actual dimensionsof the magnet aperture then the particle
is labeled as stopped, and the algorithm proceedsto the next iteration;

3) tracking the particle forward in the magnetic eld of the spectrometermag-
net using COSY In nit y coezcients.

These steps are repeated for ead of the 4 HMS magnets. Finally, if the
particle does not stop in one of the magnets, the sameapproad is usedto nd
which detectors (assumedto be 100%ez+cient) are red in the HMS detector hut,
and the 4 focal plane quartities are determined.

The reconstructionalgorithm essetially repeatsthat of the data analysiscode

(seeSubsection6.3.1).

Cross sections

The crosssectionsare calculatedassumingplanewave impulseapproximation (PWIA),

i.e. the virtual photon is absorbed by one o®-shellnucleonwhich (as well as the
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incident electron) can be descriked by a plane wave. Under these conditions the

(e;eN) crosssectioncan be factorized as follows [2]:

d¥%a
d? d- d?yd- §

= K¥%nS(Em;Pm); (6.22)

whereK is a kinematic factor, %y is the elemeniary o®-shellelectron-rucleonscat-
tering cross-sectionand S(En,; pm) is the spectral function which represets the
probability of nding a nucleonwith initial momenum p,, and binding energyE,
within the nucleus. The elemenary cross-sectior#ay is calculated using the \ccl”

prescription of de Forest [68]:

3 — 3 . Q4 21— : Q2 .
Yen = Ymonr —We + (tan“ =2 —)Wrj
qt oF 4
QZI"l Q2ﬂ1=2 H QZ ﬂ
. 2, 1= A 21— .
.? tan‘ p=2 ? W, cosA+ tan‘ p=2j Fcod A Ws (6.23)
1 M & T .
We = 2zgo (E+EY) F? W'zez i F(FL+ -F ?)? (6.24)
G2 2
Wr = o3 =g(F1+ F2) (6.25)
L, M 5 1
_ p¥sinfe 2 & oo
Ws = —Ego F; mz Fs . (6.26)
- M
@ sir? °© &
Wi = P £ (Ei E9 F12+4M2-2F22 ; (6.27)
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whereE and E°are the initial (o®-shell)and hal energiesof the struck nucleon, p°
is the momentum of the struck nucleon, ° is the angle betweenp® and g, & is the
four-momertum transfer correctedfor o®-shelle®ectsand F; and F, are Dirac and

Pauli form factors.

Spectral functions

The MCEEP hasmany built-in spectral functions. Additionally, the modular struc-
ture of MCEEP allows various spectral functions represeting di®eret models of
the nuclei to be easily incorporated into the program through external Tes.

The simulations for “H e useda parametrization for t+p breakup channelusing
Urbana potential [69 (MCEEP option 32). The nitrogen spectral function was
approximated by that of %0 for 1p'™?, 1p**? and 1s'* shells(MCEEP options 40,
41 and 42). The spectral function for aluminum wasa customparametrization based
on quasielasticdata. Finally, copper and nickel were appraximated by the carbon

spectral function provided by I. Sic.

Radiativ e e®ects

The MCEEP hasoptions for simulating internal and external radiation and ioniza-
tion energyloss. Radiative e®ectsare only taken into accoun for electrons?® by
sampling bremsstrahlungphoton energy The peaking appraximation is used, i.e.

the photon is emitted either along the incident electron momertum or along the

8Those of hadrons are negligible due to their high mass.
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scattered electron momertum. The details of the implemertation of the radiative

e®ectscan be found in [70].

6.5.2 Customization of MCEEP

Normalization factors

In orderto accoun for physicalmedanismsbeyond PWIA, the PWIA crosssections
were correctedby normalization factors given by a product of nuclear transparency
and the nucleoncorrelation factor (seeTable 6.7). Details on normalization factors

can be found in [4Q].

Table 6.7: Nuclear normalization factors

‘H “He ™N Al Cu Ni
1.0 0.85 0.55 0.50 0.50 0.50

Target magnetic eld. The original code of MCEEP was modi ed in order to
accourn for the curvature of the chargedparticle tracks by the target magnetic eld.
The electronarm reconstruction branch of the Monte Carlo usedthe sameFortran
code as the HMS reconstructionin evert analyzer. Transporting protons through
the magnetic eld is in all respectsanalogous.Obviously, neutrons, beinguncharged

particles, do not needany special treatment.

Neutron detector. The neutron detector was modeled in MCEEP as a set of

detector layers, eat layer characterized by its own exciency. These etciencies
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were calculated following the procedureby Madey et al. [71]. The probability of
‘ring the n-th plane of the neutron detector was calculated basedon individual

plane exciencies(seeTable 6.8).

Table 6.8: Modeled neutron detection excienciesby detector plane

1 2 3 4 5 6
0.095 0.095 0.154 0.143 0.116 0.116

The nite timing resolution for the neutron detector was simulated by Gaus-

sian smearingof the hit position.

Arenh/ovel's calculations. Even though MCEEP is capableof calculating po-
larization obsenables,for a precisionmeasuremenof GE oneneedsto usefull cal-
culationsincluding the e®ectf the mesonexcangecurrerts, isobarcon gurations
and other relevant physical processesAdditionally, it is desirableto have accurate
calculationsfor the deuteronscattering crosssectionaswell to minimize the uncer-
tainty in the dilution factors. Sud calculationswere provided by H. Arenhdvel on a
kinematical grid ® shavn in Table 6.9. The valuesof crosssectionsand asymmetries
betweenthe grid points were obtained by spline interpolation.

The D (e;e™N) scattering cross-sectiorwas radiated by multiplying by a radia-
tive correction factor calculated from other materials. The AY,; was calculated for
eat ewvert and written out to the output ntuple, thus simplifying the procedureof

experimertal acceptanceaveraging.

®Note that the grid in W hastwo step sizes. The step sizeis 2:5* in the quasi-elasticregion
(0*j 30* and 150° j 180F) and 5* elsewhere.
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Table 6.9: Kinematical grid for D (e;eh) crosssection

variable range step size

E°(MeV) | 2660; 3140 15
e 164 20° 0:4*
Ko Otj 360 | 25°; 5*

Pion production contamination In order to study the cortamination of the
measuredasymmetryby pion productioneverts (°°+ p! n+ ¥ and®°®*+ n! n+ 1)
a simulation program EPIPROMas embeddedinto MCEE#rough an interface sub-
routine gf _pion _production

The program EPIPROWvas originally designedby T.M. Payerle basedon an
earlier program by R.W. Lourie and then wasrewritten and extendedby J.J. Kelly.
It can calculate various quartities for the electropraduction of pseudoscalamesons
for both recoil polarization and polarized target reactions. The crosssectionsand
other obsenablesare calculated from helicity amplitudes, which in their turn can

be calculated using one of the following options:

1. a semi-realisticisobar plus Born model

2. SAID model

3. interpolation of external multip ole amplitudes.

The pion events were sampled accordingto the PWIA cross-sections. The
momenum distributions of the struck nuclei wasthe sameasfor the quasifreecase.

The size of the pion-production cortamination of the quasifreeyield was found to
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be small (lessthan 0:5%).

6.5.3 Output and results

MCEEP can output its results both in histogram Tes and ntuples, which can be
converted into a PAW-compatible [72] format. The cortents of the output ntuple

are described in the Table 6.10

Table 6.10: MCEEP's output ntuple

variable name | description

PEEI scatteredelectron energyE°

PEP in-plane angle of the knocked out hadron

TSCAT scattering angle

N.coin neutron detector °ag (neutron detector red if 1, not red
otherwise)

H.coin HMS °ag

thetanpcm angle betweenthe nucleonsin the certer-of-massframe,
£

thetapgs angle betweenthe nucleon momertum and the momen-
tum transfer, pyq

AedVf obsened asymmetry AY,

aedv_vtx vertex AYy

radflag radiation °ag: O { no radiation, 1 { pre-radiation, 2 {
post-radiation

A review of Monte Carlo spectra in 4 kinematic variablesin comparisonwith
data is given on the Fig. 6.8. The agreemen for W and E%is excellen. For the pq
spectrum there is a disagreemenin the tail region. This is exactly what one should
expect basedon MCEEP's PWIA calculations, sincelarge p,q corresmpndsto large
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transverse missing momertum, i.e. strong nal state interactions and many-body

current e®ects.The simulated and measuredspectra for pig' agreereasonablywell.

Figure 6.8: CoincidenceMonte Carlo (red) comparedto data (black). The ewerts
are subject to standard neutron cuts (seeSection7.2).
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Chapter 7

Data analysis

This chapter dealswith the details of the experimertal data analysis. The chapter
starts with a descriptionof the data replay process.Then we discusscuts and inputs
(target and beam polarizations) usedin asymmetry calculation. Then we proceed
to pading fraction and dilution factor calculations. The last two sectionsof the
chapter discussvarious corrections applied to the calculated asymmetry and the

Gg extraction procedure.

7.1 Data replay

Data replay reconstructsparticle tracks and evert kinematics from TDC and ADC
signals stored in the CODA format. This task is handled by the ewvert analyzer
descrikedin the previouschapter. Sincethe ertire experimertal data set consistsof
hundredsof runs, the replay wasdonein parallel on an autonomouscomputersystem
called Batch Farm. The submissionand cortrol of analysisjobs was conducted by

a Tcl/Tk script padkage\Batc hMan" (for \Batc h Manager").
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The initial stage of data replay involvestwo steps: selectionof runs to be

analyzedand preparation of input for the evert analyzer(detector calibrations).

7.1.1 Runs selection

Along with data taken under normal running conditions with the polarized target,
other data weretakenin the experimert for di®eren purposegtests of experimertal
hardware, calibration data, beam polarization measuremets etc.). Also, someof
the production data were damagedbecauseof various problemsexperiencedduring
the data taking. Theseruns must be excludedfrom the analysisprocess. A more

detailed list of excludedruns is given below:

2 non-'°N D targets (carbon, empty, hole)

2 Mg ller runs

2 chedkup runs

2 DAQ crashduring the run

2 serioushardware problems(magnet quendes, persistert HV trips etc.)

2 unstable helium level in the target nose

2 suddenlossof target polarization

2 wrong position of the HMS collimator.
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7.1.2 Detector calibrations

Raw data Tles cortain information about particle tracks in the form of ADC and
TDC signalsof detector hits. In order to reconstructthe tracks and calculate phys-
ical quartities of interest, one needsto match the timing of individual detectors,
supply corversionconstaris betweenADCs and energydepositedin a detector etc.,

i.e. to perform detector calibrations.

HMS calibrations

HMS calibrations consistof timing calibrations of hodoscoges, generatingtime-to-
distance maps for the drift chambers, and determining gains of ead block of the
lead glasscalorimeter. Sincethe HMS is a standard pieceof equipmern of TINAF
Hall C, thesecalibrations are a well-establishedprocedure,the details of which can

be found elsewherd56§].

Neutron detector timing calibrations

Signalsfrom PMT of detector scirtillators arrive at the courting room with a
delay of a few tens or even hundredsof nanosecondsDue to unequalcablelengths,
intrinsic transit times and high voltages,thesedelays generally di®er betweenright
and left PMTs. For a precisecalculation of hit positions and meartime assaiated
with a track it is necessaryto apply time o®setcorrectionsto the meartime and
TDC di®erenceof a hit. These o®setsare calculated by tting the correspnding

spectra of individual detectors. The o®setis then given by the peak position. After
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the calibration is completed, o®setparametersare written to text les which are
later read in by the analyzer. The quality of the calibration can be chedked by
plotting TDC di®erenceand meartime spectra for individual detectorsand making

surethat they are certered around zero.

Neutron detector energy calibration

Energy calibrations of the neutron detector were performed using cosmic data.
Cosmicrays are dominated by high energy muons, for which the energydeposited
in a given amount of material is well known [4(Q] (e.g 22 MeV for 10 cm scirtilla-
tors). Thusthe position of the cosmicpeak providesthe desiredconversionconstart

betweenthe ADC channelsand energy

7.1.3 Replay pro cedure

The replay of large amourts of data was performedusing the Je®ersorLab comput-
ing facility (Batch Farm). The Batch Farm consistsof 175Linux CPUs. A usercan
submit a job to the Batch Farm by meansof a command Te which cortains basic
information about the commandto be executed,input les and relevant parameters.
An interface betweenthe Batch Farm and a userwas provided by a Tcl/Tk
padkage \Batc hMan" , custom designedfor experimert E93-026. It allows a user
to obsene the status of submitted jobs, kill undesiredjobs, restart failed jobs and
submit new jobs.

When a list of runs is submitted for analysis, BatchMan createsa command
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‘Te for ead run and submits it to the Batch Farm. The command Te cortains a
referenceto the batch _job script which copiesanalysissetup and the rst segmenh
of the raw data ! to the local Batch Farm computer and launchesthe analysisjob.
While a data segmen is being analyzed, the next oneis copiedto the local disk
drive in a badkground process.Upon completion of the analysisjob the batch job

script copiesthe resultsto BatchMan output directories.

7.2 Cut optimization

For the purposeof G extraction we only need quasielasticd(e;e') ewerts. Co-
incidencentuples produced by the ewvert analyzer cortain all everts that red an
HMS trigger and were successfullyprocessedy DAQ (including inelastic, acciden-
tal badkground and proton ewerts). Therefore, one needsto selectdesired events
by applying cuts. One cut is obvious: if we are interested in neutron ewverts, we
needto look at everts with the neutron PID (PID codes 11, 12, 13, 14 and 15).
The other cuts are determined by gure-of-merit considerationsand the quality of
Monte-Carlo model in a given kinematic region.

The gure-of-merit is a®ectedby kinematic cuts through the dilution factor:
cuts emphasizingthe quasielasticregionimprove the dilution factor and thusreduce
the error magni cation factor. At the sametime, thesecuts inevitably reducethe

number of good ewerts, too, and thus increasethe statistical error itself. The op-

1Due to size limitations on the tape seners raw data Tes are split into 2 Gb segmenms. The
number of segmem Tes per run varied from 1 to 4 for E93-026.
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timum can be determinedwith the useof Monte Carlo simulations. The results of
simulations are shown in Figure 7.1. The gure shavs gure of merit asa function
of kinematic variables for seweral distinct setsof cuts. The gure of merit can be
de ned asthe experimertal time requiredfor achieving given accuracy and for xed

o . P . Lo .
Pg and Py it is proportional to f R, wheref is the dilution factor and R is the

ewern rate.
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Figure 7.1: Figure of merit for di®eren kinematic cuts. Note that W (MeV) hereis
not the invariant mass,but rather Wy, the width of the cut on the invariant mass:
JW i 939 < W,.
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Table 7.1: d(e;e) cuts. Herey,os is the horizortal position of the neutron track at
the referenceplane (plane 3 of the neutron detector), Ey 4k iS the energydeposited
in the neutron detector, ¢t is coincidencetime, Zgeau IS the coordinate of the
vertex along the beamdirection (zero correspndsto the certer of the target cell)
and My = 939 MeV is the nucleonmass.

cut suppressec\vens
Nphotoelectrons > 2 piOnS in the HMS
JWi Myj< 70MeV | inelastics(¢ electropraduction)

EC> 2829MeV sameas above
JYpos) < 40cm heavy nuclei (broad Fermi distribution)
Hhg < 0:08 rad high missingmomertum

i 3<¢t<5ns accidenals
Eiack > 12 MeV low-energynoisein the neutron detector
Zseaw ] < 3:2cm | everts reconstructedoutside the target cell
e > 0:26 rad ewverts reconstructedoutside spectrometeracceptance

As one can see,the gure-of-merit (FOM) generally favors wide-open cuts
rather than tight ones:it increasegnonotonically with the width of the W cut, the
widest ypos Cuts also give highest FOM, and nally, the three wide p,q cuts all lie
higher than the tight p,q cuts. Howewer, in all casesthe dependenceis fairly °at
which allows us a certain freedomof choice. This freedomwas usedto pick cuts
emphasizingthe kinematic region where Monte Carlo works best. Someewerts do
not have an adequatemodel in Monte Carlo (e.g. pionsin HMS, badkground etc.).
The cuts for reduction of these everts were deweloped using qualitativ e reasoning
and a trial-and-error approad. A completeset of cuts usedin the analysisis given

in Table7.1.
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7.3 Target polarization

The target DAQ permits online monitoring of the target polarization. The prompt
availability of the results comesat the expenseof the accuracyof the measuremen
The quality of online target polarizationsis suxcient for data-taking purposes,but
the actual physical calculations are more demanding.

Therefore, upon the completion of the experimert a full o2ine analysis of
NMR signalswas performed,including reewaluation of baselinesye tting the NMR

signalsand reanalysisof TE measuremets.

7.3.1 Baseline subtraction

A baselineis the responseof the NMR circuit in the absenceof target polariza-
tion. Baselinemeasuremets (normally taken after ead anneal) were performedby
changing the target magnetic eld sud that the NMR signal of the deuteron was
pushedoutside the frequencysweeprange. Baselinesand NMR signalswere stored
separatelyin Labview binary les sothat in caseof a noisy or corrupt baselinea
di®eren one could be asseiated with a given set of NMR signals.

The presenceof the polarization signal introducesa slight distortion of the
NMR circuit response. Additionally, temperature °uctuations and beam distur-
bancecan also a®ectthe shape of the NMR signal. Therefore, baselinesubtraction

is followed by a t of the quadratic polynomial to the \wings" of the subtracted
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signal with subsequen subtraction?. The analyzedNMR signal on di®eren stages

of the o2ine analysisis shovn in Figure 7.2. Note that the secondand the third

plots are almost identical, which is dueto the fact that the wings are normally very

small and the constart pedestalsubtraction sutcesin most cases.
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Figure 7.2: NMR signal on di®eren stagesof the o2ine analysis.
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Figure 7.3: TE calibration constarts for various groups. The 8§ ¥ for the groups
are shavn with horizortal solid lines. The symbols are: plus { stick 1 top, asterisk
{ stick 1 bottom, circle { stick 2 top, x { stick 2 bottom, triangle { stick 3 top,
diamond { stick 3 bottom, pu®{ stick 4 top, cross-hair{ stick 4 bottom.

7.3.2 TE constants

If a material is allowed to thermalize, the spin temperature becomesequal to the
actual (\lattice") temperature. Under these conditions the target polarization is
completelydeterminedby the magnetic eld, temperature and the magneticmomen

of the deuteron and can be calculated analytically (SeeEq. A.2). The areaunder

2|n practice, this is donein two steps: rst a constart pedestalis subtracted from the signal and
then one ts the residual wings with a quadratic polynomial. This approac permits to improve
the quality of the t.
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Table 7.2: Target polarization uncertainties.
stick 3 top 3.30%
stick 3 bottom 4.61%
stick 4 top 4.90%
stick 4 bottom 5.24%

the NMR signal measuredn thermal equilibrium (a TE constant) thus providesthe
calibration constart for the NMR measuremen

Since the target polarization in thermal equilibrium is hundreds of times
smaller than the typical polarization during production running, performing TE
calibrations is a challengingtask. All 110 TE measuremets taken during E-93026
werecarefully examined. Excluding unacceptablemeasuremets (noisy signals,non-
thermalized material, etc.) resultedin the total of 2095good signalswith from 12
to 36 signalsin oneTE measuremet Good signalswereaveragedfor ead material.
Thesegroup averageswere usedin the actual target polarization calculations.

The uncertainty on target polarization was estimated by scatter of TE con-
stants (seeTable 7.2). The TE constarts normalizedto group averagesare shavn

in Figure 7.3.

7.4 Beam polarization

The beampolarization wasmeasuredn a seriesof M¢ ller runs. Individual measure-
merts wereconmbinedinto groupsde ned by changesn the half-wave plate positions.

It has beenassumedthat the variation of the beam polarization valueswith time
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was linear, and thus the valuesof beam polarization for runs betweenM¢ ller mea-
suremens were obtained by linear ts. The details of individual measuremets are

givenin Appendix A.2

7.4.1 Hall A current leakage

The Je®ersoriLab acceleratorprovidesthe electronbeamwith (generally) di®erert
energiesand/or polarizations to three experimertal Halls. This is acieved either
by using one laser for all three Halls or using one laser per eat Hall. For the
Q? = 1.0 (GeV=c)? data, the latter wasthe case.

When running on three di®eren lasers,it is possiblefor the current of other
halls to leak into Hall C slits. SinceHall B was run in a high-polarization, low-
current mode, the leakage from that Hall was of no concern. The casewas the
opposite with the Hall A (high currernt, low polarization), resulting in a sizable
admixture of low-polarized Hall A beamin the Hall C beam.

The leakage was measuredin a procedurethat involved measuringthe beam

current with:

A. C slit open, C lasero®, A laseron
B. C slit closed

C. C slit open, both A and C laserson.
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The HMS scalerwas usedas a luminosity monitor. The leakageis given by

IIeakage = C B;
|

whereA, B, C is the HMS scalerrate for ead of the three steps.

The Hall A current leakage was normally measuredevery shift (i.e. every 8
hours). After a short bad period (with leakagesup to 9%) the leakage was kept
within 2%. Sincethe Hall A polarization is of the samesign and about half size of
that of the Hall C, the resulting correctionis lessthen 1%. Taking into consideration
other dominart errors and the statistical accuracy of the experimert, it has been
decidedto neglectthis correction. Instead, a 1% uncertainty wasaddedto the beam

polarization error.

7.4.2 Results

The results of the M¢ ller measuremets and their parameterizationsusing straight

line ts is givenin Figure 7.4. The global averageof the beam polarization was

found to be 71:88 2:4%
A breakdawvn of the total beam polarization error by sourceis given in Ta-

ble 7.3. The error is dominated by scatter in beam polarization values.
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Figure 7.4: Resultsof M¢ ller measuremets and their parameterizations.

Table 7.3: Beam polarization error.

Source Relative error(%)
M¢ ller statistics 1.20
Monte Carlo statistics 0.70
Systematics 0.47
Hall A current leakage 1.00
Scatter of measuremets 2.82
Total 3.33
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7.5 Packing fraction

The pading fraction of the polarized target is the ratio of the volumes (or thick-
nessesijf the distribution of materials over the target faceis uniform) of polarized
material and cryogenichelium insidethe target cup asseenby the beam. This quan-
tity determinesdilution of the measuredasymmetry by unpolarized helium inside
the target, which together with cortributions from other material determinesthe

overall dilution factor f .

7.5.1 Metho d of determination

Unlike other target materials, the thicknessof internal helium cannot be measured
directly, sincethe frozenammoniahasthe form of small beadsand doesnot 1l up
the volume of the target cell uniformly. Further, the pading fraction of a target
changesduring the data acquisition dueto material leakage,target anneals,changes
in the beam-targetalignmert etc. Therefore,oneobtains the pading fraction using
the obsened event rates. One can simulate inclusive event rates for targets with
di®eren pading fractions with the inclusive simulation program descriked in the
previous chapter, and then extract the actual padking fraction by comparing the
results of the simulations with the measuredrates.

The inclusive ewvert rate from a target material is essetially the product of
the crosssectionand luminosity integrated over the experimenrtal acceptance.The

total rate is the sum of rates from all target layers. Sincefor ead layer the rate is
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approximately proportional to the thicknessof the layer 3, the relation betweenthe

total inclusive rate and the pading fraction is approximately linear:

p:f: = o®set+ rate £ slope: (7.2)

Hence,one needsto perform simulations for two valuesof padking fraction in
order to determine the o®setand slope of Equation 7.1. It is corveniert to choose
the two referencevaluesof the pading fraction to be 40% and 60%. Additionally,
to avoid a systematic uncertainty related to absolute normalization we normalize

N D3 rate by carbon rate. The pading fraction is obtained by linear interpolation:

(ri rap)d0+ (reoi r)60%; (7.2)

p:f:=

Feoi lao

wherer is the ratio of the ®N D3 rate to carbon rate as measuredin data, and r 4

andrgo aremodel ratios assumingpadking fraction of 40%and 60%,correspndingly.

7.5.2 Event selection

The data were cut on the number of Cerenlov photoelectrons (hcer.npe > 2) for
pion rejection. Both Monte Carlo and data were also cut on the scatteredelectron
energy (2880 < E° < 3100MeV) to emphasizethe quasielastickinematics. The

stick 3 data were additionally cut on the horizontal raster position (beamx> 0) to

3There are nonlinear e®ectsdue to thickness-dendert radiativ e energy losses.However, they
are of the order of 1% and can be neglectedhere.
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eliminate the cortribution from the sidewall (seeSection7.6.3for details).

7.5.3 Procedure and results

The calculation of the pading fraction was performed separatelyfor two di®eren

target insertswith di®eren material loads(\stic k 3" and\stick 4"). For ead insert,

the ertire set of I®°ND; and carbon data was replayed in the single-arm mode
of the analyzer (with the neutron detector side ignored). Then a cut processor
courted ewvents that survived the imposedcuts 4. The inclusive evert rate was
normalized by dead-time correctedcharge (provided by syncfilter  output), HMS

trigger exciency, and the tracking exciency. Finally, the °>N Ds/carb on rate ratio

was formed.

The data ratio was comparedto simulated ° ratios with padking fraction of
40% and 60%. The ratios are shown in Figure 7.5(a). As one can see,the shapes
of the E%dependencedor di®eren pading fractions are practically idertical, which
con rms that nonlinear e®ectsdue to radiation are small.

The pading fraction was extracted from theseratios using Equation 7.2. The
scatter of the pading fraction valuesover E ° characterizessystematicand statistical
accuracy of the measuremen The statistically weighted averageover all E° bins
wastakenasthe nal result for the pading fraction. The systematicerror cortained

two cortributions (addedin quadrature): scatter in E° bins (3.2% for both sticks)

4The everts were courted in 32 uniform E° bins, covering range from 2660MeV to 3140MeV,
to study the systematic errors.
SseeSection 6.4 for a description of the simulation padkage
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Figure 7.5: Pading fraction for stick 4: (a) ratio of carbon rate to that for the
BND; target, (b) packing fraction.
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and scatter in inclusive rates over time (0.85%for stick 3 and 2.6%for stick 4). The

nal resultsare: 51:2 8 3:3% for stick 3 and 467§ 4:1% for stick 4.

7.6 Dilution factor

Sincethe target material is not pure deuterium, in addition to deuteronewens one
hascortributions from unpolarized scatteringon ammonia'snitrogen, liquid helium
in the target cell, NMR coils, target windows etc. As a result, the asymmetry is

\w ashedout" or \diluted". The asymmetry for scattering from all materials (2)

is:
N+ . N|
2all = 7N?” :_ Na+“; (7.3)
all all

The total rate Ny, is the sum of rates of polarized and unpolarized cortributions,
N, and N,. If we take into accour that the unpolarized rates doesnot depend on

the electron helicity, the expression(7.3) can be transformed to:

N

all — - - - - -
N+ Nj +Nj+ N5~ NS+ N+ N+ N

+ . i + P
:NpIer)q: p:N[IJ __sz:Zf; (7_4)

where 2 is the asymmetry of scattering from the pure material and the dilution

factor f is the ratio of the polarizedyield to the total yield.
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For the purposesof our experimert it is conveniert to expresspolarized and
unpolarized yields of the Equation 7.4 via rates of speci ¢ target materials. The
only polarized material in the target is the deuterium® and thus N, = N4. The
unpolarizedyield can be brokeninto cortributions from the ammonianitrogen Ny,
helium insidethe target cellN™, helium outsidethe target cell N &¢ and target walls
Nw. Sincethe relative ratio of ammonia and internal helium yields is determined

by the pading fraction, we can rewrite (7.4) as:

Ng p:f:

F= NEL+ Ngp:fi+ Nyp:if:+ NM(L p:f:);

(7.5)

where the yields for materials inside the target cell are calculated assumingthat
they 1l up its ertire volume.

Sinceyields are determined by kinematic-dependent scattering crosssections,
the dilution factor is alsoa function of kinematic variables. The coincidenceevert
rate measuredn the experimert cannotbe separatednto cortributions from speci ¢
materials. Therefore,for a proper determination of the experimertal dilution factor
oneneedsto run Monte Carlo simulations.

The simulations were performed using the customizedversion of MCEERsee
Section6.5). The simulation was run separatelyfor sticks 3 and 4 becauseof their
di®eren material thicknessegdue to di®eren pading fractions and di®eren orien-

tation with respect to the beam).

6In reality, the nitrogen also carries somepolarization, but it doesnot cortribute to the neutron
asymmetry. Seepage49.
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7.6.1 Pion contamination

In electron-rucleon scattering the virtual photon may excite the nucleonto a res-
onart state which then decas into a nucleon with an emissionof a pion. Sud
reaction medanismis known aspion electropraduction. For a coincidenceelectron-
neutron measuremenonly two suc reactionsare of interest: °*+ p! n+ % and
°"+n! n+ ¥4

Most of everts coming from thesereaction are suppressedy kinematic cuts,
in particular by the cut on the invariant mass, jW j Myj < 70 MeV, where
My = 939 MeV is the nucleonmass. However, someof pion everts becauseof Fermi
broadeningmay have kinematics similar to that of the quasielasticscattering and
thus cortaminate the measuredasymmetry. It hasbeenexperimertally veri ed that
theseewerts do not carry any statistically signi cant asymmetry. Therefore, their

cortribution (found to be 0:44%)canbeincludedinto the dilution factor calculation.

7.6.2 Misorien tation of the 4K shield

In the beginning of the data analysisit hasbeenfound that the distribution of the
ewverts along the beam direction has strange shouldersoutside the target cup (see
Figure 7.6) at jZgeam ] > 3 cm. It hasbeenestablishedthat theseshoulderswere
due to a misoriertation of the 4K shield (which surroundsthe tailpiece with the
target insert) sud that for someraster positionsthe beamwas coming not through

the thin window in the shield, but rather through the shielditself, thus transversing
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an order of magnitude larger amourt of material than expected (seeFigure 7.7).
A Geart 4 simulation (seebelow for details) shaved that the e®ectie thicknessof
the 4K shield was 1.822mm for stick 3 and 1.874mm for stick 4. The majority of
theseewens were eliminated by the standard analysiscut jZgeam < 3:2 cmj. The
residual cortribution from the 4K shield everts was estimated by tting a sum of
three asymmetric Gaussiango the Zgeay Spectrum (seeFigure 7.6) and wasfound

to be 0:23%8 0:05%. This correction was applied to the dilution factor.

7.6.3 Stick 3 rotation

When stick 3 was extracted, we found that the radiation damagepattern on the
material was consistert with an anomalouscourter-clockwise rotation of the insert
about the vertical axis. Obviously, such a rotation a®ectsthe thicknessesof the
material transversedby the beam and therefore the dilution factor. In order to
accourt for this e®ect,a C++ programwaswritten basedon Geart 4 libraries [52].
The program calculates average thickness of ead target material in the beam's
path and incorporates horizorntal and vertical displacemenh and a rotation about
the vertical axis of the target insert.

The angle of the stick rotation was determined by the 4 mm horizontal dis-
placemen of the hole target to be 15:8*. However, sincethe raster calibrations are
only accurateto about 1 mm, there is a 3:8* uncertainty in the rotation angle.

The mutual arrangemen of the beam and the rotated stick is shavn in Fig-
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Figure 7.6: The Zgeam distribution (black) decomposedinto cortributions from the
target cup cortents (red) and upstreamand downstream4K shieldwindows (green).
The boundariesof the standard analysiscut is shavn with dash-dotted lines. See
text for details.
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Figure 7.7: A top view of the cup (yellow) inside the 4K shield (red). The rastered
beamis shown in green. The beamis ertering the target on the top.

ures7.7and 7.8. As onecansee,apart from a changein the e®ectie thicknessegor
target materials inside the cup, the stick rotation givesrise to a cortribution from

the cup sidewalls.

The simulations were run with rotation anglesof 11:94*, 1582 and 19.70".

The target thicknessesbtained are summarizedin Table 7.4.
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Figure 7.8: Target insert rotation.
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Table 7.4: E®ectiwe thicknessegmm) for various target materials.

Material Stick and rotation
s3(0F) s4(1194°) s4(1582) s4(1970)
4K Shield 1.822 1.874 1.874 1.874

Drift Space  49.927 52.860 52.860 52.860
Tail Window 0.208 0.213 0.213 0.213

LHe 11.535 10.931 11.010 11.035
Cup Window 0.051 0.048 0.047 0.046
Cup Wall 0 0.573 0.637 0.687

Cup Contents 29.201 28.384 28.243 28.159

7.6.4 Results

Material thicknessesn Table 7.4 together with pading fractions (51.2%for stick 3
and 46.7%for stick 4) provide the necessarynput for the MCEEBIimulations. Simu-

lation resultsfor the nominal rotation (15:8*) of stick 3 are summarizedin Table 7.5.

Table 7.5: Simulated (e,e'n) rates from various target materials for dilution factor
calculation (stick 3).

Target Thickness Normalization Radiation  Luminosity Rate
(cm) factor® length (%) (*A ¢g=cm?) (per 100nC)
2H 1.581 1.0 0.38 0.04775 0.739
He 2.419 0.85 0.37 0.02058 0.215
15N 1.581 0.55 2.93 0.11937 0.183
Al 0.014 0.50 0.157 0.00754 0.009
Cu 0.01 0.50 0.70 0.00896 0.017
Ni 0.0043 0.50 0.30 0.00383 0.007
inelastics { { { { 0.005
total { { 5:96™ { 1.175

® SeeSection6.5.2for de nition.
“% Includes materials not seenby HMS (and thereforenot included into the table).

Using Table7.4it is straightforward to obtain ratesfor stick 4 and for alternate
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rotations of stick 3. The dilution factor of the stick 3 is 627% for the nominal angle
and 628%for 11:94*, i.e. the uncertainty in the rotation angleis about 0:1%relative.
For stick 4 the result is 626%. The uncertainty in the dilution factor was estimated
by comparingthe measuredrateswith Monte Carlo predictions and wasfound to be
2:6% relative. With this, for the statistically weighted dilution factor for the ertire

data setonehas 6268 1:6%.

7.7 Corrections

Before the experimertal asymmetry can be usedfor extraction of the Gg, it needs
to be correctedfor dilution and/or cortamination from unwanted badground (ac-
cidertal coincidencesmulti-step reactions, misiderti ed protons), lossof ewverts in

electronics (electronics deadtime) and bias of reaction kinematics due to electron

energylossby radiation.

7.7.1 Radiativ e corrections

In the analysisof the experimertal data we dealwith measured valuesof the reaction
kinematics. These,howewer, in generalmay di®erfrom the actual, or vertex kine-
matic quartities. The main medanism responsible for this di®erencels radiative
energylosshby both incident and scatteredelectron.

Since the bremsstrahlungphotons are not obsened, one needsagain to re-

sort to simulations to estimate the e®ectof these energy lossesand correct for
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it. The MCEEmnitates the e®ectsof internal and external radiation by sampling
bremsstrahlungphotons accordingto the bremsstrahlungspectrum. The photons
are emitted alongthe direction of either the incidert or the outgoing electron(peak-
ing approximation). Radiative e®ectscan be turned o® by disabling the corre-
sponding option in the input Te. The value of the acceptanceaveraged Monte
Carlo asymmetry with the radiation o®is then comparedwith the nominal value
(radiation on) and the ratio betweenthesetwo givesthe desiredradiative correction.

This procedurewas done separatelyfor internal and external radiative e®ects
and yielded a 0:558 0:50% correction for the internal radiation. The correction
due to the external radiation was found small due to the statistical Monte Carlo

uncertainty of 0:50%

7.7.2 Paddle inexciency

The particle identi cation algorithm was basedon the hit in one of the paddle
planes. The probability for a proton to producea hit in a paddle plane (i.e. paddle
exciency) is very high, but still belov 100%. A proton that did not re a paddle
was likely to be iderti ed as a neutron. As the protons have the asymmetry of
the opposite sign (comparedto that of the neutrons) and have a larger quasielastic
scattering crosssection, even a small paddle inexciency can result in a sizeable
contamination of the neutron asymmetry.

The cortribution of misiderti ed protonsto the total measuredneutron asym-
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metry A can be found as:

Ny N,;+Ngi Nj
= Ne+ N =
_ NpAp + N

A N
P YA+ ZPA 7.6
Not Ny " N ™ (7.6)

WhereN:((pi)) is neutron (proton) yield for positive (negative) beam helicity, A, is
the \clean" (uncontaminated) asymmetry of neutrons (protons), and we usedthe
fact that Np ¢ Ni.

Expressingthe conmbined inexciency of paddle planes? through individual

plane exciencies?;., we obtain the following formula for the asymmetry cortami-

nation ¢ A:

CA=(Li Z)(Li 2)\"Ay @.7)

The paddle plane exciencieswere calculated using 2-out-of-3 (one paddle +
one bar) ewerts in the rst three detector planesand were found to be 96.0%and
98.3%for planes1 and 2, correspndingly. The N,=N, ratio was extracted from
our experimertal data. It wasfound that initial proton-to-neutron ratio of 6:1 was
reducedby the p,q < 0:08 cut to 1:2. Finally, the proton asymmetry A, was also
taken from our experimertal data to be j 152%. Plugging thesenumbersinto the
Equation 7.7 we obtained the proton cortamination correction of order 50 ppm,

i.e. about 1% of the size of the statistical error of the measuredasymmetry, and
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therefore negligible.

7.7.3 Electronics deadtime

When the courting rates in detectors are high, the data acquisition system may
start losing events. This is known as deadtime. The experimertal deadtime can
be divided into computer deadtime (loss of everts due to the BUSY status of the
DAQ) and electronics deadtime. The computer deadtime is taken care of by the
data stream preprocessor(seeSection6.2) and thus we only needto correct for the
electronicsdeadtime.

The lossof events in electronicsoccurs due to overlap of signalsthat have a
“nite time width. Sincethe principal trigger in the experimert wasthe HMS trigger,
the neutron detector electronicsdid not cortribute to the deadtime.

The HMS electronicsgeneratedHMS gatesof 4 di®eren widths: 30 ns, 60 ns,
90 ns and 120ns. By observingthe dependenceof the evert rate on the gate width
and extrapolating it to 0 ns onecan nd the \ideal" HMS rate. The deadtimeis
then the di®erencebetweenthe 30 ns gate rate and this 0 ns extrapolated value.

Three randomly chosenruns were studied. Typical results are shovn in Fig-
ure 7.9. The values of the correction is of the order of 15-30 ppm and thus is

negligible given the statistical accuracyof the experimert.
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Figure 7.9: The number of HMS ewvents asa function of the gate width (run 43021).

7.7.4 Acciden tal background subtraction

Although most of the unwanted badkground is eliminated from the analyzeddata
by the coincidencetiming cut (j 5ns < ¢t < 3 ns), someof it survivesthis and
other cuts. As the asymmetry assaiated with the badkground may (and most likely
will) di®erfrom the neutron asymmetry, it is desirableto estimate the level of the
badground and correct for its e®ects.

It is straightforward to calculate the fraction of accidenal hits under the co-
incidencepeak. This can be doneby examination of the hit meartime spectra (see
Figure 7.10). Determination of the number of accideral tracks within the coinci-
dencewindow requires more sophistication, becausethe relation betweenhits and

tracks is very non-trivial. There are generallythree possibilities. An accidenal hit
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can.

2 form a new track

2 conbine with an existing track

2 destroy an existing track by pushingits averagesoutside the cut windows.
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Figure 7.10: Hits meartime distribution. Note that the tail of delayed everts after
the coincidencepeak.

It is hard to estimate the relative contributions of these medanismson an-
alytic grounds. Instead, a simpler approad was adopted. It was assumed,that
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the relationship betweenthe total number of tracks and the number of accidenal
hits is approximately linear (for reasonablylow badkground). Then the number of
\pure" tracks (no acciderals) can be obtained by extrapolating the dependenceof
the track number on the level of badkground hits to zerobadground. The number
of badkground hits was cortrolled by adding extra coincidencewindows.

Two sudc windows were used, \early 1" (j 215 ns < ¢t < j 110 ns) and
\early 2" (j 320ns < ¢t < j 21:5ns), both having the samewidth asthe nominal
coincidencewindow (j 3ns < ¢t < 7:5ns). The resultsareshownn in Figure 7.11. A
straight line t to the data points shovsthat our assumptionof a linear relationship
betweenthe number of badkground hits and the number of resulting tracks is valid.

The relative badkground (de ned asthe ratio of badkground to \clean" coinci-
dencetracks) is slightly di®erern from the relative excesgratio of background tracks
to all tracks) plotted in Figure 7.11. The relative background averagesover the ertire
sampleof analyzeddata (16 runs) are givenin the Table7.6. The global averagewas
calculated from badkground in windows earlyl, early2 and early12 using weighing

factors of 30%, 30% and 40% respectively, and was found to be 0:518 0:23%.

Table 7.6: Badkground study results. "Early12" refersto tracks with both earlyl
and early2 windows open. The numbersare relative badkgrounds (%), asde ned in
the text.

courts earlyl early2 earlyl2 average error
44583 0.62 0.43 0.49 0.51 0.23
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Figure 7.11: Relative track excesgi.e. relative changein the number of tracks dueto
additional badkground) versusthe badkground level. The three points correspnd to
normal data (coincidencewindow only), oneextra \early” window, and both \early"
windows.

7.7.5 Multi-step reactions contamination

The vast majority of neutronsdetectedin the neutron detector comefrom quasielas-
tic d(e; eh) scattering in the target material. Howewer, a small fraction of neutron
ewverts are brought up by charge excdhange reactionsin the lead curtain and the
target material. Additionally, deca of pions generatedin the lead producespho-
tons that cannot be distinguishedfrom neutrons. Contributions from thesereaction
medanismscarry proton asymmetry, which hasthe opposite sign comparedto the
neutron one, and thereforeit is important to correct for thesee®ects.

In the analysisof E93-026the following multi-step reactionswereinvestigated:
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2 in the lead shielding

{ d(e;eY) followed by 2°8P k(p;n)

{ d(e;e%) followed by 2®Pk(p;¥4) and 4! °°

2 in the target material

{ d(e;e%) followed by °N (p;n)

Charge exchangein the deuteronitself is included in the theoretical calcula-
tions asa part of nal state interactions and doesnot require a correction. Charge
exchangein other target materials doescortribute to the scatteringasymmetry, but

is negligible comparedto the nitrogen.

Charge exchange in the lead

The sizeof the cortribution of the chargeexdangein the lead was estimated using
Monte Carlo simulations. For proton kinematics, actual distributions from experi-
mertal data wereused. The proton energywascorrectedfor the energylosssu®ered
in the lead. The emitted neutron was generatedusing 2°P b(p;n) crosssectionfrom
the charge exdhange studies of the Basel Gy, experimert [73]. Sincethe angular
dependenceof the 2°®P(p;n) crosssectionis not known, two extreme caseswere

considered:
2 sameangular dependenceasfreepj n scattering

2 no angular dependence
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The straight averageof the resultsfor the two casesvasusedin the simulation.
The di®erencebetween the two answers (26.7%) was included in the systematic
uncertainty.

For simplicity, the neutron detector in the simulations was replacedwith a
cube of dimensionsgiven by the enclosureof all bar planes except the extended
top of plane 3. Neutron detection exciency 2 was calculated as a function of the
pathlength x, 2 = exp(j ®). The constart ® was calculated using the KSUVAX
program[71] and wasfound to beindepender of neutron energy(within 10%)above
the threshold energyof 55 MeV.

As we noted earlier, the neutronsgeneratedby chargeexdangecarry the pro-
ton asymmetry, thereforethe simulation usedactual proton asymmetriesmeasured
in E93-026as functions of various kinematic variables.

The resulting correction is j 3:15%8 3:01%. The error is dominated by the

uncertainty in the charge exchangecross-sectior|74].

7.8 Results

7.8.1 Extraction of G}

The GE extraction procedureis very straightforward. First, one calculatesrun by
run asymmetries(seeFigure 7.13) and their statistically weighted average. Then

all relevant correctionsare applied (accidenal badkground, radiative e®ectscharge
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exdangeetc.). In parallel, oneaverageghe theoreticalasymmetry over the detector
acceptancefor di®eren valuesof GE Finally, the G is found as the solution of
the equation Aey, = Ateor (GE) (SeeFigure 7.12).

The time ewlution of neutron asymmetriesis shovn in Figure 7.13(a). In
order to improve the statistical resolution, group averages(rather than run-by-run
asymmetries)are plotted there, where the groups are de ned by changesin beam
and target polarizations. The scatter of individual points is purely statistical, as
con rmed by Figure 7.13(b) wherea A? distribution for run-by-run asymmetriesis
plotted in comparisonwith the theoretical curve.

The asymmetry was also calculated for proton ewens. Since proton form
factors are better known at our kinematics, proton asymmetriescan be compared
to the theoretical predictions, thus providing a ched of experimertal systematics.
Also, we have much (roughly by a factor of six) more proton evernts thatn neutron
ones,and they carry a larger asymmetry, sothe statistical resolutionis much better
for protons. The results of the proton asymmetry study are shown in Figure 7.14.
The agreemenh betweenthe theoretical calculations and experimertally measured
proton asymmetriesis excellen.

The global averagefor the neutron asymmetry (correctedfor beamand target
polarizationsonly) wasfound to be 4:0318 0:471%. After applying the dilution factor
and other correctionsit becomes:6418 0:776%. The linear interpolation ’ between

the AY, valuesfor GI = 1:1 Ggaster and G = 1:3 Ggaster gives0:04238 0:00506

"Higher order e®ectsare smaller than 0.05% (relative) and thus neednot be considered.
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Figure 7.12: The G extraction plot. The charge form factor of the neutron is
plotted as the function of the measuredasymmetry The solid line is the 't to
the sampled points (black) points. The red point is the corrected experimertal
asymmetry (6:648 0:78%).
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Figure 7.13: Statistical properties of neutron asymmetries:(a)
neutron asymmetries?; versusrun number i (the dashedline correspndsto the
global statistically weighted average),(b) distribution of A? = [(3;j I?i)=¢ 2;]> com-
pared with the theoretical A? distribution with one degreeof freedom (solid line).
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Figure 7.14: Proton asymmetries:Monte Carlo (solid line) comparedto data (open
circles).

for the GE (1:172 Ggaster ). When calculating the theoretical asymmetries, the
dipole parametrization for the magnetic form factor of the neutron was assumed.
Howewer, recent measuremetindicate that the true value of Gy, deviatesfrom the
dipole parametrization: Gy, =Gp = 1:0728 0:014[75]. Monte Carlo simulations with
is linear. With this, the

di®eren valuesof Gy, shawed that its e®ecton the G}

“nal value for the G becomes:

G = 0:0454§ 0:0054 (7.8)

where the uncertainty is statistical. Systematic uncertainties will be consideredin

the remainder of the section.
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7.8.2 Kinematic uncertain ties

The leading kinematic uncertainty is due to the horizortal position of the neutron
detector. The initial comparisonbetweeny,s (i.e. horizortal position of the nucleon
track at the 3rd plane) spectra of the data and the Monte Carlo revealeda 4 cm
discrepancywhich wasattributed to a biasin the survey measuremenof the neutron
detector angle. In order to determine the impact of this uncertainty, the data
analysiswas repeatedwith a shifted neutron detector position.

This shaved that a 5 mrad shift in the neutron detector anglechangesthe AY,
(and therefore, G ) by 2.4%. Sincea 4 cm shift in ypes COrrespndsto a 6.4 mrad
shift in the angle,the uncertainty due to the neutron detector position is 3.22%.

The next largestkinematic uncertainty is the onedueto the eld angle. This
guartit y was measuredby surveyors to the accuracyof 0:1*, which propagatesto
0:99%uncertainty in AY,, asfound by Monte Carlo simulation with a shifted target
“eld orientation. Other kinematic uncertainties werealsostudied usingMonte Carlo

simulations and were found to have a small impact (seeTable 7.7).

7.8.3 Other experimental uncertain ties

The combined kinematic uncertainty together with other sourcesof the systematic
error are giventhe Table 7.8. The largestuncertainty is the onerelatedto the target
polarization (4.6%). Other important cortributions include the conbined kinematic

uncertainty, beampolarization error and the charge exdhangeuncertairnty.
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Table 7.7: Kinematic uncertainties.

quartity original error propagatederror

beamenergy 1.7 MeV 0.29%
spectrometermomenum 2:8 MeV 0.36%
spectrometerangle 1 mrad 0.6%

target eld 0:1* 0.99%
vertical position of the nDet 4.8 mrad 0.58%
horizontal position of the nDet 6.4 mrad 3.22%
total | 3.47%

Table 7.8: Systematicuncertainties.

quartity relative error
target polarization 4.60%
beampolarization 3.30%
dilution factor 2.63%
charge exdhange 3.01%
magnetic form factor 2.29%
total kinematic uncertainty 3.47%
radiative correction 0.50%
accidertal badground 0.23%
total 8.10%
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Sincethe asymmetry dependsnot only on the charge form factor of the neu-
tron, but also on the magnetic one, which is known with a limited accuracy the
Gy uncertainty of 2.29% must also be included. The overall error is obtained by
conbining all partial errorsin quadrature and is found to be 8.10%. With this, the

“nal result of the experimert becomes:

GL(Q? = 1:0) = 0:04548 0:00546tat) § 0:00376ys): (7.9)

7.8.4 Reaction mechanism dependence

In orderto investigatethe e®ectof variousaspectsof the reaction medanismon the
extracted value of G¢ the extraction procedurewas repeatedwith the valuesof the
theoretical asymmetriescalculatedin two simpli ed models: PWIA+R C (relativis-
tic impulse appraximation) and FSI+R C (the former plus nal state interactions).
Sincewe are only interestedin the relative size of various nuclear correctionsand
sincethe relation betweenthe extracted GE and the model value of Gy, is linear,
the dipole parametrization was usedfor Gy, for all three models.

The results of this study are presered in Table 7.9. The e®ectf the meson
exchangecurrents and isobarcon gurations are thus small (of order of 2%), whereas
the e®ectof the nal state interactions is somewhatbigger (» 5%).

These numbers compare very favorably to analogousestimates for the un-

polarized measuremets, where the e®ectsof nuclear correctionsof 10j 30% are
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typical. Also, comparisonwith calculationsfor Q2 = 0:5 (10.5%di®erencerom the
full calculation for PWBA+R C and 2.4%for FSI+R C) shawv that thesecorrections
becomerelatively lessimportant at higher Q2.

The impact of the choiceof the N | N potential on the AY, is negligible for

quasifreekinematics [36)].

Table 7.9: Reaction medanism dependenceof GE All calculations assumedipole
parametrization for Gy, .

model Gg impact(%)

Full 0.0423 {

PWBA + RC 0.0397 6.1

FSI + RC 0.0415 1.9

7.8.5 Parametrization of G§

Traditionally, G¢ is parametrizedusing the so-calledGalster parametrization

atné
1+ be

Gagalster = i Gp; (7-10)

with a= 1,b= 5:6,Gp = (1+ Q?=a?)i 2anda = 0:71(GeV=9?2. This parametriza-
tion, basedon low-Q? data from early 1970's [16], cortinuesto work well even for
higher Q? data. However, the improved precisiondata from this experimert and the
results of a recert recoil polarimetry measuremehin JLab Hall C [27] now reveal a
sizeabledeviation from the cornvertional Galster t.

We performeda t to the world G} databaseusing the traditional Galster
form (7.10). The tting procedureyieldeda = 0:868 0:04 and b = 3:068 0:46
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with the A? per degreeof freedomof 0:71. The charge radius measuremen [10]
was included into the tted databaseto constrain the slope of G2 at low Q2. The

comparisonof the t with the experimertal data can be seenin Figure 7.15.
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Figure 7.15: Results of the 2001 run of E93-026(2001run { red stars, 1998run {

cyan triangle) comparedwith other experimertal data (seeFigure 8.7 for description
of the markers). The solid line is the improved Galster t of Section7.8.5.
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Chapter 8

Theoretical predictions of G2

8.1 Asymptotic behavior

Modern physicsseedhe nucleonasthree valencequarksdressedwith a seaof quark-
antiquark pairs, interacting by meansof gluon excdange. The ultimate description
of the nucleonis to be given by quantum chromodynamics(QCD). At the low and
intermediate momertum transfersthe QCD calculationsare not feasible(due to ex-
treme nonlinearity of the interaction). At the high momertum transfers, however,
the quarks behave as free patrticles (this feature of QCD is known as asymptotic
freedom). Therefore,for large Q? the running coupling constart of the strong inter-

action ®(Q?) becomessmall and perturbativ e techniquescan be applied.

8.1.1 Dimensional scaling laws

Certain conclusionsabout the asymptotic behavior of the form factors can be made

without performing the actual perturbative QCD (pQCD) calculations. Consider
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high energyej N scattering. In order for the nucleonto keepits identity and
remain in the ground state after the interaction (i.e. for the scattering to occur
elastially), it is necessarythat all the quarks cortinue to move collinearly after the
virtual photon is absorted. Therefore,the struck quark must shareits momertum
with the other constituerts by meansof gluon exdange. In the most generalcase
of n constituerts, this involvesn j 1 gluon exdhanges. As ead gluon propagator
brings in a factor of 1=Q?, this meansthat the scattering amplitude would go like
1=(Q?)"i 1. Hencethe Fock statesinvolving gluons and seaquarks are suppressed
comparedto the leading order cortribution from two gluon exdange betweenthe

three valencequarks (Figure 8.1).

Figure 8.1: Elastic ej N scattering amplitude at high Q2.

Sincea nucleonhelicity °ip requiresa °ip of helicity of a nearly masslessjuark,
the spin-°ip amplitude (described by the Pauli form factor F,) is suppressedelative
to the non-°ip one(describedby the Dirac form factor F1). Analyticit y suggestghat
the suppressionfactor dependsrather on Q? than on Q, and a natural assumption

(but not a rigorous prediction) is 1=Q?. With this, the asymptotic behavior for the
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Dirac and Pauli form factors becomeq76]

Fp» 1=Q% (8.1)

F, » F1=Q% (8.2)

The equations8.1 and 8.2 are known as dimensional saling laws
If one expresses-; and F, in terms of Sadhs form factors, one arrivesat the

1=Q* asymptotic dependencefor both Gg and Gy, .

8.1.2 Perturbativ e QCD calculations.
Magnetic form factors

The dimensionalscaling laws only give the leading power asymptotic behavior for
Q?! 1 . More information (normalizations, logarithmic corrections,etc.) can be
obtained by performing the actual pQCD calculations.

The perturbative approad is basedon QCD factorization theorems, which
allow scaleseparationbetweenthe short-distanceand long-distancemotion of the
partons. The short-distance (high momertum) motion correspndsto hard (per-
turbativ e) physics,while long-distance(low momertum) motion correspndsto soft

(non-perturbativ e) physics.
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For the helicity conservingform factor of the nucleont onehasin pQCD :

Zl Zl
Fi(Q%) = [dxi]  [dyilA(xi; Q)T (xi;yi; QA(Y:; Q); (8.3)

0 0

whereTy (Xi;Vi: Q) is the hard scattering amplitude, A(x;; Q) is the minimum Fock-
state wave function integrated over transversemomerta, X; is the longitudinal mo-
mertum fraction carriedby the i-th valencequark, and [dx;] = dx;dX,dxs#(1 P i Xi).
It is straightforward to expressTy in terms of momertum fractions x;. The situa-
tion is more complicated with the soft wavefunction A(y;; Q). By using QCD sum
rules, onecanextract the momerts of this wavefunction from the experimertal data.
Sinceonly a nite number of momerts is known, suc parameterizationsare model-
dependen. If oneis only interestedin the logarithmic corrections,one can usean

expansionof A(x;; Q) in a seriesof eigensolutionsof the ewlution equation [77].

; s ; H QZﬂi n
AlXi;Q) = XaXoXs  @nAn(xi) In 3 ; (8.4)

n=0

wherex isthe QCD scaleparameter,and a, and °,, aresomeconstarts. Calculations

performedwith the soft wavefunction (8.4) give for the form factor F:

u QZﬂiOniom

2y X
32V ®Z(Q?) B I [1+ O(&(Q%):m=Q)]:  (8.5)

F1(Q%) = 9 o

nym

Sincethe helicity-°ip amplitude (assaiated with the Pauli form factor F,) is sup-

1Or more generally, any baryon.
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pressedfor high Q?, for the leading term of the left-hand side of the Equation 8.5
can be replacedwith Gy :

32/ ,®(Q°) Mol

Gu (Q?) ! 5 o In = (8i ) (8.6)

where g; (g ) is the mean charge of quarks with helicity parallel (antiparallel)

to the baryon's helicity (for nucleonse] = 1, € sand e = 3),

G =0 =

o= 11i (2:3)nflavor-

Electric form factors

The cortribution of the Pauli form factor F, to the electric form factor Gg is am-
plired by a factor of Q? and therefore cannot be neglectedin the limit of Q2! 1 .
As we have already mertioned earlier, F; is related to the helicity-°ip amplitude.
There are two medanismsof a hadron helicity °ip: quark massesand quark orbital
angular momerntum. Sincethe quark massesare small, it is generally believed that
the latter medanismis dominart.

Therefore, calculating the Pauli form factor F, requiresaugmeration of the
standard formalism with the parton orbital momertum. This technology has been
recernly deweloped by Burkardt, Ji and Yuan [78]. Basedon it, Belitsky, Ji and
Yuan have performedthe calculations[79. By using so called collinear expansion

(expansionof the hard part of the diagramin k?=Q?, wherek; are quark transverse
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Figure 8.2: A two-gluon exchange hard scattering diagram for FY. Permutations
and mirror imagesneedto be added.

momerta), they expressFJ in terms of twist-3 and 4 amplitudes ©3, ©, and 2 , as

Z
FP(Q%) = [dX][dy]fxs©a(x1; X2; X3) Te(f xg; f yQ)

+X12 4(X2; X1; X3) Ta (fxQ; FyQ)©s(y1; Y2; ¥3)9; (8.7)

wheref xg = (X1 X2; X3), the squarebrackets have the samemeaningasin (8.3), and
T .¢ are hard scattering diagrams(Figure 8.2 and its permutations and re°ections).
The exact solutions for the wavefunctions©3, ©, and 2 4 can only be obtained by
solving QCD non-perturbatively. Howewer, their asymptotic form for large Q2 is
known [8Q]:

©3 » X1X2X3,©1 » X1X2;2 4 » X1X3! (8.8)

When trying to calculate (8.7) with wavefunctions (8.8) one endsup with diver-
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gert (due to end-point singularities) integrals. The authors arguethat higher-order
pQCD resummation (the Sudalov form factor) provides an e®ectie cut-o®for the
integrals at small x » ©?=Q?, whereu is a soft scaleparameterrelated to the size
of the nucleon. As a result, the Pauli form factor receives an additional logarith-
mic correction comparedto the Dirac form factor, and the high-Q? prediction (8.2)

modi es to:

Q°F2(Q%)=Fy(Q?) » In*"*7) Q?=a?: (8.9)

wherefor practical purposesthe 8=(9 ) term can be neglected.

8.1.3 Comparison with experiment

At the momen, accuratehigh-Q? data is available only for G},. G}, and GE have
only been measuredat moderate Q2 (up to 4 and 6 (GeV=c)® corresmndingly),
while G! is yet to be exploredat Q2 > 1.5 (GeV:c)Z.

The Figure 8.3 shows the magnetic form factor of the proton (for corvenience
plotted as Q*G},). The asymptotic behavior appearsto setin at appraximately
5 (GeV=0? (the slow variations obsenable at high Q? can be ascribed to log cor-
rections).

Whether or not this meansthat pQCD is valid at the Q? of a few (GeV=0?,
is still an open question. Skeptics beliewe that the agreemen between the Gf,
behavior and the pQCD predictionsis mereluck. It hasewven beenclaimedthat no

reasonablevavefunction canreproducethe correct normalization of the form factors
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[87]. Carlsonand Grosshave shown that sud a wavefunction does exist, although
our present level of knowledgeis not suzcient to tell whether this wavefunction
realistically describesthe actual distribution of the parton momertum fractions in
the nucleon[8§].

This discussiorwasfurther stimulated by recen resultson the form factor ratio
of the proton, GE=1,GF, [89], [90], [91], which exhibit a linear decline of the ratio
from 1 at 0 down to 0.27at 5:5 (GeV=0d?. This correspndsto Q2?F,=F; cortinuing

to climb up, rather than setting in accordancewith the nafve pQCD expectation

2]t is probably worth mentioning herethat thesenew results badly disagreewith the older ones,
obtained with the Roserbluth separation (see[92] for a review) where this ratio stays roughly
constart up to Q% = 6 (GeV=c)2. A number of theorists suggestedthat the disagreemen is due
to the 2° exdchange[93], [94].
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Q?F,=F; » 1 (seeFigure 8.4). One possibleexplanationis that the truly asymptotic
regimedoesnot occur until much higher Q? (of at least 10 (GeV=0?), and the early
scalingof G}, is accidenal.

As an alternative explanation, sometheorists have pointed to the violation
of hadron helicity conseration (HHC) rule [95. The HHC rule is a natural conse-
guenceof the pQCD factorization scheme. The hard scattering kernelis azimuthally
symmetric to the leadingorder. The dependenceon the azimuthal anglecomesfrom
the quark transversemomerta, k® = (ky § iky) = jR,jexp(§iA), which are small
comparedto the large momentum transfer, jK>j » gqcp ¢ Q [96. If the quark
orbital angularmomertum in the initial andthe nal statesdi®ersby ¢ m units, the
integrand in the pQCD factorization integral will receiw a factor of exp(i¢ mA). In
order to survive the integration by dA this factor needsto be cancelledby a corre-
sponding term from the expansionof the hard kernelin the transversemomertum.
As a result, the cortribution from the quark orbital angular momentum (OAM)
becomessuppressedy (k§ =Q)* ™ » (2qcp=Q)*™. Sincequark current massesare
small and cannot °ip the hadron helicity, suppressionof the cortribution from the
guark OAM leadsto the consenation of the helicity of the hadron, i.e. the HHC
rule.

Critics of the HHC stressthat despitethe theoretical attraction of the HHC
rule, there are many experimertal situations in which helicity consenration is not

obsened[97]. Further, it is arguedthat by making somesimple assumptions(which
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are not in con’ict with the pQCD itself, but rather with the speci ¢ \asymptotic

short distane" approad usedin HHC derivation) one arrivesat the scalinglaw of

QF,=F; » const; (8.10)

which ts the obsened data quite well [95], [98].

Howewer, the result of the direct pQCD calculation by Belitsky, Ji and Yuan
descriked in the previous section, is alsoin an excellen agreemen with the JLab
data. Thus, the behavior of the F,=F; ratio for the proton can be interpreted as
a consequencef the QCD logarithmic corrections (as earlier suggestedby Brod-
sky [77]) rather than an evidencein favor of the HHC violation. It should be noted
though, that the authors do not insist that the obsened scaling of the JLab data
with (8.9) is a truly asymptotic behavior. They remark that their calculation of
QPF(Q?) with asymptotic wavefunctions of [99] recavers only 1/3 of the JLab ex-
perimertal value at Q% = 5 (GeV=9?. From that they concludethat higher-order
correctionsand higher-twist e®ectsare still important at this kinematics, and sug-
gestthat the scalingmay be a precaciousonewhich owesits existenceto somesubtle

cancellationsin the ratio.
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8.2 Disp ersion relations

In the theory of functions of a complex variable, the analyticity of a function re-
quiresits real and imaginary parts to be related to eat other by meansof socalled
dispersionrelations (DR). If onede nesthe four momertum transfer onthe complex
plane and imposessomeconstrairts due to the properties of the scattering matrix
and the analytic behavior of the scattering amplitudes (so called unitarity and su-
perconveilgen@ requiremens), then onearrivesto a setof integral equationsrelating

elastic form factors F;., to the absorptive onesF ., [4]:

Z
Q_2 ! dz Fl;Z(Z)
Ya ump,  2(z+ Q% 2)

F12(Q%) = F1,2(0) | (8.11)

The relations (8.11) are also known as spectral massrepresetmations, and the
absorptive form factors are called spectral functions. The spectral functions charac-
terize the nucleonstructure asprobed by a timelike (i.e. Q% < 0) virtual photon and
cortain cortributions from all statescoupledto the NN state that canbe produced
electromagnetically Thus it is dizcult to calculate the right-hand side (8.11) on
purely analytical grounds. Therefore,in order to usethe dispersionrelations formal-
ismfor calculation of the elasticform factors, oneneedsto make further assumptions
about the form of the spectral functions.

The simplest way to addressthe dispersion relations (8.11) is by assuming

completedominanceof its right-hand side by low-lying resonances.This approad
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(known as vector mesondominance)will be discussedn the next subsection.

A recent DR analysisof the elastic form factors of the nucleonby Mergell et
al. [100 employs a more sophisticated model, which usesthe extended unitarity
relation of Frazerand Fulco [10]] to expressthe absorptive isovector form factorsin
terms of the YN P-wave partial wave amplitude and the pion form factor corrected
for ¥4 ! mixing. In addition to the two-pion cortribution, three heavier excitations
18 18%nd 4%vere addedto the model and werefound to have a signi cant impact.
The low-Q? behavior of the form factor was xed by the experimertal data on
nucleon charge radii, whereasthe asymptotic behavior at high-Q? was determined

by built-in constraints from the perturbative QCD.

8.3 Vector Meson Dominance

The conceptof the vector mesondominance(VMD) wasintroducedby Sakurai[107.
The basicidea s that the interaction of a (virtual) photon with a nucleonis dom-
inated by quark-artiquark pairs which overlap with vector mesonstates. In the
languageof dispersion relations this meansthat the massspectral functions can
be well approximated by a set of delta functions correspnding to sharp meson
resonances:

X
FY;S(QZ) — Aii(QZ + mlz)’ (812)
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where the superscripts V; S refer to isovector (V) and isoscalar(S) form factors,
i = 11 : A:::is the mesonicindex, m; is the massof the meson,and A; are constarts
depending on photon-mesonand meson-micleon coupling strengths. It is straight-
forward to seefrom Equation 8.11that ead delta function will result in a pole-like
term

Ai=(1+ Q*=md): (8.13)

The pole-like form factors of VMD were very successfuin describingthe early (low
Q?) form factor data. In fact, the prediction of existenceof the ¥2mesonby Nambu
in 1957 was inspired by the experimertal results on the proton and neutron form
factors[103. Howeer, the asymptotic behavior of the monopole form factors (8.13)
is at oddswith the dimensionalscalinglaws (8.1) and (8.2). Therefore,modernVMD
models are forcedto have a correct asymptotic behavior by either using\in trinsic"
form factors or adding phenomenologicaterms.

The rst work to include the pQCD asymptoticsinto a VMD model was that
of Gari and Kr Ampelmann[104. They usedthe extendedversionof VMD (EVMD)
where the photon-nucleon interaction has a purely photonic part in additional to
the traditional mesonpoles. A complete decoupling of the A mesonfrom the nu-

cleonwith accordanceto the OZI rule® [105 was assumed.Thus, the isovector and

3The OZI (Okubo-Zweig lizuka) rule statesthat the disconnected(\hairpin") diagramsare sup-
pressedwith respect to the continuous quark line graphs. According to this rule, non-strangeness
of the nucleon meansthat coupling with the strange mesons(A, K) is small [109, [106, [107,

[108.
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isoscalarform factors were determinedby the %2and ! mesonscorrespndingly:

Comg g Mg
FiV(Q%) = 2_ZEy 1) 2 (Q? 8.14
1 (Q) m12/2+ szlﬁ | fl/z 1(Q) ( )
* m122 L . - A s
v FZIV(QZ) = m2 +/Q2 f/?l/ v f/%/ FZ(QZ) (8.15)
Yo Y Y
. m? | o
FQY) = =1 szg— + 1 ?— F1(Q?) (8.16)
, ! ! 'q
m? 10 g
vF;3(Q%) = m% + s % F2(Q%): (8.17)

The intrinsic Dirac and Pauli form factorsweretakenin a form providing the pQCD

high-Q? behavior:

2 of oj
Fi(Q7) = (8.18)
af+ Gojr &
n #
F2(Q°) = ; (8.19)
i+ @ olr &
3 ’ 3 ’
a2+ 02 a2 . — .
where @2 = Q%log 232 =log —2— . A simultaneous 't to available at that
QCD QC D

momert cross-sectiordata yielded an excellett A% per degreeof freedomof 0.43and
the valuesof free t parameterswere found to be closeto the SU(3) expectations
(or experimenrtal values).

In alater work [109 Gari and Kr dmpelmannupgradedtheir model to include
the e®ectsof the strangenesscorient of the nucleonand introduced a helicity-°ip
scale. By that time (1992), more experimertal data on the nucleon form factors
have becomeavailable, including SLAC measuremets of the GE=G}, ratio with

the Rosemluth method. It was demonstratedthat the increaseof the G2 over the
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dipole value Gp could be achieved by setting the helicity-°ip scaleto the meson
scale,whereasthe traditional model with the helicity-°ip scaleequalto the QCD
scalengcp resultsin a declineof GE with respect to the Gp. Another interesting
result of this work is that the G is sensitive to the cortribution from the A meson
at moderate Q?, and therefore can sere as a probe of the strange cortent of the
neutron.

The work in this direction was cortinued by Lomon [11(J. He studied two
families of models: three modelsbasedon the original Gari-Kr Ampelmannapproad
(\GK models") and four modelswith the Yamesonpole replacedby a ¥41450)-meson
pole plus an appraximation for the ¥2mesonterm in the dispersion-relationsintegral
from [100 (\DR-GK" models). The menbers of a model family di®er between
themsehes only by details of cut-o® and normalization parameters. It was found
that the GK-DR model generally give a better agreemeh with the data than the
GK Tts. The relatively high A? of the ts (about twice the number of degreesof

freedom)was explainedby inconsistenciedetweendi®eren experimertal data sets.

8.4 Quark models

8.4.1 Nonrelativistic quark models

The picture of a nucleorf as consisting of three quarks in a con ning potertial

started to emergen early 1960-sn pioneeringworks of Zweig[104, Gell-Mann [111]]

“More generally, any baryon.
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and many others. Despite its simplicity, the model had remarkable successe
explaining hadronic massspectra and radiative transition amplitudes, and is still
widely usednowadays.

The key elemen of the model is the SU(6) spin-°avor symmetry® which allows
to make two important predictions about the form factors without even making
any speci ¢ assumptionsabout the quark-quark interaction potential. Namely, the
ratios of the form factors for nite Q? remain sameas for the static case(Q? = 0),
i.e. G =G}, = i 2=3,Gl=G2 = 0[112.

One exampleof a non-relativistic quark model is the model of Isgur, Karl and
Sprung [113 built on the analogy between QCD and QED. The con ning poten-
tial is just the harmonic oscillator potential. The potential responsible for lifting
the degeneracyof the massmultiplets of hadronsis analogousto magnetic-dipole-
magnetic-dipole interactions of electromagnetism.Their results for the proton and

neutron charge form factors

GE(Q%) = %Hzi 2 Qe O, (8.20)

GP(Q?) = & ¥=; (8.21)

arein a qualitative agreemeh with the experimert for low Q2. Howewer, the model

is only valid for Q up to the constituert quark mass(i.e. a few hundred MeV=c).

5This symmetry is only approximate (unlik e e.g. exact SU(3) color symmetry).
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8.4.2 Relativistic constituen t quark models

The nadve picture of the nucleon sketched in the previous section is obviously an
oversimpli cation. In reality the u and d quarks are about two ordersof magnitude
lighter than the hadronsthey make up, and in addition to the three valene quarks
there are gluonsand quark-arntiquark pairs (sea quarks). The succes®f the simple
guark model suggeststhat seaand glue degreesof freedomare frozen, while their
e®ectsare hidden in the constituent (as opposedto physical, or current quarks)
guark massesHoweer, oneproblem still remains: quark momena are much higher
than their massesij.e. the quarksare highly relativistic. There have beena number
of attempts to add relativity to the constituent quark model.

In the relativistic casethere exists three distinct forms of the Hamiltonian
dynamics, di®eringby what generatorsof the Poincar® group® are kinematical (i.e.
interaction-free): instant form, point form and light-cone form [114. In the point
form (PF) and light-cone (LC) represemations boosts are kinematic, and therefore
they are particularly suitable for studying the form factors (it is easyto transform

results obtained in one frame into any other frame).

Ligh t-cone

The light-cone dynamicsis formulated in so-calledlight front variables, x*, x?, xi

and x*, rather than ordinary world-point coordinatesx?!, x?, x* and x*. As was rst

SpPoincar§ group is also known as the inhomogeneousLorentz group. It is an extension of the
traditional Lorentz group of Lorentz boosts and spatial rotations by space-timetranslations.
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demonstratedby Berestetskiyand Terertiev [115, this substitution leadsto signif-
icant simpli cations in form factor calculations. Considerthe relativistic energy-
momertum relation:

pp+m2=0: (8.22)

In terms of the light-cone variablesp*, pi and p’ = (p*; p?) this becomes:
2p°p i (p)?+ mP= 0 (8.23)

On the LC, the plus componert of the momertum hasthe meaning of the Hamil-
tonian, H = j p.. If we introduce notation * = p, we put Equation 8.23into a
familiar form:

H = (p% + m?)=2t; (8.24)

which is nothing elsethan the nonrelativistic Schrddinger equation for a particle
of mass! on a two-dimensionalplane. This analogy with the non-relativistic case
is very helpful, sinceit implies impossibility of creating virtual pairs with nite
energiesdue to conseration of * = p, [113.

Chung and Coester [116, inspired by these advantages, performed an ex-
ploratory computation of nucleonic form factors using exactly Poinca-coariant

wavefunction, Gaussianin the quark momerta, from [117:

_ N(mg=tgep)
= — 2 %2/

QCD

A(Mo) exp(i M§=205cp); (8.25)
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3

p___ 2
. m?+ ¢ ,m; = mq are quark massegassumedto be equal),

where Mg =
g are the quark relative momerta, N is the normalization factor and @ o¢cp is the
familiar con nemert scale. They found that the data can be satisfactorily descriked
by the model if oneusessmall quark masseg0:24 GeV asopposedto the traditional
value of 0:33 GeV) and a somewhatlarge QCD scaleparameter (0:635GeV). The
quark form factors did not have any Q? dependence.

The mostrecert studieswithin the framework of the light-cone dynamicswere
carried out by Cardarelli and Simula [1], [119, [119. In [11§ the authors consider
Isgur's cancellation medanism and con rm the result of [11] to shaw that G} can
indeedbe interpreted as a measureof the chargedistribution in the neutron. They
establishthat retaining the leading order in the relativistic expansionof [11] corre-
spondsto neglectingthe transversemotion of quarksin the Meloshrotations of the
initial state, and show that in this approximation (which they call the zitterbewe-
gung appraximation) the non-relativistic SU(6) result GE = 0 still holds. Further,
they use an example of a harmonic oscillator wavefunction of [113 to shawv that
full Melosh rotations break SU(6) symmetry and generatenon-zeroGg on a level
that qualitativ ely explainsthe existing experimertal data (although only 40%of the
neutron chargeradius could be reproduced).

In [1] Cardarelli and Simula further improvedtheir model by including dynam-

ical SU(6) symmetry breaking via spin-dependen quark-quark interactions and by

using the y-componert of the electromagneticcurrernt (rather than the plus compo-
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nert) ’ for the magneticform factors. They show that although both non-relativistic
and zitterb ewegungappraximations fail to descrite the experimental data evenwith
the dynamic SU(6)-breaking e®ectsincluded, full light-cone calculations with the
wavefunction of the one-gluon exchange model [12(0 agree with the experimen-
tal data on the EMFFN (including the JLab results on GE =G}, [91]) fairly well.
Howewer, the neutron charge form factor is still underestimated(only 65% of the
experimental value was reproduced).

A better agreemenh with the experimert can be achieved by using constituert
quark form factors, asdoneby Simula in [119. There he usesthe low-Q? experimen-
tal data (up to 1 GeV/c) to x the parametersof the constituert quark form factors,

sothe higher Q? predictions can be consideredto be in a senseparameter-free.

Point-form

In the point-form represemation all interaction is cortained in the four-momernum
operators, which comnute amongthemsehesand thus can be simultaneously diag-
onalized. As with the light-cone dynamics, boost operators are interaction-free.
The point-form dynamicsformalism wasrecerily appliedto the studiesof the
nucleonform factors by Wagerbrunn et al. [12]]. The nucleonis consideredhrough
the prism of spontaneousbreaking of chiral symmetry SU(3), £ SU(3)r down to

SU(3)y vector symmetry assaiated with Goldstone bosons. The quark-quark in-

"For the full current the situation is rotationally covariant, i.e. it does not matter which
componert is usedin the calculation. Howewer, that is not necessarilythe casewhen only one-
body currents are included (i.e. an impulse approximation is made) asin [1].
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teraction potential consistsof two parts: phenomenologicalinear con nemert po-
tential and instantaneousone-toson-exbangepotential. The model has beenvery
successfuln describingthe excitation spectra of light and strange baryons.

The Hamiltonian is diagonalizedusing the stochastic variational method [122,
yielding eigenstatesin the certer-of-momerium frame. The form factors are then
expressedn terms of the standard single-particle current operator for the quarks
evaluated betweenthe eigenstates,and seeral Wigner rotations. The authors em-
phasizethat their model allows to obtain a satisfactory agreemen with the exper-
imental data without any adjustmerts (like constituert quark form factors, pionic

cloud, etc.).

8.5 Diquark model

The diquark model was originally put forward in order to explain the experimental
results on deepinelastic lepton-nucleon scattering, which suggestedthat only the
struck parton participates in the interaction, while the rest of the nucleonbehares
as a spectator quasiparticle (see[123 and referencegherein). It also provided an
explanation for missingresonancesn the baryonic massspectrum by reducingthe
number of available degreeof freedomvia coupling of two quarksinto a bound state
(a diquark).

With respect to exclusiwe reactions (including nucleonform factors), the di-

guark approad is tempting becauseit allows to extend the applicability of pQCD
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factorization schemé to lower Q? by introducing an additional subasymptoticscale
assaiated with the diquark. In the diquark picture, the nucleonis viewed as a
bound state of a diquark and a quark at intermediate Q?, whereasat high Q? (when
the individual quarkswithin the diquark are resoled by the virtual photon) the di-
guark modelsturns into the traditional pQCD, thusguararteeingcorrectasymptotic
behavior of the form factors.

This approad was adopted by Anselminoet al. [123. They constructed the
photon-diquark Feynman rules in a complete analogy with the standard BjArken-
Drell prescription[124), which wasthen generalizedor the caseof the gluon-diquark

vertex:

i iGs, ®=2(th + B)"

for the scalar (S = 0) diquark and

i i, ®=2[G1(ch + &) 9" i Ga(hg” + ug )+ Ga(th + %) G ]

for the vector (S = 1) diquark. The form factorsG,, G,, G; and Gs are parametrized

in the form: G3 = 0, Gs = gsFs(Q?) and G; = G, = gsFv (Q?), wheregs is related

Y

to the strong coupling constart ® by gs =  4¥®s. Finally, the form factors Fy,

and Fs are parametrizedby pQCD considerationsin the following form:Fs(Q?) =

®. 2 2 ®: 2 2 .. . . 2
g%? gfo; andFy (Q?) = g%? é?l for zerohelicity verticeswith Fy (Q?) = %FV(QZ)

8Also known as Brodsky-Farrar-Lepage factorization scheme.
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otherwise.
With this, the pQCD factorization procedure(with appropriate modi cations)

for the form factors yields

(z
7 o o B(QAFs(Q)
2 Z 2 . . 2
(@) axdy Ay LRI R 69 (826)
1 Z 2 2
FIQ) = 1 @) axdy A = Da 0 @2r)
(z
2 _ H/Cr s ) S (QFs(Q?)
Gy = 302 dxdy As(y) @i O y) As(x)
2 Z 2 . . 2
(@) audy A () EAXICI I g - (g9

A study along theselines was conductedby Kroll, Shékmann and Scweiger

[125. They useddistribution amplitudes of the form

. . H m2  m?2 1.
As(x1) = Ay(Xy) = Ax1x3exp i I X—q + X—D (8.29)
1 2

wherequark and diquark massesiretakento bemg = 330MeV andmp = 580MeV;
and x1., are usuallight-cone momertum fractions. The dependenceof the full wave-

function on the transversemomertum kr is assumedio be of the form

2 3

. . kT .
» exp j b2E ; (8.30)
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where b is a harmonic oscillator scale parameter, xed in sucd a manner that
P H<_$| = 600 MeV. The results for the G}, compare quite favorably with the
experimental databaseavailable at that momert (1991) which hasnot changedsig-
ni cantly sincethen. The authorsdid not make a direct comparisonwith the low-Q?
data available for the other three nucleonicform factors becauseof the perturbative
nature of their calculations.

In arecert work by Ma, Qing and Sdcimidt [12§ the diquark model is formu-

lated on the light cone. The authors usea generalform of the proton wavefunction

a8 ¥(gD) = sinpAyjaVi* + cospAsjaSi #; (8.31)
jqvi® = § %[\/O(ud)u"# i P 2V 8 (ud)u™ (8.32)
i pivo(uu)d"# + 2V 8l (uu)d”] (8.33)

joSi# = S(ud)u®; (8.34)

where U is the mixing angle that breaksthe SU(6) symmetry (if u 6 ¥#4), and
VSz and Sz are vector and scalar diquark instant form Fock states. Howewer, in
the actual calculations only the SU(6)-symmetric caseA = Y#4 is studied. The

momenum wavefunction usedin the model is of the harmonic oscillator type

( " #)
o 1 mi+kRE o mi+RE
AD (X, R')) - AD EXp i @ X + 1 i X ) (835)

while the spin part of the wavefunction is obtained by transforming instant states
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into light-cone statesvia standard spin-1/2 Meloshrotations for the quark and via
prescription of Ahluvalia and Sawicki for Melosh rotation of the vector diquark
[127 (for the scalardiquark there is obviously no Melosh transform, sincethere is
no spin).

As usualin the light-cone formalism, the form factors are expressedn terms
of the helicity-°ip and helicity-non®°ip matrix elemens of the plus componert of the

electromagneticcurrert:

J*(0). .
h'j5pei" = Fr (Q%); (8.36)
+ 2
w2 D = 1 (@i a2 ®37)

With the choice of the proton wavefunction given by Equation 8.35the results for

the proton form factors’

d K- dx2
163 3

FP(Q*) =3 cos gwg[(K* + mg)(K™ + mg) + k3 k3]
As(x; K8)As(x;R>):  (8.38)

oM © ko dx 2
i g 163 3

FP= coS pwowg[(k* + mg)ks i (ki + mg)k ]

As(x; R%)As(x;Ro);  (8.39)

wherekR't = k' § k2 (and similarly for g), andR9; = K,; + (1 x;)& for the struck

9The results for the neutron form factors are more cumbersome. The interested reader should
refer to the appendix of the discussedarticle.
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quark and Rgi =R, i Xiep for eat spectator.

8.6 Soliton model

Solitons (solitary nonlinear waves) were rst obsened in XIX certury in hydrody-
namics. With the rapid dewelopmen of the numerical methods (due to advent of
computers)in the secondhalf of the XX certury, studies of solitons in application
to various branches of physics and other scienceshave gained a wide popularity.
Two distinctiv e features,localization in spaceand presenation of identity through
collisions,made solitons interesting for particle physicists.

Long before QCD, in 1960Skyrme has suggesteda eld theory with classical
soliton solutions and an SU(2)- SU(2) symmetry spontaneously broken to SU(2)
as the theory of strong interactions [12§. The traveling wavesin this model were
interpreted as pions, and the solitons were identi ed with baryons. The interest
to this model was reignited when it was shown that a theory of this kind arises
in the 1N, expansionfor QCD. The theory was relatively successfuin describing
static nucleonproperties [129, howewer, rst studieswith the nucleonform factors
[130 have shavn that the bare Skyrme model is not suxcient for explaining the
experimental data and inclusion of vector mesone®ectds necessary

Recerntly, Holzwarth conducteda study of the chiral soliton model [13]], where

he has investigated two models represeting two distinct ways of including vector
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mesone®ectanto the form factors into the standard pionic Skyrme Lagrangian:

LA =L@+ L@ (8.40)
) fli i 1 2 y ¢ 3
L = 2 i TrL.L™ + myTr(U+ UYj 2) dx; (8.41)
Z
L& = % Tr[L:; Lo]?d®x; (8.42)

whereL:. denotesthe chiral gradiert L. = UY@U, my,= 138MeV is the pion mass,
is the pion decyg constart f,,= 93 MeV and e = 4:25is the Skyrme parameter.
In Model A the vector mesone®ectswere accouried for by multiplying the

form factors by
M

°|(Q2): s |

my{
—— (8.43)
m? + Q?
wherethe label | refersto the isospin(and my and m; are massef the isoscalaryz

and isovector! mesonscorrespndingly).

In Model B vectorsmesonsterms are explicitly included into the Lagrangian:

L=L®+ L0+ O (8.44)
Z u 2 . 1
L= Sree s« Mo (i )2 o (8.45)
8 4 291/2 '
Z U 1
. 1w, mE .
L¢) = i Sl ! ™+ 111"+ 3g 1.BY B (8.46)
4 2
with the topological baryon current B: = 220 3, rL°LLY and I. = »@»,
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r. = @», where» = U.
Both modelsgive a satisfactory description of charge and magnetization radii

and magnetic momerts of the neutron and proton.

8.7 Overview

In this sectionwe shall comparethe predictions of various nucleonmodelsto existing
experimertal data on nucleonform factors. For ea¢ model describedin the previous
sectionsof the chapter we chosethe most successfult °.

Not surprisingly, the best agreemeh with the experimertal data is obtained
by Lomon's ts [11(. This is due to the semi-phenomenologicahature of the
model (i.e. built-in pQCD behavior) and the large number of free parametersof
the model. Other models may provide better physical insight, but none of them
provides an adequatedescription of all nucleonform factors for the ertire range of
the momertum transfer.

Let us considerthe magnetic form factors rst (as the experimertal data is
lessambiguous here). Figure 8.5 shows the results for the magnetic form factors
presened in the traditional form (with the dipole form factor Gp = (1 + Q?=xp)i ?
divided out). Only Simula's light-cone calculation basedon one-gluon excange
wavefunction [119 descriktesboth magnetic form factors well (although the results

of the calculation are only available up to 10 (GeV=0d?). The soliton model [13]]

10The results of the dispersionrelations analysis of Mergell et al. [10( are not included into this
overview sincethey are essetially corntained in the later study of Lomon [110.
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doesa very good job for the G}, , but the prediction for G}, starts deviating from the
data at about 1 (GeV=02. The caseis the opposite for the point-form Goldstone-
boson-exbange model of [12]]. Finally, the predictions of the light-cone diquark
model [124 fall short of the data for the both form factors.

The experimertal data onthe Gg =Gy, ratio of the proton is not helpful in eval-
uating performanceof di®eren models beforethe controversy betweenRoserbluth
[81], [133, [134, [139 and polarized[90], [140 measuremets is resoled.

Finally, let us considerthe charge form factor of the neutron (the discussion
of results of the presen experimert is postponed until later). None of the models
provides an accurate description of the data within the ertire measuredQ? range.
Recen recoil polarized measuremets at the JLab [27] (which provide the most
accurate high Q? data at the momert) seemto favor the Simula's prediction; the
prediction of the diquark model also is not far o®. The soliton model, although
successfufor describingGP data at low-Q?, tendsto underpredictthe data starting

at 1 (GeVv=0>2.
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Figure 8.5: Magnetic form factors of the nucleon. The models shovn are: soliton
B1 [13] (solid), point-form spectator appraximation [121](dashed),light-cone one-
gluon exchange [119(dotted), light-cone diquark [12§(dash-dotted) and the DR-
VMD 't [11((bold-dotted). The experimertal data are from [81], [82], [83], [137,
[133, [134, (for the proton) and [13], [135, [134, [137, [139, [75] (for the neutron).
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Figure 8.6: The Gg=Gy ratio for the proton. Open symbols are Roserbluth data
[81], [133, [134, [139, Tled symbols are polarized data [90], [14J . Modelsare the

sameasin Figure 8.5.
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Figure 8.7: The electric form factor of the neutron. The E93-0262001run results
are shovn with red stars. Other data are: open squares{ analysisof the deuteron
quadrupole form factor [22], Tled circles{ recoil polarization [25], [141], [27], Tled

squares{ I-Te3 target [31], [33], Tled triangles { & target [35], [34]. Modelsare the
sameasin Figure 8.5.
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Chapter 9

Discussion

As we have seenin the previous two sections, the results of the presen experi-
mert, as well asthose of other recent experimerts, can be descrited by a simple
parametrization (7.10). This givesus con dencethat the formalism employed by
the experimertal methods is adequate(at least in this kinematic regime) and the
measuremets are free of major problems.

This consistencyis especially important in light of the recen cortroversy for
the charge form factor of the proton, where the disagreemen betweenthe Rosen-
bluth and polarization measuremets is interpreted by many theoristsasan evidence
of the two-photon exchange. If the importance of the two-photon exchange cortri-
bution is con rmed, the ertire formalism of the electron-rucleon scattering will be
challenged(for example,it will be longer possibleto represem the electromagnetic
structure of the nucleonin terms of just two form factors [94]).

Unfortunately, the accurate G data is only available up to the region where

the Roserbluth and polarizedresultsfor the proton beginto diverge. More accurate
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data taken with seweral approahesis neededat Q? , 2GeV=C.

The Galster parametrization (7.10) hasbeentraditionally consideredashaving
no fundamertal physical signi cance. Recerly, Kaskulov [142 has shown that
under someapproximations Gg can be obtained as:

hr2i,
6

GE(Q%) = Q*F(Q)Gp (Q?); (9.1)

where F.(Q?) is the form factor of the pion, which has monopole Q?-dependence.
The parametrization (9.1) is of the sameform asthe Galster t (7.10). Therefore,
the successf the Galster form at low Q? can be consideredas a manifestation of

the chiral cortent of the nucleon. For higher Q?, exchangecurrents are expectedto

becomeimportant.

A careful examination of Figure 7.15shows that the Galster parameterization
is lesssuccessfuait Q? < 0:4 GeV=¢ than elsewhere The fact that it is hard to keep
the nuclear correctionsunder cortrol for lower Q?, and the large error bars at this
kinematics, preclude any de nitiv e conclusions. Howevwer, if one believesthat the
grouping of thesedata above the Galster line is neither coinciderntal nor dueto some
common °aw in the data analysis,then one can seethat the G databasecan be
better tted with a superposition of a broad Galster-like t and a low-Q? \bump".
Sud an ansatzwas made by Friedrich and Walcher [143. They corvincingly argue
that the \bump" canbeidenti ed with the pion cloud, which reachesasfar out as

2 fm, whereasthe broaderpart correspndsto the constituert quark dynamics. The
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authors stressthe needfor accuratedata at moderate Q? to test their hypothesis.

Even though none of the QCD-inspired models consideredin the previous
chapter provides a complete description for all four electromagneticform factors
within the entire experimertal range,it shouldbe notedthat all of them successfully
reproducethe mostessetial featuresofthe data: the dipole behavior of the magnetic
form factors at modest Q? and positive non-zeroG . Non-relativistic SU(6) models
could not recover thesefeatures, and thus one can concludethat both relativistic
e®ectsand dynamical SU(6) breaking via spin-dependent quark-quark interaction
are important for understandingthe electromagneticstructure of the nucleon.

The results of the preserned experimert and another recert JLab experimert
[27] had an appreciableimpact on the extracted charge density of the neutron [5]
(seeFigure 9.1). One distinctive new feature of the updated densitiesis a positive
bump at about 1-1.5fm, which is not consistenn with the traditional interpretation
of the charge distribution neutron in terms of a positive core and a negative pion
cloud. The author statesthat this is a stable and model-independert feature of the
analysiswhich cannotbe eliminated without damagingthe quality of the form factor
Ts at Q% » 1 GeV=c. As suggestedby the author, sudh oscillatory behavior of
the chargedensity may be a signature of the d-state componert of the wavefunction
which is probably broader spatially than that of the s-state.

Recen accurate measuremets of Gg with the polarized target had a pro-

nouncedpositive impact on our understanding of the electromagneticstructure of
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the nucleon. It could be of interestto apply this experimertal method to the proton
form factors. Measuring GE =G}, with a polarized target could not only help to
resohe the controversy between Roserbluth and polarized data, but also provide
usefulinformation for quartitativ e studiesof the e®ecteswo gammaexdangeif the
latter are found to be of signi cance. In that case,extraction of the three form
factors (traditional Gg.y and the one asseiated with the two photon excange)

will require measuremets with two or more independern experimertal methods.
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Figure 9.1: Chargeand magnetizationdensitiesof the neutron. Top panel: GE data
usedin the extraction. Recen JLab data points (the presen experimert and [27))
are showvn in red. Bottom panel: extracted charge densitiesbefore (blue hatches)
and after (grey hatches)the recen JLab measuremets.
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Chapter 10

Summary and outlo ok

In the experiment described here (JLab E93-026) the charge form factor of the
neutron wasmeasuredat Q? = 0:5and 1.0 (GeV=0?2. The data analysisfor Q% = 1.0

was discussed.The result is:
Gp(Q? = 1:.0) = 0:04548 0:00546tat) § 0:00376ys): (10.1)

This data point is the highest Q2 datum measuredwith a polarized target. To-
getherwith anotherrecerily publishedJLab experimernt (E93-038),this experimert
providesthe only accuratedirect measuremets of G at Q? > 1:0 (GeV=¢)2.

The theoretical calculations usedin the extraction of G¢ included the rela-
tivistic e®ectsaswell ascortributions from mesonexcangecurrents, isobarcon g-
urations and nal state interactions. Studiesof the reaction mehanismdependence
conrm the prediction of the Arenhdvel's model [36] that the sensitivity of this
method of measuremento mesonexcangecurrents and the nal state interactions

is small (2% and 5% respectively) and decreasesvith the increaseof Q2.
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Basedon our and other experimertal results,animproved Galster parametriza-

tion was suggested:

n o 0:86 ¢,
E 1+ 306,

(1+ Q*=0:71) % (10.2)
whereas usual ¢, = Q?=4m? and the units of Q? are assumedo be (GeV=0?2.

Our experimertal results are consistert with the recoil polarimetry measure-
mert by Madey et al. and the deuteronquadrupole form factor analysisby Sick and
Sadiavilla.

The experiment E93-026hasbeena part of massiwe experimertal program at
the JLab and other nuclear facilities (NIKHEF, MAMI, MIT-Bates) aiming at im-
provemert of our knowledgeof the electromagneticstructure of the neutron. Thanks
to this ongoinge®ortby many experimertalists, the typical uncertairtiesin GE have
beenreducedfrom 30; 40%ten yearsagoto 10%. The situation will be further
improved upon completion of two other experimerts. The JLab experimert E02-013
will extend our knowledgeof G2 to higher Q?, whereasthe BLAST experimert at

MIT-Bates will improve the accuracyof the world G¢ databaseat low and interme-

diate Q2.
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App endix A

Principles of operation of the
E93026 polarized target

A.1 Dynamic nuclear polarization

Unpaired nuclearspinsalign with the direction of the externalmagnetic eld. There-
fore, the simplestmethod of polarizing a material is by placingit into a strong mag-
netic eld. Statistical physics givesthe relation betweenthe polarization and spin

J of the nucleusas follows [50:

S L W L2, BN P L 1
T2 20 kT' ' 2J kT '

(A.1)

where! is the magnetic momert of the nucleus,B is the magnetic eld, T is the
spin temperature ! and k is the Boltzmann's constart.

For the particular caseof a spin-1 systemthis expressionsimpli es to:

1In thermal equilibrium the spin temperature is equivalert to the temperature of the system.
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_ 4tanh(*B =2kT)
3+ tanh?(*B =3KkT):

(A.2)

For realistic experimertal valuesof B and T the nuclear polarization is low.
For example, for the values of this experimert, B = 5 Teslaand T = 1 K, the
deuteron thermal polarization is only 0:14%. Howewer, the electron polarization
is very high (99:8%), and this high polarization can be transferred to nuclei using
medanism which bearsname of dynamic nuclear polarization (DNP).

Let us considerhow DNP worksin N H3 targets2. When the material is placed
in a magnetic eld, degenerationin m, the quartum number for projection of spin
onto the eld direction, is lifted due to Zeemanterms of the Hamiltonian. The
energyeigenstatesare pure spin states.

If then the material is doped with paramagneticradicals, providing free elec-
trons, the spin-spininteraction with unpaired electron spins makes nucleon energy

eigenstatesmixed spin states (Figure A.1):

je#N "i | jli = je#N"i +2je#N # (A.3)
je#N #i ! j2i = je#N #i+ 2je#N " (A.4)
je" N "i ! j3i=je"N"i +2je"N#i (A.5)

2N D3 is more complicated due to quadrupole momert and higher spin of deuteron, but all
essetial featuresare the same.
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je" N #i! jdi =je" N #i+22e" N "i; (A.6)

wheremixing coezxcients 2;., are small (j21.5) ¢ 1).

The double-°ip transitions, forbidden in the absenceof the spin-spin inter-
action due to dipole selectionrules, are now allowed. By bombarding the material
with photonsof frequency(* .+ * y)B=hit is possibleto causetransitions from state
j2i (nucleonspin anti-aligned) to state j3i. Sinceelectron relaxation time is small
(a few orders of magnitudeslarger than that of nucleons),this transition is almost
immediately followed by a deca of the j3i to ajli. As a result, the positive polar-
ization of the material is increased.In exactly the sameway a negative polarization
of material can be achieved by using photons of frequency(* . + 1 yB)=h.

The polarization is further enhancedby a medanism, known as spin di®u-
sion. In this processthe nuclear polarization is transferredto neighboring nuclei via

dipole-dipole coupling.

A.2 NMR polarization measurement

NMR system

The target polarization wasmeasuredusingNMR technique [144. The ideaof the
method is basedon the fact that the polarization of a material placedin a varying
magnetic eld of frequency! is related to the absorptive part of the magnetic

susceptibility of the material [144:
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Figure A.1: The e®ectof spin-spininteraction on levels and states of an electron-
nucleon system in an external magnetic eld. On the left: pure spin levels in
absenceof spin-spininteraction. On the right: spin-spininteraction shifts the energy
levelsand mixespure spin states,making previouslyforbidden double-°ip transitions
allowed.
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Figure A.2: Positive (solid line) and negative (dashedline) polarization enhance-
mert. Notations for energylevels are explainedin Figure A.1.

where® is the nuclear gyromagneticration, J is the spin of the speciesbeing mea-
sured,and N is the spin density of the material. To measurethe absorption signal
one placesan inductor (NMR coil) into the target material. Due to the interaction

with the target material the inductance of the coil changesand becomes

L(!) = Lo[l+ 4v2 A(1)]; (A.8)

where L is the inductance of the coil with unpolarized material and * is the TI-

ing factor, describingthe coupling betweenthe material and the NMR coil. The
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impedanceof the coil is in its turn measuredby including the coil into a resonan

LCR circuit tuned to the Larmor frequencyof the deuteron.
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App endix B

Measuring beam polarization with
the Hall C M¢ller polarimeter

M¢ ller measuremets employ polarized electron-electronscattering for determina-
tion of the beam polarization. SinceM¢ ller scattering is a pure QED process,the
analyzing power can be calculatedto a very high accuracy thus makespossiblevery
accurate polarization measuremets.

For the longitudinal polarization of both beam (P,) and target (P;) spinsthe

scattering cross-sectiorin the certer-of-massquartities is [47]:

T
d¥ d¥
d—“: d—“ 11+ PPAL (W] (B.1)
" )

where(§%)o = (®3+ cos W)=(2E sin®1)? is the unpolarizedscattering crosssection,

® is the ne structure constart, E and u are the incidernt electron energyand the
scattering anglein the certer-of-massframe, and A, (1) = i SIP W8 sin’W)=(4
sin? k)2 is the analyzing power. The analyzing power readiesa maximum of ; g at

90*. Therefore, the detectors are arranged such that to emphasizethis kinematic
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region. The A,, needsto be correctedfor the Levchuk e®ect[149 which takesinto
accour the initial motion of the atomic electrons.

The Equation B.2 givesthe expressionfor the beam-targetasymmetry:

2

Nei N, —
NN " Ny = APl (B.2)

which can be rewritten for the beampolarization as follows:

Po= — (B.3)

Here A, is the acceptanceaveragedanalyzing power. From the Equation B.3 one
can seethat the error on the beam polarization has statistical cortributions from
the M¢ ller courts and Monte Carlo statistics, and a systematiccortribution (Monte
Carlo systematicsand the target polarization).

The systematicerror is dominated by the Levchuk e®ect,which is 10%rela-
tive with the size of the e®ectabout 3%, i.e. the cortribution is 0.3%. The spin
polarization in iron is known to 0:25%. Other systematic uncertainties (multiple
scattering, beam position and direction, target eld value and orientation etc.) are

small (- 0:15%). The overall systematicerror was found to be 0:47%[47).
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